
CHAPTER 1

PROPERTIES OF PURE
ALUMINUM*

Aluminum exceeding 99.99% in purity, produced by the Hoopes (Ref 1)
electrolytic process, was first available early in 1920. In 1925, Edwards
(Ref 2) reported some of the physical and mechanical properties of this
grade of aluminum. Taylor, Willey, Smith, and Edwards (Ref 3) pub
lished a paper in 1938 that gave several properties for 99.996% aluminum
that was produced in France by a modified Hoopes process. The first
international meeting to discuss very pure metals was held in October
1959 in Paris (Ref 4), and a seminar on ultrahigh-purity metals was spon
sored by the American Society for Metals in 1961 (Ref 5). The first edi
tion of this monograph was published in 1967.

In the intervening years, because of the relative ease of preparing the
metal in high-purity form and because of its interesting properties as a
pure material, many papers have been published on the subject of pure
aluminum. Applications have been mainly in the fields of electrolytic
capacitor foil, cryoelectrics, cryomagnetics, and semiconductors.

Newer methods of preparation include zone refining (Ref 6-9), crys
tallization from amalgams (Ref 10 and 11), and preparation from alu
minum alkyls (Ref 9 and 12). Electrical resistivity at low temperatures
has been developed as a measure of purity (Ref 9 and 13). Improved
methods of analysis, including neutron activation, have extended the sen
sitivity and scope of analyses (Ref 9 and 14).

There is no generally adopted nomenclature for the various degrees of
purity of aluminum. The following classification is appropriate:

Aluminum, % Designation
99.50-99.79 Commercial purity
99.80-99.949 High purity
99.950-99.9959 Super purity
99.9960-99.9990 Extreme purity
Over 99.9990, Ultra purity

Similar designations and the term "U.S. wrought alloy 1199" are used
in Warld Aluminum Abstracts. In Chemical Abstracts, information on the
preparation and properties are found under the respective headings of
"Aluminum Preparation and Aluminum Properties." This chapter reviews
the properties of aluminum of 99.95% purity or more. The effects of

*This chapter was revised by a team comprised of W.B. Frank, Alcoa Technical Center;
G.P. Koch, Reynolds Metals Co.; and J.J. Mills, Martin Marietta Laboratories. The orig
inal chapter was authored by J.L. Brandt, Alcoa Research Laboratories. 1
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2/PROPERTIES AND PHYSICAL MOALLURGY

alloying additions and impurities on the properties of aluminum alloys
are covered in Chapter 6 of this Volume.

MECHANICAL PROPERnES
The mechanical properties of aluminum are discussed under several

headings in this chapter, but only briefly in each case in view of the
variety and scope of the studies that have been made. The normal me
chanical properties of aluminum of several purities are shown in Table
1. In this case and in general, sets of data from different sources should
not be compared directly. Major difficulties may occur in such cases be
cause of problems of precise analysis, specimen preparation, and test
methods.

TENSILE AND YIELD PROPERTIES
Tensile and yield properties have been studied for a range of purities

and structures under a variety of test conditions. Deep and Plumtree
(Ref 16)determined the tensile and yield values of rods of 99.7 and 99.99%
purities extruded under identical conditions and related observed prop
erties to structural characteristics. Iida et al (Ref 17) found an anomalous
strain-rate sensitivity of yield stress in 99.99 and 99.999% purity metal
at fractional values of the superconductivity temperature. Hamel (Ref 18)
determined the effect of strain rate and orientation on the tensile prop
erties and work hardening for samples of 99.99 and 99.3% aluminum
sheet. Hammad and others (Ref 19) investigated work softening yield
points in 99.995% aluminum in the temperature range of 100 to 450°C
(212 to 840 OF) after prestraining in tension at lower temperatures or a
higher strain rate. Hamel (Ref 18) and Vainblat and Khayurov (Ref 20)
have reported serrated yielding.

STRESS-STRAIN RELATIONSHIPS
Stress-strain curves have been used by a number of investigators be

cause of their sensitivity to material and test conditions and the mathe
matical expressions that can be used to represent, analyze, and compare
them. Kocks (Ref 21) studied 99.99% aluminum in this way, using an
expanded Voce equation to describe the dependence on temperature and
strain rate, grain size, and purity for 99.99 and 99.5% aluminum. Po
lakovic and Taborsky (Ref 22 and 23) studied the effects of deformation
rate, grain size, and purity for 99.99 and 99.5% aluminum. These au
thors, together with Hyross (Ref 24), performed similar studies over a

Table 1. Mechanical Properties of Pure Aluminum at Room Temperature

Tensile ylelel

(o.~"cS:"set)
Purity, "to MPa ksl

99.99(a) 10 1.4
99.8(a) 20 2.9
99.6(a) 30 4.4

Tensile strength
MPa ksl

45 6.5
60 8.7
70 10.2

Elongation In 50
mm (2 In.), "to

(0) (b)
50 65
45 55
43

(a) From Chapter 9, Table 3 of this Volume. (b) From Ref 15.
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temperature range of 20 to -90°C (68 to -130 OF). Sellars and
McG.Tegart (Ref 25) made such studies at 400°C (750 OF). Roberts
(Ref 26) has reported the effects of strain rate on work hardening in the
temperature range of 77 to 425 K.

CREEP

Parker and Wilshire (Ref 27) studied the effect of a sudden reduction
in applied stress. The instantaneous contraction can be greater than the
elastic modulus predicts. Negative creep occurs immediately after the in
stantaneous specimen contraction with large reductions in stress. Positive
creep behavior is determined by the full applied stress, not by an effective
stress. Radhakrishnan (Ref 28-31) compared the effect of an oscillating
stress on the steady-state creep rate to that for a static stress. Young,
Robinson, and Oleg (Ref 32) found that the creep strength at a given
strain rate increases as the subgrain size decreases. Myshlyaev and others
(Ref 33) determined the stress dependence of the steady-state creep rate
at 18 and 600 °C (64 and 1110 OP). At high temperatures and low stresses,
the rate is parabolic and a function of stress. At lower temperatures and
high stresses, the rate dependence changes to an exponential law. Prasad
et al (Ref 34) studied creep at low temperatures of 87 and 200 °C (190
and 390 OF) and found the effects of stress increments and decrements to
be different.

Table 2. Isotopes of Aluminum (Ref 36)

Decay products
with absorption

Abundance, of other Particles
Isotope 'Yo MalS(a) HaIf-lIf., S Decay products particles absorbed

23 .......... 0.13 Mg + proton
24 .......... 24.0076 2.7 24Mg + proton Neutron
25 ... <1.5 X 10- 4 24.9983 7.5 24Mg + proton + 'I rays 25Mg + proton Neutron
26 ... <1.5 X 10- 4 25.996 I 7.0 25Mg + proton + 'I rays 23Na + He4 Neutron

2SMg + H2 Neutron
26Mg + proton Neutron
27Al + 'I rays Neutron

26 .......... 106 years
27 ...... -100 26.98974 stable
28 ... < 5 x 10- 5 27.9978 144.0 28Mg + electron 160 + 14N 2 protons

27Al + neutron + 'I rays 25Mg + 4He 1 proton
27AI + 14N 13N
27AI + 2H I neutron
28Si + ~

28Si + neutron I proton
29Si I proton
31p + neutron 'He
CI + proton Neutron

29 ... <2 x 10- 5 28.9897 396.0 26Mg + 4He Proton
27AI + 3H Proton
27AI + 4He 2 protons
29Si + neutron Proton
30Si + 'I rays Proton
31p + 'I rays 2 protons

(a) Mass calculated on basis of 160 = 16.000 00.
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PHYSICAL PROPERTIES
Atomic Structure and Nuclear Properties. Aluminum has an atomic

number of 13, and the latest accepted values for the atomic weight are
26.981 5 based on 12C and 26.989 74 based on 160 (Ref 35). The main
isotope is 27AI, which is stable and consists of 14 neutrons and 13 protons.
Apart from one isotope, 26Al which has a half life of 106 years, all the
isotopes have short half lives and negligible abundance (Table 2) (Ref
36). The valence of aluminum in chemical compounds is 3, with the 13
electrons distributed as follows: Is2, 2s2, 2p6, 3s2, and 3p l .

The naturally occurring aluminum isotope has a low cross section for
thermal neutrons of 0.232 ± 0.003 b* (Ref37), increasing in an irregular
manner to -0.6 b at 700 to 800 MeV. Between 20 and 50 keV, there
are various resonance peaks with maxima up to IS (Ref 38). The nuclear
mass absorption coefficient for ')I-rays is dominated by the photoelectric
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Fig. 1. Term diagram for Aluminum 1. All combinations observed in this work
are shown, except for the higher part ofthe sharp and diffuse series. Wavelengths
are given in Angstroms. (Ref 43)

*A barn is a unit of area equal to 10-24 ern".



PROPERTIES OF PURE ALUMINUM/5

effect up to 0.04 MeV, at which energy the Compton effect begins to
dominate up to 10 MeV. Above 30 MeV, the pair production mechanism
dominates. The coefficient falls from -2.5 m2/kg at 0.01 MeV to 0.05
m2/kg at 0.04 MeV and then decreases relatively slowly with increasing
-y-ray energy falling from 0.02 m2/kg at 0.1 eV to -0.002 m2/kg at 100
MeV (see Ref 39 for details). The nuclear magnetic and quadropole mo-
ments are +3.6414 nuclear magnetons and +0.15 b, respectively (Ref
40). The resonance energy for the absorption of protons through the
Ae7(p,-y)Ses reaction is 991.9 ± 0.04 KeV with a half width of 0.10 ±
0.02 keY, and the threshold energy for the Ae7(p,n)Se7 reaction is 5796.9
± 3.8 KeV (Ref 41).

Atomic Spectrum. The atomic spectrum of aluminum has recently been
reviewed by Martin and Zalukas (Ref 42), who give the spectral lines of
all species from atomic aluminum, Al I, to fully ionized aluminum, Al
XIII. The minimum ionization potential is 3.13 V and the first three ion
ization energies are 5.98580 ± 0.00002 eV, 18.82873 ± 0.00006 eV,
and 28.44787 ± 0.00008 eV. The strongest line in thea spectrum is the
3p2P

32 - 4S2S
1 transition at 396.15200 nm (3961.5200 A) (Ref 43). The

term diagram for Al I derived from the observations of Eriksson and Is
berg (Ref 43) is presented in Fig. 1.

Crystal Structure. Aluminum crystallizes in the face-centered cubic
lattice that is stable from 4 K to the melting point. Previous discoveries
of allotropes have proven to be false. The coordination number of alu
minum is 12, with four atoms to the unit cell. The accepted edge length
of the unit lattice cube for pure aluminum is 4.049 596 x 10- 10 m at 298
K. Hence, the atomic diameter of aluminum is 2.86 x 10- 10 m and its
atomic volume 9.999 x 10-6 m3/g at. The lattice parameter is only slightly
affected by impurities (Ref 44).

Density. Theoretical density based on lattice spacing is 2698.72
kg/m' (Ref 44). Experimental values range from 2696.6 to 2698.8
kg/m" for polycrystalline material with the densities of single crystals
lying 0.34% higher (Ref 44). The density of molten 99.996% aluminum
is presented below (Ref 45):

Temperature,
K p(Kg/m3

)

933 2368
973 ; 2357

1023 2345
1073 2332
ll23 2319
ll73 2304

p (lb/rt3)
148
147
146
146
145
144

Thermal Expansion. The recommended values for the coefficient of
thermal expansion (CTE) are listed on the following page. These values
are for well-annealed 99.99% aluminum and are accurate to 5% between
100 K and the melting point. The CTE is thought to be isotropic, and
values for metal of commercial purity lie within the experimental error
of those of the pure metal (Ref 46). Willey (Ref 47) has developed three
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Temperature,
K (If(x10-6 K-1)

25 0.5
50 3.5
75 8.1

100 12.0
150 17.1
200 20.2
250 22
293 23
350 24.1
400 24.9
500 26.5
600 28.2
700 30.4
800 33.5
900 37.3

equations that are useful in calculating approximate linear expansions over
the temperature ranges indicated:

L (213 to 373 K) = c; [1 + C {22.17 (T-273) + 0.012 [T-273f} 1O-6J
L (273 to 473 K) = t; [1 + C {21.57 (T-273) + 0.00443 (T-273)'

- 0.000124 (T-273)3} 1O-6J
L (273 to 773 K) = t.; [1 + C {22.34 (T-273) + 0.00997 (T-273)'} 1O-6J

where l-« equals the length at 273 K, L is the length at temperature T (in
degrees kelvin) within the range indicated, and C equals the alloy con
stant, which is 1 for pure aluminum (Ref 47). Alloy constants for alu
minum alloys are given in Ref 48. Further details of the influence of
alloying elements on the coefficient of thermal expansion are given in
Touloukian (Ref 49).

Thermal Conductivity. At moderate to high temperatures such as >100
K, the true thermal conductivity, k, of well-annealed, high-purity
(99.99+%) aluminum is relatively insensitive to the impurity level. Be
low 100 K, aluminum becomes highly sensitive to the impurity level,
measured by the residual resistivity, Po (the resistivity at 0 K). For well
annealed, high-purity aluminum with a Po of 5.94 x 10- 12 n· m, the rec
ommended value for thermal conductivity is listed in Tables 3a and 3b
(Ref 50). The values in Tables 3a and 3b are thought to be accurate to
within ±5% below room temperature to within ±2 to ±3% above room
temperature and to within ±8% above the melting point (Ref 50). For
samples with other Po, the thermal conductivity, k, at temperatures below
1.5 Tm (where T; is the temperature of the maximum in K) is given by

k = [a 'T" + J3T- 'r '
where a' = a" [J3lna"J(m-n)!Cm+l)

with a" = 4.79 x 10-6
, m = 2.62, and n = 2, and

J3 = PolLo
Lo is the theoretical Lorenz number (Ref 51).

Electrical Properties. The accepted value for the electrical resistivity
of super-purity aluminum (99.990%) at 20°C (68 OF) is 2.6548 x 10- 8
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Table Ia. Recommended Thermal COnductivity of Aluminum
(Solld)(a)

Thermal
Temperature (T), conductivity (K),

K Wcm- t r t

0 0
1 41.1
2 81.8
3 121
4 157
5 188
6 213
7 229
8 237
9 239

10 235
11 226
12 214
13 201
14 189
15 176
16 163
18 138
20 117
25 75.2
30 49.5
35 33.8
40 24.0
45 17.7
50 13.5
60 8.50
70 5.85

Thermal
TemperaIu ... (T), conductivity (Ie),

K W cm-t K- t

80 4.32
90 3.42

100 3.02
123.2 2.62
150 2.48
173.2 2.41
200 2.37
223.2 ~.35

250 2.35
273.2 2.36
298.2 2.37
300 2.37
323.2 2.39
350 2.40
373.2 2.40
400 2.40
473.2 2.37
500 2.36
573.2 2.33
600 2.31
673.2 2.26
700 2.25
773.2 2.19
800 2.18
873.2 2.12
900 2.10
933.52 2.08

(a) Recommended values are for well-annealed high-purity aluminum, but those below ISO K are
applicable specifically to samples having residual electrical resistivity of 0.000 594 !ill em. (Ref 50)

n.m or 64.94% of the International Annealed Copper Standard (lACS)
(Ref 52). Theelectrical resistivity of aluminum of various purities is shown
in Fig. 2 and given in Table 4 (Ref 53). The conductivity is isotropic
unless oriented dislocations are present (Ref 54). The effect of grain size
in commercial materials is negligible (Ref 54). Cold worked material,
however, exhibits 0.5 to 1% better conductivity in the direction of de
formation (Ref 54). Aluminum exhibits no photoconductive effect (Ref
54).

The resistivity of pure aluminum at very low temperatures «100 K)
is highly sensitive to its degree of purity. Hence, the ratio of the resistivity
at 290 K to that at 4.2 K is sometimes used as a measure of purity. Values
as high as 30,000 have been reported for 99.999% pure material (Ref
55). The degree of purity influences the electron mean free path, X, with
more pure materials having a higher X. Hence, for high-purity materials
at low temperatures, Xcan become comparable to the specimen size, and
a significant size effect can occur. For very pure specimens, the product
pX, where p is the resistivity, should be constant because it is proportional
to the number of valence electrons. This has been found to be true by
Fersvoll and Hollvech (Ref 56 and 57) and by Montariol (Ref 58); the
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Table 3b. Recommended Thermal ConductMty of Aluminum
(L1quld)(a)

Thermal
Temperature (T), conductivity (K),

K W cm- 1 K-1

933.52 0.907
973.2 0.921

1000 0.930
1073.2 0.955
1100 0.964
1173.2 0.986
1200 0.994
1273.2 1.01
1300 1.02
1373.2 1.04
1400 1.05
1473.2 1.07
1500 1.07
1573.2 1.08
1600 1.09
1673.2 1.10
1700 1.11
1773.2 1.11
1800 1.12
1873.2 1.13
1900 1.13
1973.2 1.14
2000 1.14
2073.2 1.14
2173.2 1.15
2200 1.15
2273.2 1.15
2400 1.15
2473.2 1.15
2600 1.15
2673.2 1.15
2800 1.14

Thermal
Temperature (T), conductMtv (K),

K W cm- 1 K-1

2873.2 1.13
3000 1.13
3073 1.12
3200 1.11
3273 1.10
3400 1.09
3473 1.07
3600 1.05
3673 1.05
3800 1.03
3873 1.02
4000 0.997
4073 0.986
4273 0.952
4500 0.912
4773 0.861
5000 0.818
5273 0.764
5500 0.719
5773 0.662
6000 0.614
6273 0.555
6500 0.505
6773 0.444
7000 0.392
7273 0.329
7500 0.275
7773 0.210
8000 0.156
8273 0.0915
8500 0.0365
8650(b) ..,

(a) Except for 0.921, 0.930, 0.955, 0.964, 0.986, 0.994, and 1.01 W cm" K- 1
, all liquid thermal

conductivity values are estimated. (b) Critical point.

value is approximately 7 x 10- 16 n· rrr'. An extensive review on this
subject has been published by Montariol (Ref 58).

Aluminum is superconducting at temperatures close to absolute zero.
The superconducting transition variables have been reviewed by Caplan
and Chavin who found transition temperatures, Teo ranging from 1.164
to 1.200 K (Ref 59). Their own measurements produced T; = 1.175
± 0.001 K and a parabolic critical field curve with .

He = Ho [1 - (T/Tc>2]

and Ho = 8340 ± 5 AIm and (dHjdTk = 12570 ± 30 A(m-1K-1)

(Ref 59). Increasing low-level impurity content decreases Te , and Boato
et alreviews these increases for the addition of chromium, manganese,
and iron (Ref 60). High concentrations of impurities can result in an in
crease in T; (Ref 61).
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Fig. 2. Electrical resistivity of pure aluminum and aluminum alloys as a func
tion of temperature. (Ref 62)

The temperature dependence of the resistivity of aluminum at low tem
peratures «100 K), p(T), can be expressed as

p(T) = p(O) + AT 2 + BT'

where p(O) is the residual resistivity, T is in degrees kelvin, and A and
B are constants that should be determined for each purity. The T 2 term
arises from electron-electron scattering, while the T 5 arises from electron-
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Table 4. Electrical Resistivity of Pure Aluminum

Temperature,
Symbol(a) K
-t::.- 1.65

4.22
14
20.4
58
63.5
77.4
90.31

111.6
-e- ..... 273

373
473
573
673
773
873
923

-0- 933
933
973

1073
1173
1273
1373
1473

---- 4.2
77

4.2
77

p/p 273 K
3.69 x 10- 5

3.69 X 10- 5

1.04 X 10-'
2.94 X 10-'
3.48 X 10- 2

4.68 X 10- 2

9.34 X 10- 2

0.140
0.246
1
1.448
1.911
2.400
2.915
3.453
4.036
4.361

p, ....0· cm(b)
9.25 x 10- 5

9.25 X 10- 5

2.61 X 10-'
7.33 X 10-'
8.70 X 10- 2

0.117
0.210
0.351
0.614
2.50
3.62
4.78
6.00
7.29
8.63

10.10
10.90
10.95 (solid)
24.2 (liquid)
24.75
26.25
27.75
29.2
30.65
32.15
5.7 x 10- 3

0.22

2.3 X 10- 3

0.22

dp/dT,
....0· cm/K(b)

0.0109
0.0114
0.0119
0.0124
0.0130
0.0139
0.0154
0.0166

Sample
99.9998% aluminum,

single crystal,
large diameter
(-10 mm)

99.9% aluminum, 0.05%
silicon 127-fLm (5-mil)
diam wire

99.99% aluminum

5-9s purity commercial
aluminum annealed
at 150°C (300 OF)
for 4 h

6-9s purity commercial
aluminum annealed
at 150°C (300 oF)
for 4 h

(a) From Fig. 2. (b) Assuming p = 2.50 1l1l' em at 273 K. (Ref 53)

photon scattering (Ref 62). Between 273 and 573 K, the temperature de
pendence of aluminum of various purities is approximately linear with a
coefficient of I . 15 X 10- 8 n· m per degree kelvin (Ref 53).

Hall Coefficient and Magnetoresistance. The Hall coefficient (RH)

and the magnetoresistance coefficient, Ap/p(O), where p(O) is the elec
trical resistivity in zero magnetic field have been and are currently being
intensively studied because they can be used to derive information on the
Fermi surface and electron scattering behavior (Ref 63-66). Most re
ported values, however, are for low temperatures of <20 K.

Being a metal with free electrons, RH and Ap/p(O) are strongly depen
dent on the magnitude of the variable B/po, where B is the magnetic field
(in Wb/m2

) and Po is the resistivity (in n· m) at a temperature of absolute
zero. There are two magnetic field regions of interest: the low field, where
B/po « 102 and the high field, where B/po » 102

• In low magnetic
fields, the Hall coefficient of pure and dilute alloys of aluminum is in
dependent of magnetic field and isotropic, with a value varying between
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-0.4 x 10- 2 mrrr'I A.s. and +0.8 x 10-2 mrrr'IAs at 4.2 K, depending
on the type but not the concentration of lattice defect on impurity present
(Ref 63 and 64). Very few studies of RH in aluminum at higher temper-
atures have been reported; the values reported by Mondolfo (Ref 65) for
various temperatures are summarized below:

Temperatu....
K Rt.(x 10J mm3/A••.)
4.2 -1.1

100 -2
293 -3.44
800 -3.89
933 -4

In the high field region, RH again becomes independent of field, but is
large and positive and approaches the theoretical value for metals of +10.23
X 10- 2 mnr'IA.s. (Ref 66). At intermediate fields (BlPo _102

) , it varies
smoothly with field (Ref 66).

In low magnetic fields, both longitudinal and transverse magnetore
sistance coefficients are given by Ap/p(O) = K B", where n approaches

(111)(110)

~ ~

~

1'>00 J -. ~ ........~ <, L/
p(B = 35.3 kG)

WeT = 20

Po = 0.60 n . em

2

1.5

(111)
2.5

t

E
u

0.5

o
o 30 60 90 120 150 180

Or ientatio.i, degrees~ <P

Fig. 3. High magnetic field anisotropy of magnetoresistance. (Ref 66)
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the theoretical value of 2 and K is a constant that depends on the type of
defect present. Both coefficients are almost isotropic, that is, variation in
ApLp(O) is reportedly <2% (Ref 63). In highly magnetic fields (Bjpo »
10 ), Apjpo becomes highly anisotropic (Fig. 3) (Ref 66). There is some
controversy over whether the coefficients saturate at high fields as re
quired by theory for metals with a closed Fermi surface (Ref 66). Kes
ternich suggests that the portions of Apjp(O) that increase with field are
attributable to geometrical effects caused by imperfect current distribu
tions and sample alignment, such artifacts increasing with increasing sam
ple purity (Ref 66). Values for the transverse Apjp(O) at saturation range
from 1.2 to 30 at 4.2 K depending on orientation and defect type. For
details, see Ref 66.

Magnetic Susceptibility. Because aluminum has an odd number of
valence electrons (3), it is paramagnetic. The variation of magnetic sus
ceptibility with temperature from 0 to 1000 K is presented in Fig. 4 (Ref
67). Small additions of iron and manganese raise the susceptibility only
slightly, while other additions tend to lower it (Ref 65). The influence of
deformation is still controversial, with some reports of 5 to 15% decreases
at 50% deformation (Ref 65). Quenched dislocations reportedly reduce
the susceptibility by several percent (Ref 65).
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Fig. 4. Magnetic susceptibility of aluminum as a function of temperature and
purity. (Ref 67)
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COMPRESSIBILIlY

Vaidya and Kennedy (Ref 68) determined the volume compression of
aluminum of 99.999% purity to 45 kbar. The ratios of volume at high
pressure to volume at ambient pressure are given in the following table:

Pressure, Volume compression,
lebar VjVo

5 0.9937
10 0.9876
15 0.9817
20 0.9760
25 0.9704
30 0.9650
35 0.9597
40 0.9546
45 0.9497

Roy and Steward (Ref 69) report a partial structure transformation of alu
minum at 205 kbar from cubic to hexagonal close-packed. At 200 kbar
V/Vo = 0.85. Mondolfo (Ref 70), in reviewing measurements of the
compressibility of aluminum at room temperature, indicates an average
value of 13.3 m2/TN for both high purity and commercial metal. Re
ported values range from 12 to 13.7 m2/TN. Compressibility at 0 K is
of the order of 12 m2/TN and in the liquid at the melting point about 20
m2/ TN.

OPTICAL PROPERTIES

Mondolfo (Ref 71) indicates the reflectivity of smooth aluminum sur
faces to light is more than 90% for wavelengths from 0.9 to 12.0 urn
(0.04 to 0.5 mil). At wavelengths below 0.2 urn (0.008 mil), at which
wavelength the reflectivities of smooth aluminum surfaces are about 70%,
reflectivity decreases drastically. Highest reflectivity is obtained by vapor
deposition, which can produce very smooth surfaces. Vapor-deposited
films required a minimum thickness of about 10- 5 em (4 x 10- 6 in.) for
maximum reflection. The reflecting power of an aluminum surface de
creases with roughness. A sandblasted aluminum surface may exhibit only
15 to 25% of the reflectivity of a polished surface of metal of the same
composition. Figure 5 presents the normal spectral reflectances for var
ious pure aluminum surfaces (Ref 72). Emissivity of polished aluminum
at room temperature is only several percent of that of a blackbody (Ref
71). Rough finishes may raise the emissivity to about 20 to 30%. Emis
sivity increases with temperature to reach values of 15 to 20% for the
liquid state. The total hemispherical emissivity of highly polished 99.999%
aluminum has been reported as 1.0% at 180 K and 1.8% at 290 K (Ref
73). Literature on optical properties of aluminum has been reviewed by
Mondolfo (Ref 71), and critical evaluation of data on thermal radiative
properties of aluminum of various grades of purity is provided by Tou
loukian and DeWitt (Ref 72).
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MELnNG POINT-HEAT OF FUSION
The melting point is quite sensitive to purity. Mondolfo (Ref 74) states

that "the most accurate determinations on aluminum 99.996% give a melt
ing point of 933.4 K." The freezing point of aluminum, a secondary
reference point assigned 660.37°C (1220.67 OF) on the International
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Table 5. Heat CapacItIes, EntropIes, and Heat Contents of Pure
Crystalline AlumInum

cal mole- 1 deg-1
Temperatu.... Heat capacity,

K C;
0 0.000

100 3.116
200 5.158
298 5.806
300 5.814
400 6.163
500 6.450
600 6.717
700 6.999
800 7.370
900 7.901

Entropy,
$"

0.000
1.650
4.572
6.769
6.805
8.528
9.934

11.134
12.190
13.147
14.044

kcal mole- 1

Heat cantent,
HO - H;"
-1.094
-0.988
-0.546

0.000
0.011
0.610
1.241
1.900
2.585
3.302
4.064

Practical Temperature Scale of 1968, has been used for several decades
to calibrate thermocouples (Ref 75). The phase diagram (Ref 76) for alu
minum (Fig. 6) illustrates the effect of pressure on melting point. The
JANAF Thermochemical Tables (Ref 77) select a value of 2.56 ± 0.05
kcal mol" (397 J g-I) for the heat of fusion of pure aluminum.

Thermochemical Properties. Critically evaluated thermochemical data
for aluminum in the solid, liquid, and gaseous states are compiled in the
JANAF tables (Ref 77). The heat capacities, entropies, and heat contents
of pure crystalline aluminum are given in Table 5. The recommended
value of heat capacity of liquid aluminum from the melting point to the
boiling point is a constant 7.59 cal mol"! deg-I.

Vapor Pressure. There is poor agreement in measurements of vapor
pressure of aluminum at high temperatures. From critical evaluation of
the determinations of vapor pressure, a boiling point of 2767 K and a
heat of vaporization of 69.5 kcal mol" are recommended in the JANAF
tables (Ref 77). Calculations from thermochemical data for liquid and
gaseous aluminum in the JANAF tables give the following vapor pres
sures:

Temperature, Vapor pressure,
K a~

1000 7.4 X 10- 11

1200 3.7 X 10--
1400 3.0 X 10- 6

1600 7.8 X 10- 5

1800 9.8 X 10--
2000 0.007
2200 0.037
2400 0.143
2600 0.442
2700 0.728

SURFACE BNSION
Mondolfo (Ref 78) provides a review of measurements and calculations

of interfacial energies of aluminum. Surface tensions of molten aluminum
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mined by two methods. (Ref 80)

are quite sensitive to the atmosphere and to even trace levels of impur
ities. Calculations of surface tensions from theoretical considerations also
yield contrasting results. An absolute value for the surface tension of pure
aluminum in any atmosphere is difficult to determine. Lang (Ref 79) eval
uates earlier work on surface tension of high-purity aluminum, presents
measurements for four samples of super-purity aluminum, and develops
equations for the influence of small amounts of alloying elements on sur
face tension. The following expression was developed for the sample hav
ing the highest values of surface tension near the melting point:

(T = 868 - 0.152 (t - tm )

where IT is the surface tension in dyne em -I, t is the temperature in °C,
and tm is the melting point of aluminum. Lang et al (Ref 80) report mea
surements of the surface tension of aluminum of 99.996% purity by the
sessile drop method and the maximum bubble method (Fig. 7) and also
review earlier determinations of the surface tension of molten aluminum
in various atmospheres.

VISCOSITY
The results of measurements of the viscosity of molten aluminum differ

substantially among the various published investigations. The viscosity
of liquid aluminum is increased significantly by small amounts of solid
impurities such as aluminum oxide and by traces of dissolved impurities.
The Metals Reference Book (Ref 81) gives the following equation for the
viscosity of liquid aluminum:

11 = 0.1492 exp (l984.5/T)

where lJ is the viscosity in mNs/m2
, R is the gas constant, 8.3144 11K
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mol, which is a part of the exponential constant, and T is the temperature
in degrees kelvin. Arsentev and Polyakova (Ref 82) report measurements
at 670 to 1000 °C (1240 to 1830 OF) for the viscosity of molten aluminum
of various degrees of purity by a viscosimeter. The results for zone-re
fined aluminum, the purest specimen investigated, can be represented by
the equation:

720
log TJ = - - 2.68

T

where 1] is the viscosity in poise and T is the temperature in degrees
kelvin.

OXIDATION OF ALUMINUM
Although aluminum is one of the least noble of the common commer

cial metals, it is remarkably stable in many oxidizing environments. It
owes its stability to the continuous film of aluminum oxide that rapidly
grows on a nascent aluminum surface that is exposed to oxygen, water,
or other oxidants. The molecular volume of the oxide is about 1.3 times
greater than that of the aluminum consumed in the oxidation reaction.
The surface layer is, therefore, under compressive stress and rapidly heals
when damaged. In dry oxygen, the surface layer attains a limiting thick
ness that is a function of temperature. At room temperature, the limiting
thickness is about 2.5 to 3.0 nm (25 to 30 A). Logarithmic time laws
have been determined by several workers for the range of low and mod
erate temperatures, indicating that ion transport is field controlled.

Film thickness increases in the presence of water vapor. At room tem
perature and 100% relative humidity, about twice as much oxide is formed
as in dry oxygen. In both cases, however, the same rate laws apply. A
duplex film generally forms in wet environments; the continuous oxide
layer closest to the metal surface changes to hydroxylated film at the
solid/gas interface. At higher temperatures and on aluminum alloys, es
pecially those containing magnesium and copper, more complex film
structures develop. Oxide growth can no longer be described by simple
time laws (Ref 83).

GASES AND ALUMINUM
Hydrogen is appreciably soluble in both solid and molten aluminum.

Other gases reported to be present occur when nonmetallics in the melt
react with the environment (Ref 84). Molten aluminum reacts readily with
carbon monoxide and carbon dioxide, and it also reacts with water vapor
in the furnace atmosphere, adsorbed water, water present as hydrated ox
ide films on scrap, and water adsorbed on or combined in refractories.
Solid aluminum also reacts with moisture in a furnace atmosphere to form
oxides and hydrogen. Such reactions are a source of hydrogen in solid
materials caused by diffusion from the surface. The amount of hydrogen
present in molten aluminum can be significantly greater than the equilib
rium solubility amount, because of the driving force of the metal-moisture
reactions. The amount found in solid aluminum can also be greater than
the solid solubility amount, either because of the presence during soli
dification of such excess amounts, or because of reactions of furnace
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Table 6. Solubility of Hydrogen In Molten Aluminum with 1 atm
of Hydrogen over the Melt

(dJl
0.46
0.63
1.23
1.66

.Jemperatu~F '""I-(b-)------ Sofu~:~a)------....,

660 1220 0.69 0.83 (0.78 STP)
700 1290 0.91 1.07 (1.00 STP)
800 1470 '" 1.68 1.86 (1.74 STP)
850 1560 2.18 2.40 (2.24 STP)

(a) In cubic centimeters of hydrogen at NTP (20°C or 68 "F and 760 mm pressure) per tOO g of
aluminum. (b) From Ref 85. (c) From Ref 86. (d) From Ref 87.

moisture on the surface of the metal and subsequent diffusions of hydro
gen into the body of the solid.

Ransley and Neufeld (Ref 85), Opie and Grant (Ref 86), and Eichen
hauer, Hattenbach, and Pebler (Ref 87) have measured the solubility of
hydrogen in molten aluminum. Equations representing the effect of tem
perature as established by these authors are given below, and the values
are compared in Table 6:

-2760
log S = -- + 2.796 (Ref 85)

T

-2550
log S = -- + 2.62 (Ref 86)

T

-3086
log S = -- + 2.969 (Ref 87)

T

S is solubility of hydrogen in cubic centimeters per 100 g of metal and
T is temperature in degrees kelvin. *

Ransley and Neufeld (Ref 85) and also Eichenauer et al (Ref 87) have
reported solubilities in solid aluminum. Equations relating solubility, tem
perature, and pressure of hydrogen over the specimen are:

-2080 logp
log S = -- +-- - 0.652 (Ref 85)

T 2
-3042 logp

log S = -- +-- + 0.521 (Ref 87)
T 2

S is the solubility in cubic centimeters (NTP) per 100 g, T is the absolute
temperature, and p is the pressure in torr. Solubilities calculated from
these equations are in good agreement, as shown in the following table:

Temperature ..----- Sofublll1y(a) --.
"C OF (b) (c) I

660 1220 0.04 0.05
600 1110 0.025 0.03
500 930 0.01 0.01
400 750 0.004 0.003

(a) In cubic centimeters of hydrogen at NTP (20°C or 68 OF and 760 mm pressure) per tOO g of
aluminum. (b) From Ref 85. (c) From Ref 87.

*In Ref 85 and 87, results are given in cubic centimeters of H2 at NTP (20°C or 68 OF)
and 860 mm pressure, and in Ref 86 results are in cubic centimeters of H2 at STP (O°C
or 32 OF) and 760 rom pressure.
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The solubility-pressure relationship for both molten and solid aluminum
follows the square root law. Eichenauer (Ref 88) carried out solid solu
bility measurements on hydrogen and also included deuterium in his ex
periments. For hydrogen, he found a decrease with time for the solubility
coefficients and considerably lower values than previously reported. A
provisional relationship to structure is assumed.

Hydrogen in aluminum in excess of the solid solubility is generally
considered deleterious (Ref 89). Much work has been done on methods
of removal and control for both the molten and solid conditions. Hydro
gen can be determined by vacuum hot extraction (Ref 90), nitrogen car
rier fusion, and vacuum fusion. The effects of hydrogen on the proper
ties of commercial aluminum alloys is discussed by Hess and Tumbulls
(Ref 91).

A summary of the physical properties of aluminum is provided in the
following table:

Properly Value
Thermal neutron cross section .... 0.232 ± 0.003 barns
Lattice constant

(length of unit cube) .4.0496 X 10- 10 m at 298 K
Density (solid) 2699 kg m" (theoretical density based on lattice

spacing)
2697-2699 kg m" (polycrystalline material)

Density (liquid) 2357 kg m? at 973 K
2304 kg m- 3 at 1173 K

Coefficient of expansion 23 X 10- 6 K- 1 at 293 K
Thermal conductivity 2.37 W cm" K- ' at 298 K
Volume resistivity 2.655 X 10- 8 n· m
Magnetic susceptibility 16 X 10- 3 m" g atom " at 298 K
Surface tension 868 dyne em -I at the melting point
Viscosity 0.012 poise at the melting point
Melting point 933.5 K
Boiling point 2767 K
Heat of fusion 397 J g-I
Heat of vaporization 1.08 X 10- 4 J s"
Heat capacity 0.90 J s' K- '
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CHAPTER 2

CONSTITUTION OF ALLOYS*
Most of the metallic elements readily alloy with aluminum, but only a

few are important major alloying ingredients in commercial aluminum
based alloys. Nevertheless, an appreciable number of other elements serve
as supplementary alloying additions for improving alloy properties and
characteristics.

TYPES OF SYSTEMS
A few generalizations, relating to the periodic system, can be made

concerning the types of binary systems the various elements form with
aluminum. Beryllium, silicon, zinc, gallium, germanium, tin, and mer
cury form simple eutectic-type systems with aluminum. Except for be
ryllium, these elements are in periodic groups lIb, IlIa, and IVa. Cad
mium, indium, thallium, and lead of these groups; bismuth of group Va;
and sodium and potassium (also probably rubidium and cesium) of group
Ia are only partly miscible in liquid aluminum within an appreciable tem
perature range above its melting point. Therefore, they form simple,
monotectic-type systems with aluminum. In binary combinations, alu
minum forms no known intermetallic phases or compounds with these
elements.

Available data indicate that the remaining metallic elements, including
those of the lanthanide and actinide series, are miscible in the liquid state
and form more complex binary systems, in which one or more inter
metallic phases occur. In these systems, a eutectic reaction generally oc
curs involving the liquid, the aluminum terminal solid solution, and the
aluminum-rich intermetallic phase. However, solid solution is formed near
the extreme aluminum end of the system by peritectic reaction between
the liquid and the aluminum-rich intermetallic phase with titanium, vana
dium, chromium, zirconium, columbium, molybdenum, hafnium, and
probably tantalum and tungsten (the elements of groups IVa, Va, and VIa
in the fourth, fifth, and sixth periods).

Of the many binary intermetallic phases formed by the reaction of alu
minum with the various metallic elements, a few solidify without the
occurrence of compositional changes (congruent transformation). How
ever, the majority form a liquid solution of the solid phase composition
on cooling, by reaction between a previously existing solid phase and the
remaining depleted liquid solution (peritectic reaction). Despite similar
ities, distinct relationships between the number or types of aluminum in
termetallic phases and the elements within a periodic group are difficult
to observe.

*This chapter was revised by a team comprised ofE.M. Dunn, Kaiser Aluminum & Chem
ical Corp., Chairman; A.P. Davidson, Alcan International Ltd.; J.P. Faunce, Martin Mar
iettaLaboratories; C.G. Levi, ATISA-ATKINS, S.A. de C.V.; S. Maitra, Alcoa Technical
Center; and R. Mehrabian, National Bureau of Standards. The original chapter was au-
thored by R.H. Brown and L.A. Willey of Alcoa Technical Center. 25
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Table 1. Invariant Reactions In Binary Aluminum Alloys

Temperature(a)
Element "C OF

Ag 570 1060
Au 640 1180
B 660 1220
Be 645 1190
Bi 66O(b) 1220(b)
Ca 620 1150
Cd 650(b) 1200(b)
Co 660 1220
Cr 660(c) 1220(c)
Cu 550 1020
Fe 655 1210
Ga 30 80
Gd 64O 1180
Ge 425 800
Hf 66O(c) 1220(c)
In 640 1180
Li 600 1110
Mg 450 840
Mn 66O 1220
Mo 66O(c) 1220(c)
Na 660(b) 1220(b)
Nb 66O(c) 1220(c)
Ni 640 1180
Pb 660 1220
Pd 615 1140
Rh 660 1220
Ru 66O 1220
Sb 66O 1220
Sc 660 1220
Si 580 1080
Sn 230 450
Sr 655 1210
Th 635 1180
Ti 665(c) 1230(c)
Tm 645 1190
U 640 1180
V 665(c) 1230(c)
Y 645 1190
Zn 380 720
Zr 660(c) 1220(c)

Liquid solubility
wt% at.%

72.0 60.9
5 0.7
0.022 0.054
0.87 2.56
3.4 0.45
7.6 5.25
6.7 1.69
1.0 0.46
0.41 0.21

33.15 17.39
1.87 0.91

98.9 97.2
11.5 2.18
53.0 29.5

0.49 0.074
17.5 4.65
9.9 30.0

35.0 37.34
1.95 0.97
0.1 0.03
0.18 0.21
0.01 0.003
6.12 2.91
1.52 0.20

24.2 7.5
1.09 0.29
0.69 0.185
1.1 0.25
0.52 0.31

12.6 12.16
99.5 97.83

25.0 3.73
0.15 0.084

10.0 1.74
13.0 1.67
0.25 0.133
7.7 2.47

95.0 88.7
0.11 0.033

Solid solubility
wt% at.%

55.6 23.8
0.36 0.049

<0.001 <0.002
0.063 0.188

<0.1 <0.01
<0.1 <0.05

0.47 0.11
<0.02 <0.01

0.77 0.40
5.67 2.48
0.052 0.025

20.0 8.82
<0.1 <0.01

6.0 2.30
1.22 0.186
0.17 0.04
4.0 13.9

14.9 16.26
1.82 0.90
0.25 0.056

<0.003 <0.003
0.22 0.064
0.05 0.023
0.15 0.02

<0.1 <0.02
<0.1 <0.02
<0.1 <0.02
<0.1 <0.02

0.38 0.23
1.65 1.59

<0.01 <0.002

<0.1 <0.01
1.00 0.57

<0.1 <0.01
<0.1 <0.01

0.6 0.32
<0.1 <0.03

82.8 66.4
0.28 0.085

(a) Eutectic reactions unless designated otherwise. (b) Monotectic reaction. (c) Peritectic reaction.

Liquid Solubility. Except for the partly miscible elements previously
mentioned, all other metallic elements are completely miscible with alu
minum in the liquid state. The solubility limits for a number of ele
ments at temperatures above the melting point of aluminum are listed in
Table 1. Of the semimetallic and nonmetallic elements, silicon is com
pletely miscible with aluminum in the liquid state. Boron has a low sol
ubility of about 0.02% at a eutectic temperature slightly below the melting
point of aluminum. Its solubility increases with increasing temperature,
but appears to be less than 1.5% at 1500 °C (2730 OF). Carbon has slight
solubility in liquid aluminum; its solubility limits have not been com
pletely established, but are indicated to be appreciably less than for boron.
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Phosphorous and arsenic are nearly insoluble in aluminum. In hypo
thetical diagrams, sulfur has been indicated as having appreciable solu
bility in liquid aluminum. Early investigations indicated complete mis
cibility of selenium and tellurium with liquid aluminum. Although
compounds are readily formed with aluminum, retention of more than
trace amounts of these elements in the metal when melting and alloying
are done under the usual atmospheric conditions is not possible. Three
factors contribute to the difficulty of maintaining the composition: (I)
high volatility of these elements at temperatures of liquid aluminum, (2)
oxidation at the metal surface, and (3) formation of less dense compounds
that separate to surface dross.

Except for hydrogen, common elemental gases and elements of the
halogen group exhibit no detectable liquid solubility, but readily form
compounds with aluminum. The solubility of hydrogen in both liquid and
solid aluminum is discussed in Chapter 1 of this Volume. Figure 1 (Ref
1) shows the solubility of hydrogen in aluminum from 500 to 800°C (930
to 1470 OF).

Solid Solubility. No element is known to have complete miscibility
with aluminum in the solid state. Of all elements, zinc has the greatest
solid solubility in aluminum (a maximum of 66.4 at. %). In addition to
zinc, silver, magnesium, and lithium have solid solubilities greater than
10 at.% (in order of decreasing maximum solubility). Gallium, germa
nium, copper, and silicon (in decreasing order) have maximum solubil
ities of less than 10 but greater than I at. %. All other elements are less
soluble. Solid solution limits for some elements in aluminum are recorded
in Table 2.

The solid solution limits given for lithium are from recent investiga
tions by Costa and Marshall (Ref 2) and by Levine and Rapperport (Ref
3). While the results of these investigators are in agreement, they differ
considerably at temperatures below 500°C (930 OF) from the results re
cently obtained by other investigators. Jones and Das (Ref 4) reported
solubility limits of 4.2, 1.7, and 0.4% lithium, respectively, at the eu
tectic temperatures of 400 °C (750 OF) and 200 °C (390 OF).

With one known exception,* maximum solid solubility in aluminum
alloys occurs at the eutectic, peritectic, or monotectic temperature. With
decreasing temperature, the solubility limits decrease. This decrease from
appreciable concentrations at elevated temperatures to relatively low con
centrations at low temperatures is one fundamental characteristic that pro
vides the basis for substantially increasing the hardness and strength of
aluminum alloys by solution heat treatment and subsequent precipitation
aging operations.

Intermetallic Phases. A feature of aluminum alloy systems is the wide
variety of intermetallic phases, which occur because aluminum is highly
electronegative and trivalent. The complete literature on intermetalIic phases
has been reviewed by Pearson (Ref 5). Intermetallic phases in aluminum
alloy systems have also been discussed as part of a wider review by Mon-

*Tin shows a retrograde solid solubilit~ between the melting point of aluminum and the
eutectic temperature, 228.3 °C (442.9 F), with a maximum of 0.10% at approximately
600 °C (1110 OF).
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Fig. 1. Solubility of hydrogen at atmospheric pressure in aluminum and mag
nesium (Ref 1).

dolfo (Ref 6). The stability of such phases and the narrowness of their
compositional range is determined by size and valency factors. In binary
systems, some phases can be exactly stoichiometric, for example, AISb.
Other systems can have a very narrow compositional range not containing
the composition of their formula, for example CuAlz, thus containing lat
tice defects. Others such as AgzAI show wider compositional range. Tran
sition metals often exhibit a succession with well defined and sometimes
complex stoichiometry (CozAI9 , Co4AI13, CoAI3 , CozAls, and CoAl; and
MnAI6 , MnAI4 , and MnAI3) . Transition metals also exhibit frequent
metastability, in which one phase introduced during fast solidification
transforms in the solid state to another, for example, FeAl6 ~ FeAh, or
a metastable variant precipitates from supersaturated solid solution such
as MnAI12•

In ternary alloys, a few intermetallic phases of other binary systems
can form a pseudobinary eutectic with primary aluminum solid solution,
for example, Mg-Si or MgZnz. In quaternary systems, intermetallic phases
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of the respective binary and ternary systems are occasionally isomor
phous, forming continuous series of solid solutions in equilibrium with
aluminum solid solution. An important example is in the aluminum
copper-magnesium-zinc quaternary system, where there are three such
pairs: CuMg4Al6 + Mg3Zn3Alz, Mg2Znu + CU6Mg2AIs, and MgZn2 +
CuMgAl. The first pair have similar lattice parameters and form extensive
mutual solid solution, the others less so. Neither CU6Mg2AIs nor CuMgAI
are equilibrium phases in aluminum-copper-magnesium, although both
Mg2Znll and MgZn2 are equilibrium phases in aluminum-magnesium-zinc.

Table 2. Solid Solution Characteristics of Binary Aluminum Alloys

.<1H.(a)
Element kJ/g·atom p.O/at.%(b)

Ag 26.7 1.15
Au 87.5 2
B .
Be 75.7 0.085
Bi .
Ca .
Cd 82.0 0.057
Co ..
Cr 67.8 7.70
Cu 41.0 0.785
Fe 95.8 4.75
Ga 19.2 0.250
Gd .
Ge 40.6 0.775
Hf.. (77.8) .
In .
Li 26.8 0.89
Mg 18.8 0.49
Mn 60.7 5.97
Mo 8.35
Na .
Nb 6.85
Ni 95.8 1.77
Pb... . . . . . . .. . 1.5
Pd 51.0 2.35
Rh ..
Ru .
Sb .
Sc 69.5 3.32
Si 49.4 0.65
Sn 1.1
Sr . 3.2
Th .
Ti 64.0 5.10
Tm .
U .
V 73.6 6.90
y .
Zn. . . . . . . . . .. 8.5 0.211
Zr 86.2 5.85

.<1cr/.<1y(c)
m/at.% x 10·

Nil

-0.0217

-0.0067

-0.0100
-0.0051

+0.0012

+0.00155

-0.00016
+0.00460
-0.0066

-0.0018

-0.0105

-0.0075

-0.00075

,/y - '/A1~)
m x 10
+0.013
+0.010
-0.449
-0.306
+0.347
+0.541
+0.079
-0.177
-0.153
-0.153
-0.169
-0.025
+0.375
+0.015
+0.156
+0.150
+0.120
+0.169
-0.161
-0.043
+0.467
+0.027
-0.185
+0.275
-0.056
-0.077
-0.093
+0.228
+0.191
-0.054
+0.194
+0.719
+0.366
+0.038
+0.330
+0.087
-0.091
+0.368
-0.090
+0.168

(a) Heat of solution from slope of line for In solubility versus liT (for dilute solutions for elements
silver and zinc). (b) Increase in electrical resistivity per I at. % in solid solution. (c) Change in alu
minum lattice parameter per I at. % in solid solution. (d) Difference between Pauling metallic radii of
element and aluminum.
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Table 3. Intennetallic Phases In Aluminum-Rich Aluminum Alloy Systems

Inlermetallic ASrM 1157-611 OIlIer Space LattIceparameter, A
phase designation designanon Structure type group tI b e

BinalY Systems
Ag2Al ......... (Ag,Al)2H A, Hex P6,/mme 2.885 4.582
aAIB'2 ......... (B,Al)52N Mono C2/m 8.522 11.002 7.393
~AIB'2 ......... (B,Al)208T Tel 12.58 10.20
AIB2 · ........ (B,Al)3cH C32 Hex 3.006 3.252
CaAl. · ........ (Al,Ca)10U 01, be Tel 14/mmm 4.362 11.09
C~AI9 ......... (AI,Co)22M Mono P2,/e 6.213 6.290 8.556
CrAI7 ........ . Ortho 24.8 24.7 30.2
Cr'Alll ........ Ortho 24.8 24.7 30.2
CuAl2 · ........ (AI,Cu)12aU 9 CI6 be Tel 14/mem 6.066 4.874

9' Tel 4.04 5.80
GP[2) or 6" Tel 4.04 7.68

FeAI. · . . .. . . . . Mono C2/m 15.520 8.099 12.501
FeA4 ......... Ortho CCmm 6.464 7.440 7.779
AlLi · ........ (Al,Li)I6F B32 beC Fd3m 6.38
Mg2AI,......... (AI,Mg)II66F 13 fcC Fd3m 28.16
MnA4 ......... (AI,Mn)28Q Ortho Cmem 6.498 7.552 8.870
MnAt. .......... Hex 28.41 12.38
MnAI12••••.•.•• G Cubic -7.47
NiAI, · ........ (AI,Ni)I6cO E D020 Ortho PnnuJ 6.611 7.366 4.812
Ni2AI, ......... (AI,Ni)5bH II 05" Hex P3ml 4.036 4.900
NiAI ......... (Ni,Al)2B 13 B2 beC Pm3m 2.887
AISb ......... (Al,Sb)8F B3 Cubic F43m 6.096
TiAI, ......... (Al,Ti)8U D022 be Tel 14/mmm 3.848 8.596
UAI. ......... (Al,U)20P 01. be Ortho Imma 4.41 6.27 13.71
VAlli · ........ (Al.Y)192F fcC Fd3 14.586
VA4 ......... (AI,V)56H Hex 7.718 17.15
ZrAt. · ........ (AI,Zr)I6cU 002, be Tel 14/mmm 4.013 17.320
TiB2 ......... (B,Ti)3H C32 Hex P6/mmm 3.028 3.228
Mg2Si ......... (Mg,Si)l2F 13 CI fcC Fm3m 6.351

13' Hex 7.05 4.05/
12.15

Mg2Znll ........ (Zn,Mg)39C Z Cubic Pm3 8.552
MgZn2' ........ (Zn,Mg)l2H M C14 Hex P6,/mme 5.18 8.517

lernalY Systems
Cr2Mg,AI, ...... (AI,Mg,Cr)184F E fcC Fd3m 14.55
(Cr,Mn)AI'2 ..... (AI,Mn,Cr)26B G beC 1m3 7.507
Cr4S~I" · ..... (AI,Cr,Si)84F a fcC F43m 10.917
CU2FeAI7 ...... (Al,Cu,Fe)4OT 13 or N Tel P4/mnc 6.336 14.870
(Fe,Cu)(Al,Cu)•.. (Al,Fe,Cu)28Q a Ortho Cmem 7.464 6.441 8.786
Cu.Li2AI" T8 Cl fcC Fm3m 5.83
CuLiAI2 T, Hex 4.96 9.35
CuLi,AI. T2
CuMgAI2 · ..... (AI,Cu,Mg)l6S S fc Ortho Cmem 4.01 9.25 7.15
CuMgAI ...... (Al,Cu,Mg)l2H UorM C14 Hex P6,/mme 5.07 8.29
CU~A4 ...... (AI,Mg,Cu)162B T beC 14.31
Cu, goAI7 .. ···· (AI,Mr.,CU)96B Q or Y Cubic 1m3 12.087
C~g2AI•...... (Cu,A ,Mg)39C Vor Z Cubic Pm3 8.311
CU2Mn,AI20' ..... T Ortho 24.11 12.51 7.71
Cu,NiAI. · ..... (Al,Cu,Ni)250B T beC 14.6
Cu,znAI, T' beC 2.911
FeNiAl9 ........ Mono
Fe2SiAIs ........ aFeSi Hex P6,/mne 12.3 26.3

(FeM),Si,AI" a'FeSi beC 1m3 12.548
FeSiAl•........ 13FeSi Mono 6.12 6.12 41.48
FeSi2At......... llFeSi Tel 6.16 9.49
Mg2MnAllO• ••••• T
Mg,Zn,AI2 ...... (Mg,Zn,AI)162B T bee 1m3 14.19
Mn,Si2AI" ...... aMnSi Cubic 12.652
Mn,SiAl lO •••••• (AI,Mn,Si)26H 13MnSi Hex P6,/mme 7.513 7.745

QuaternalY Systems
CU2MgSSioAI•.... Hex 10.32 4.05
CuMg.S~I•.... beC 12.63
FeMg,SioAls ..... (AI,Si,Mg,Fe)18cH Hex P62m 6.63 7.94

(a) Peritectic decomposition.
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j Density I
cia, Atoms ller Meosuled Calculated Melting lernperolure

lIorP un" cell g/cmJ Ib/ln. J g/cm J Ib/ln. J 'C 'f

1.588 ........... 2 8.14 2.94 730(a) 1350(a)
143° 29' ......... 52 2.53 0.913 ...
0.811 ......... 208 2.58 0.931 -1350 -2460
1.082 ........... 3 3.17 1.14 -850(a) -156O(a)
2.542 .......... 10 2.33 0.841 7oo(a) 129O(a)
94° 46' ......... 22 3.60 1.30 3.60 1.30 194O(a) 1720(a)

.. · ......... 1160 3.14 1.13 -725(a) -134O(a)

.. · ......... 1209 3.34 1.21 -940(a) -1720(a)
0.803 .......... 12 4.34 1.57 4.35 1.57 590 1090
1.436 ........... 6 4.12 1.49
1.901. .......... 8 3.83 1.38

107° 43' ....... -100 3.77 1.36 3.78 1.36 116O(a) 2120(a)
.............. 42 3.45 1.25 3.45 1.25 ...
.............. 16 1.725 0.6232 717 1322
.. · ......... 1166 2.23 0.805 2.23 0.805 450 840
.............. 28 3.27 1.18 3.31 1.19 71O(a) 1310(a)

0.436 ......... ... 820(a) 151O(a)
......... . .. .

.............. 16 3.96 1.43 855(a) 1570(a)
1.214 ........... 5 4.76 1.72 1130(a) 2070(a)
............... 2 5.91 2.13 1640 2980
............... 8 4.34 1.57 -1050 -1920

2.234 ........... 8 3.31 1.19 3.37 1.22 134O(a) 244O(a)
.............. 20 6.06 2.19 730(a) 1350(a)
.. · .......... 192 2.98 1.08 670(a) 124O(a)

2.222 .......... 56 3.20 1.16 740(a) 136O(a)
4.316 .......... 16 4.11 1.48 4.11 1.48 1580 2880
1.064 .......... 3 4.38 1.58 4.50 1.62 2790 5050
.............. 12 1.99 0.718 1100 2010

..........
............. . 39 6.16 2.22 6.12 2.21 385(a) 725(a)

1.644 .......... 12 5.20 1.88 5.20 1.88 590 1090

............. 184 2.80 1.01 2.86 1.03

.............. 26 2.92 1.05 <580 <1080

.............. 84 3.40 1.23
2.347 .......... 40 4.30 1.55 4.44 1.60
.............. 28 630(a) 1170(a)

1.885: : : : : : : : : :...
...........

1.28 -1020(a).............. 16 3.55 -550(a)
1.64........... 12 4.13 1.49 -950 -1740

·............ 162 2.69 0.971 -475(a) -89O(a)
.. · ........... 96 3.02 1.09 -520(a) -970(a)
.............. 39 4.94 1.78 4.90 1.77 -710(a) -131O(a)
.. · .......... 150 3.59 1.30
............. 250 5.48 1.98 -820(a) -151O(a)

..........
-810(a) -149O(a)..........

.......... 3.58 1.29 -86O(a) -1580(a)...
91°. :: : : : : : : : : ... -7oo(a) -129O(a)
1.54 .......... ... 3.00 1.08 -870(a) -16OO(a)...

... :::::::::: 162 3.78 1.36 3.80 1.37 -530(a) -99O(a)

1.03i: : : : : : : : '-26 3.74 1.35

0.392 ............ 2.79 1.01

1.20: : : : : : : : : : .18 2.82 1.02 2.82 1.02
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Another instance is in the aluminum-iron-manganese-silicon quaternary
system;here the stable phase (FeMn)3SizAlI5 (body-centered cubic) can vary
from Mn3SizAl15, a = 1.?652 nm (12.652 A) to -(Mno.IFeo.9) 3SizAll5,
a = 1.2548 nm (12.548 A). The stable phase of the closest composition
in aluminum-iron-silicon is FezSiAlg (hexagonal); the hexagonal~ cubic
transition is also accomplished by small additions of vanadium, chro
mium, molybdenum, and tungsten, and larger additions of copper (Ref
7). Such chemical stabilization effects, coupled with the metastability in
troduced by casting, frequently cause complex alloy structure.

The origin of this vast range of structures has been the subject of con
siderable study (Ref 8). Some phases are normal valency compounds
(ionic), with high melting points and low electrical conductivity, such as
Al-Group V compounds like AISb. For these, electron transfer occurs,
and bonding is nondirectional; interionic spacing is less than is expected
for metallic bond. Some phases are electron compounds with specific
valency electron/atom ratios, for example, 3-to-2 for AICu3' No electron
transfer occurs in this phase, and factors relating to the metallic bond
predominate. These compounds have some ductility, reasonable electrical
conductivity, and melting points that range between those of the alloying
components.

The origin of aluminum-transition metal and silicon-phases is still being
investigated. There is some evidence that the valency electrons are ab
sorbed into the d-shell of the transition metals and are replaced by elec
trons from the aluminum shell. This leads to a reduction of some alu
minum-transition metal spacings as for the ionic bond; these phases have
high melting points. Some systemization has been attempted (Ref 9). The
structures can be considered in terms of flattened, polyhedral groupings
of aluminum atoms around the transition metal atoms, 8-, 9-, or lO-fold.
The three-dimensional structures are controlled by the packing of these
polyhedra. Crystal structures, lattice parameters, and density and melting
point or peritectic decomposition temperature for the most important in
termetallic phases of aluminum-rich alloys are given in Table 3.

EQUILIBRIUM AND NONEQUILIBRIUM SOLIDIFICATION
All commercial solidification processes involve some nonequilibrium

effects. Although equilibrium solidification is not actually observed, it is
of interest as a limiting case. In real casting processes, the extent of de
viation from equilibrium conditions has a significant effect on the actual
microstructure observed (Ref 10 and 11).

Equilibrium solidification is approached when LZ « D,«. where L
is the length solidified, D, is the diffusion coefficient of solute in the
solid, and t is time. This situation is illustrated in Fig. 2. An alloy of
overall composition, Co, begins to freeze at TL and is frozen at Ts. The
initial solid to freeze has a solute concentration given by kCo, where k is
the equilibrium partition coefficient (Cr /Cn, the ratio of interfacial solid
and liquid solute concentrations. Because diffusion in the solid is assumed
to be complete, the bulk solid solute concentration (Cs) is equal to the
interfacial solid solute concentration (Cn on the solidus line. Diffusion
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Fig. 2. Solute redistribution in equilibrium solidification of an alloy of com
position Co: (a) at start of solidification; (b) at temperature T*; (c) after soli
dification; and (d) phase diagram (Ref 10).

in the liquid is also assumed to be complete. After freezing, a uniform,
single-phase solid with a solute concentration of Co is obtained.

Solidification with Local Equilibrium. Many commercial solidifi
cation processes, operating at moderate cooling rates (0.1 to 100 °e/s or
0.18 to 180°F/s) can be approximated by the assumption that Ds = 0
and local equilibrium at the interface is maintained (k == CUCD and D L

= 00. Solidification under these conditions is illustrated in Fig. 3. The
first solid to freeze, at TL , has a solute concentration of kCo. At temper
atures below the liquidus, the solid forming at the freezing interface is
higher in solute than that previously frozen. To maintain a solute balance,
additional solute is present in the liquid as a consequence of coring. This
results in the formation of nonequilibrium eutectic in interdendritic re-
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Fig. 3. Solute redistribution in solidification with no solid diffusion and com
plete diffusion in the liquid: (a) at start of solidification; (b) at temperature T*;
(c) after solidification; and (d) phase diagram (Ref 10).

gions at the end of freezing. The amount of eutectic formed is to be given
by:

(
CE)1/('-1)

fE= -
Co

where IE is the volume fraction eutectic and CEis the eutectic solute con
centration. The amount of eutectic actually observed is close to that pre
dicted by Eq 1 for the cooling rate in the range of typical ingot casting
processes (Ref 12). The dissolution of this nonequilibrium eutectic is
achieved during ingot homogenization (Ref 13).
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Rapid Solidification of Aluminum Alloys. In the search for improved
properties for aluminum alloys, a variety of techniques that involve direct
quenching from the liquid state have been investigated. These techniques,
referred to as rapid solidification processing (RSP), are aimed at achiev
ing a highly efficient dissipation of heat away from the liquid-solid in
terface so that a substantial increase in undercooling and the correspond
ing interface velocity can be obtained. This objective usually implies an
improved heat transfer coefficient at the casting-quenchant surface and
an increase in the surface area-to-volume ratio of the casting. The overall
effect is the achievement of cooling rates estimated at from 103 to 1010
°C/s (1.8 X 103 to 1.8 X 1010 OFIs). A second guideline in RSP is to
obtain a sufficient degree of supercooling before nucleation so that the
liquid acts as the main sink for the heat of fusion. The solidification then
proceeds in an essentially adiabatic manner. Solidification under the in
creasingly higher cooling rates, and conceivably, higher undercoolings
typical of atomization, splat cooling, and other related techniques, usually
results in progressive departure from the regular microstructures produced
by conventional casting.

Microstructures of Rapidly Solidified Aluminum Alloys
Rapid solidification of aluminum alloys usually results in one or more

of the following microstructural modifications:

• Microstructural refinement manifested as smaller grain size, as well as
smaller dendrite arm and eutectic spacings

• Extension in terminal solid solubility of alloying elements in the pri
mary a-aluminum phase and change in segregation patterns eventually
leading to the reduction or elimination of the second phase

• Morphological changes of the eutectic or the primary phase
• Formation of metastable phases
• Coupled eutectic growth at off-eutectic compositions
• Vacancy supersaturation

Although all these effects have been observed in aluminum alloys, some
even at the moderate cooling rates of 10 to 103 oC/ s (18 to 1.8 X 103 OF/ s)
only the first four, which are important in terms of improving the prop
erties of the final product, are well understood. A discussion of these
effects follows.

Microstructural Refinement. In general, the fineness of microstruc
ture during dendritic solidification of aluminum alloys, as in most other
alloy systems, can be correlated to the average cooling rate during solidi
fication, EAvg, or local solidification time (time available for coarsening),
tl , by:

and
DAS = alO~~ = bti (Eq 2)

(Eq 3)
tf

where (TL - Ts) is the solidification temperature range, DAS is the den
drite arm spacing, and a, b, and m are constants.
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Experimental relationships between average cooling rate and dendrite
arm spacing are available for several aluminum alloys (Ref 14 and 15).
For example, dendrite arm spacings for an AI-IO.5% Si alloy versus av
erage cooling rates are reported for cooling rates of up to 105 °C/s (1.8
X 105 °F/s) (Ref 16). Dendritic spacings of 0.01 to 0.5 urn (0.0004 to
0.02 mil) (Ref 17-20), and eutectic spacings in the same order of mag
nitude (Ref 21), have been reported for electron-transparent areas of alu
minum alloy gun splats on copper substrates. However, in most studies,
experimental difficulties have limited the range of accurately measured
cooling rates to less than -103 °C/s (-1.8 X 103°F/s).

Figure 4 illustrates the capabilities of various solidification techniques
in terms of microstructural refinement expected from the estimated
achievable cooling rates and a relationship of the type given by Eq 2 for
aluminum alloys. Caution must be exercised when the exponential cor
relation in Eq 2 is used to estimate cooling rates in RSP from the dendrite
spacings, because the reliability of extrapolating this relationship over
many orders of magnitude is probably poor, especially if the microstruc
tures examined do not exhibit typical dendritic morphologies. Further
more, the constants in Eq 2 vary with alloy composition. Studies on the
effect of alloy composition on structure at a fixed average cooling rate
for aluminum binary alloys with copper, magnesium, silicon, or zinc have
shown that increasing the solute content refines the dendrite arm spacing,
especially at low solute concentrations (Ref 15 and 23). Refinement of
secondary phases, including eutectic constituents, also occurs with an in
creasing cooling rate during solidification. Dispersion hardening associ
ated with this effect has been reported in aluminum-silicon-based alloys
(Ref 24-27).

Rapid solidification processing can also produce grain sizes of -I um
(-0.04 mil), significantly smaller than those developed in conventional
casting. A quantitative analysis of the grain refinement resulting from
solidification at high cooling rates (> 105 °C/s or > 1.8 x 105 OF/s) ob
tained by splat quenching has been made by Boswell and Chadwick (Ref
28), and good agreement was obtained between observed and predicted
grain sizes for rapidly quenched aluminum.

Extension in Solid Solubility. Terminal solid solubility extension has
been obtained at sufficiently high cooling rates in almost all aluminum
alloy systems investigated, with the notable exception of aluminum-zinc
(Ref 29). The increased solid solubility permits higher alloying levels,
resulting in superior strength-ductility combinations in a number of sys
tems. Table 4 shows the maximum reported solid solubilities for a number
of binary aluminum alloys of practical interest.

There are indications that the extent of solute solubility increases with
severity of the quench (Ref 30) and increased initial alloy composition
(Ref 31) and that it is not necessarily bounded by the eutectic composi
tion. Additions especially susceptible to solubility extension in binary al
loys (for example, manganese) can be used in ternaries to increase the
solubility limit of less susceptible elements such as iron, cobalt, and nickel
(Ref 30).

Morphological Modifications. Both conventional dendritic (columnar
and equiaxed) and modified dendritic morphologies have been reported
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Table 4. Extension of Solid Solubility In Binary Aluminum Alloys
Quenched from the Me"

..--- Maximum at ,UlllbrlUm ---,
I emperature

Element at.Of. K "R
Cr 0.44 935 1670
Cu 2.5 820 1460
Fe 0.025 930 1660
Mg 18.9 725 1290
Mn 0.7 925 1650
Ni 0.023 915 1600
Si 1.59 850 1520
Zn 66.5 655 1170

Source: H. Jones, Aluminum. Vol 54 (No.4), 1978, P 274.

Reported maximum. at.Of.
>5-6
17-18
4-6

36.8-40
>6-9
1.2-7.7
10-16
38-'"

in alloys solidified at high cooling rates (Ref 32-34). The primary phase
in the latter tends to assume a cellular or rod-like configuration with pro
gressively faster cooling rates (Ref 18 and 34). Similar observations have
been reported in bulk specimens of nickel- and iron-based alloys with
increasing supercooling before nucleation of the solid phase (Ref 35).
High cooling rates sometimes can suppress primary formation of an equi
librium phase from the melt. For example, formation of a-aluminum den
drites instead of equilibrium PeAl, phase in hypereutectic aluminum-iron
alloys both in chill-cast (Ref 36) and splat-cooled specimens (Ref 37) has
been reported.

Sufficiently rapid cooling rates during solidification can alter the com
position range of cooperative eutectic growth, the eutectic constituents,
and their morphologies. Relatively rapid solidification of aluminum-iron
alloys in the range of 10 to 104 oC/ s (18 to 1.8 x 104 OF/ s) has resulted
in eutectic morphologies changing from irregular AI-FeAI3 to regular
AI-FeAI6 , as well as coupled eutectic growth at noneutectic composi
tions (Ref 36). In addition, degenerate and radial eutectic structures in
AI-17.3 at. % Cu and structural changes as a function of copper content
have been studied via splat cooling (Ref 38).

Formation of Metastable Phases. Departure from the phase equilibria
predicted by the phase diagram of aluminum alloys is not as common as
the effects noted above. Nevertheless, a certain number of cases are re
ported in the literature and have been classified by Jones (Ref 30) as:

• Type I: phases present at equilibrium but not stable at the temperature
and alloy compositions in which they were observed

• Type II: phases not formed from the melt but appearing, normally tran
siently, on further heat treatment or precipitated during quenching through
the solid state

• Type III: phases present in the rapidly quenched specimen but not known
to exist under equilibrium conditions at any composition within the
alloy system

A summary of the reported observations in binary aluminum alloy sys
tems is given in Table 5. The only report of a noncrystalline structure in
an aluminum alloy (Ref 39), splat-cooled AI-17.3 at.% Cu alloy, has not
been supported by further investigation (Ref 40).
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Table 5. Nonequlllbrium Phases Detected In Aluminum Binary Alloys
Uncler Rapid Solidification

::r:s Concentratton Nonequlllbrium phase Corresponding
range, at.% detected Type equilibrium phaMI

Cr........ 1.6-3 AI4Cr I a-AI + AI,Cr(a) (Ref I)
Cu ......... 45 AI3Cu2 (trigonal) III 0+ Tl2 (Ref 2)

17.3 Noncrystalline III a-AI + O(a) (Ref 3)
Fe......... 2-4 ,,/, "V', 'Y", 0° II AI,Fe + a-AI (Ref 4)

4 AI.Fe (orthorhombic) II (Ref 4)
AIoFe III (Ref 5)

Mg ......... 25 Le2 superlattice II a-AI + I3-AI3Mg2(a) (Ref 5)
40 (a-Mn)-like structure III a-AI + I3-AI3Mg2(a) (Ref 5)
(b)

Mn .........'66 AI4Mn I a-AI + AI.Mn(a) (Ref 6)
Ni , ...... 7.3-1O.I TI (orthorhombic) III a-AI + I3-AI3Ni(a) (Ref 7)

(a) Fonned transiently during aging following a decomposition kinetics similar to the supersaturated alu
minum-copper solid solutions. (b) Concentration range. -10 wt%.
(Ref I) Varich and Lyukevich, 1970. (Ref 2) Ramachandrarao and Lavidjoni, 1974. (Ref 3) Davies and
Hull, 1974. (Ref 4) Jacobs, et at .. 1974. (Ref 5) Jones, 1978. (Ref 6) Varich and Kolesnichenko, 1961.
(Ref 7) Toneje, el al., 1971

Particular nonequilibrium effects do not happen above a critical thick
ness in splat cooling (below a given average cooling rate during solidi
fication), For example, FeAl6 can displace the equilibrium phase FeAl6

at cooling rates as low as 3 °C/s (5 °F/s); however, cooling rates of the
order of 104 0C/s (1.8 X 104 °F/s) are required to displace the equilib
rium FCC Al3Mg2 phase in aluminum-magnesium alloys (Ref 30).

PHASE DIAGRAMS AND THERMODYNAMICS
Aluminum is alloyed with a large number of elements. Commercial

alloys frequently contain more than one second phase, with the overall
properties achieved by careful control of second-phase type, shape, size,
and distribution. Consequently, the generation and understanding of phase
diagrams has played an important part in aluminum technology.

Phase diagrams map phase stability in terms of important variables,
usually temperature and composition. They are determined by funda
mental thermodynamic factors. This section identifies these factors and
discusses how they can be used to systemize alloying behavior, inter
polate or extrapolate data, or predict unknown phase diagrams. The an
alytical treatment is limited and based on more specialized texts (Ref
41-43).

Background. Thermodynamics is concerned with the energy involved
in the transfer of material from one phase to another, with the same or
different composition. It does not by itself determine structural features
such as crystallography, subdivision of a second phase, or rate of transfer.
At constant temperature, T, and pressure this energy is the change in the
Gibbs free energy of the system (AG) and is comprised of two factors,
the enthalpy change (AH) and entropy change (AS), as shown below:

~=w-~ ~~

For the process to be spontaneous, AG must be negative, and for equi
librium, AG must be zero. AH represents the heat evolved or absorbed
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during the reaction, negative for an exothermic reaction, and is deter
mined by changes in bond energies or lattice strain because of atomic
size difference. as is determined primarily by changes in vibrational fre
quency, as is seen from its dependence on the change of heat capacity:

lTIi.C
Ii.S= _P aT

o T
For solution reactions, as is usually positive because of the complexity
of vibrational spectrum of a mixture of atoms. It is also positive on liqua
tion because of the breakdown of crystalline order.

Quantitativeassessment of phase boundary position is determined through
the concept of chemical potential, J.L. This is the free energy Imole of a
component of a solution at equilibrium and is the same everywhere within
a system of phases. It is defined with respect to the free energy/rnole of
the pure component in the same physical state, J.Lo:

11 = 110 + RT In a (Eq 5)

where R is the gas constant and a is the activity. A solution is termed
ideal if activity equals mole fraction, X (atom fraction for metallic so
lutions). Physically, this means that bond energies and atom sizes are
identical for solute and solvent, giving zero enthalpy and volume change
on mixing. Most aluminum-based solutions are far from ideal except at
very low concentration. However, the ideal solution model does give in
sight into some important characteristics of phase diagrams.

Liquidus and Solidus. Liquidus and solidus represent the variation
with temperature of composition of liquid and solid solutions in equilib
rium. Thus, for any component, J.Ls = J.LL. This must be translated into
a more usable form. For ideal solutions, atom fractions can be substituted
in Eq 5 and equate:

XL
RT In X S = 11~ - 11~ (Eq 6)

From the definition of J.Lo, -(J.L~ - J.L~) is the molar free energy of fusion
of the pure component at temperature T displaced from Tf , the equilib
rium fusion temperature. Hence, it is nonzero. If the fusion enthalpy aHf
(the latent heat of fusion) is assumed to be independent of temperature
and composition, Eq 4 at T and Tf can be used to give aGf,T = aHf(Tf
- T)ITTf . Therefore:

XL sn, sn, ss, sn,
In-=- -- =- -- (Eq 7)

XS RTf RT R RT

This relationship can be tested in two ways. The first is to use data for
eutectic and peritectic invariant points which are relativel): easy to estab
lish (Table 1). When liT is plotted against log (XLIX )Al> the results
should be close to the ideal solution line with slope - 2.303 RIaHf .A1•

This is shown in Fig. 5; the data correlate well. The second method is
to use data for individual solidus and liquidus curves of systems with
higher solubilities as shown in Fig. 6. That closest to the ideal case is
aluminum-gallium; gallium has similar atomic radius (Table 2) and, being
in the same group of the periodic table, the same outer electronic struc
ture. The unusual behavior of aluminum-zinc is probably associated with
clustering in the solid solution.
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Fig. 5. Equilibrium eutectic and peritectic invariant point data for binary alu
minum alloy systems plotted according to Eq 7 so as to show correlation with
the ideal solution model (Ref 44).

The parameter that describes the heterogeneity of solute distribution in
the primary phase after casting is the partition ratio, k = (X s/XL)SO!Uk'
When experimental values are not available, k can be calculated ther
modynamically in two ways (Ref 42). For ideal aluminum + B solutions:

[
I1H/.B(T/.A1 - T/.B)]

k = exp (Eq 8)
RT/.A,T/.B
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Fig. 6. Equilibrium solidus and liquidus data for binary aluminum alloy systems
with extensive solid and liquid solubility plotted according to Eq 7 (Ref 44).
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For ideal or real aluminum + B solutions:
mLAH/.A1

k=l----
RT},AI

(Eq 9)

where mL is the liquidus slope.
Figure 7 summarizes the effect of relative deviation from ideality on

the general form of binary phase diagrams. Aluminum, being trivalent
and reactive, forms multiple stable intermetallic compounds of the l3-type
in Fig. 7(e). This leads to complex phase diagrams and low solid solu
bility, the prerequisite for commercially useful age hardening.

Solvus. Thermodynamic analysis of the solvus curve, the locus of
maximum solid solubility in the aluminum-rich phase, is more complex
than for liquidus and solidus. Its very existence implies considerable de
viation from ideality. Considering two-phase equilibrium between a and
intermetallic compound 13, the usual situation in age-hardening alloys,
fl.: = fl.Z, a: = aZ· By making suitable assumptions (a: = ,,:X: where
,,:, the Henry's law activity coefficient, is independent of temperature

t
T

A

(a)

Liquid

(b)

Liquid

Liquid

Liquid

Liquid

(e)

A

(d)

X s--"
B A

(e)

B

Fig. 7. The effect of relative deviation from ideality on the general form of bi
nary phase diagrams: (a) phase diagram for ideal solutions; (b) phase diagram
for case where sn; > ilH;" > 0 (m denotes mixing); (c) same as (b) except ilHm

is more positive; (d) phase diagram for case where ilH~ < ilH;" < 0; (e) same
as (b) except that ilHm is more negative (Ref 41).
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and composition and ag = xg in an ideal solution), Ref 41 shows that:
x: ilS~.. sn;

In - = - - - (Eq 10)x: R RT

as~.OI. is the relative vibrational entropy change corresponding to the trans
fer of I mole of B from the pure state to a, ilH: is the relative partial
molar enthalpy change of B in a; there is close similarity to Eq 7. As
suming that the l3-phase is very stable and concentrated in B so that xg
is independent of temperature and close to unity, the relationship can be
tested by plotting IIT against log X:; the result should be a straight line
of slope - 2. 303RI ilH: and intercept on the concentration axis of
aS~.OI./2.303R. This is shown for a representative series of solutes in
Fig. 8. There is reasonable agreement for the transition metals and at
higher concentrations for silicon and copper. In general, the larger!:Jf:, the higher is as~.OI.' The most important contribution to solution
enthalpy is strain energy; this is associated with a reduction in the local
vibrational frequencies giving rise to increased solution entropy. Table 2
gives experimental values of ilH:.

Strain energy is dependent on the difference of radius between solvent
and solute. A measure of lattice strain is the variation of lattice parameter
with concentration of solute; these data are also summarized in Table 2.
In the absence of the formation of a stable compound, extensive solid
solution is only achieved when there is $15% difference in atomic radii
(Ref 8). Also summarized in Table 2 are resistivity increments and the
atomic percents of solutes. These can vary widely and show period re-

1010- 110-2
2.4 L...Jl..I....l.u.wL...J....I...L.l.WII.......J....I...L.l.WI.L..-Jl..I....lJ.J.W.L..-JL..J...J..LJ.LlJL1--J......... ..LJ.LlJ.L..-Jl.-L-l..LLLW

10-3

Atomic concentration, %

Fig.8. Equilibrium solvus data for selected binary aluminum alloy systems plot
ted according to Eq 10 so as to obtain relative partial molar solution enthalpy
and entropy changes (Ref 50).
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lationships associated with the variation of outer electronic structure of
solvent and solute (Ref 44 and 45).

Ternary alloys with second phases of well-defined two- or three
component stoichiometry can be analyzed as pseudobinary through use
of the equilibrium constant. In the general two-component case, 13 = Bnen,
for example Mg2Si and MgZn2:

K = (a:)"(a;)m/(a~)"(a~)m

If activity coefficients in a are constant we can define K' (X:)"(x~)m
and use Eq 10 to calculate:

-Am
inK' = -- + constant (Eq 11)

RT
~H~ is the solution enthalpy of 13 in a.

Representative data are shown in Fig. 9 for alloys on the a-13 tie line,
and show reasonable agreement. This principle can be extended to off
stoichiometric alloy compositions because K' is constant for any partic
ular temperature. From the definition of K', the following equation re
sults:

m
log x: = log K' - - log X; (Eq 12)

n

Thus, a logarithmic plot of X: against X~ for any particular temperature
should be linear with slope -min. An example is shown in Fig. 10 for
the aluminum-magnesium-zinc system. The log x~g - log x~n isotherms
show a distinct change of slope as the stoichiometric composition of the
equilibrium phase changes. Deviation from the expected slope of - 2 for
the MgZn2 solvus is probably associated with systematic deviation from
ideality with increased zinc concentration.

The Metastable Solvus. Age hardening is generally accomplished
through the precipitation of a metastable variant of the equilibrium phase,

1.0

1.2

1.4

§I~ 1.6

1.8

20

2.2

24
001 01 10 100 1000

K

Fig. 9. Equilibrium pseudobinary solvus data for selected ternary aluminum
alloy systems plotted according to Eq 11 to show how the equilibrium constant
can be used to obtain the molar solution enthalpy of compound second phases
(Ref 44).
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Fig. 10. Equilibrium solvus isotherms for the aluminum-rich corner of the
aluminum-magnesium-zinc system plotted according to Eq J2 to show the effect
of excess magnesium or zinc (Ref 44).

13' instead of 13. The surface free energy change that accompanies the
generation of new interfaces is minimized by structural rearrangement to
give good precipitate and matrix lattice matching, but at the expense of
volumetric free energy. By definition, !JJ.G for a metastable phase is less
negative than that of the equilibrium phase. For metastable equilibrium
0: + W, fl.: = fl.g. > fl.g, the metastable solvus is shifted to higher con
centration than· the equilibrium solvus.

Because there can be more than one metastable variant, there can be
more than one metastable solvus. Multiple structural rearrangement of
this type is a feature of commercially useful, age-hardening alloy sys
tems and often leads to difficulty in establishing the equilibrium phase
relationship. Figure 11 shows metastable solvus curves in the aluminum
copper system.

Prediction of Phase Diagrams from Thermodynamic Data. In the
past decade, considerable advances have been made in the thermody
namic evaluation of phase diagrams, particularly through the application
of computer techniques (Ref 46). The available data and computational
procedures have been systemized internationally since 1971 through the
CALPHAD (Computer Coupling of Phase Diagrams and Thermochem
istry) project (Ref 47) (Calculation of Phase Diagrams). Application for
multicomponent aluminum alloy phase diagram prediction has some in
herent problems, particularly regarding the unexpected occurrence of ter
nary intermetallic phases, but is rapidly becoming an effective procedure.

Prediction of the behavior of multicomponent systems requires explicit
equations that describe the absolute free energy of all principal phases in
the relevant binary systems as a function of composition and temperature.
Solution phases are analyzed in terms of this deviation from ideality, and
compound phases are analyzed as a function of stoichiometry. Critically
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700

Fig. 11. Metastable equilibrium solvus curves for aluminum-rich aluminum-copper
alloys (Ref 51).

assessed thermodynamic data are available in database form (ALLOY
DATA) (Ref 48).

Ternary phase diagrams are calculated as isothermal sections by min
imizing the Gibbs free energy of the system for progressive pair-wise
combination of the available phases and by determining the most stable
phase configuration. The calculated phase compositions show the posi
tions of the phase boundaries. Once the generalized topographical form
of the phase diagram is established, relatively few experiments are need
ed to test the validity. To date (1980), the following ternary aluminum-
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containing systems have been examined: AI-Fe-Ti, AI-Ga-Ge, AI-Ga-In,
AI-Ge-Sn, Al-Li-Mg, and AI-Ni-Ti.

As well as the 15 binaries required for these systems, phase diagrams
of the following binary systems have also been examined: AI-Ca, AI-Ce,
AI-Co, AI-Cr, AI-Cu, AI-Mn, AI-Mo, AI-Nb, AI-O, AI-P, and AI-Si (Ref
49). In principle, any ternary or quaternary combination of these binary
systems can be analyzed.

MAJOR ALLOY SYSTEMS

Aluminum-Copper. Copper is one of the most important alloying ele
ments for aluminum, because of its appreciable solubility and strength
ening effect. Many commercial alloys contain copper, either as the major
addition or among the principal alloying elements, in concentrations of
1 to 10%. It is used frequently in combination with magnesium.

The aluminum-copper system has been reviewed in detail (Ref 6). The
aluminum-rich end of the phase diagram is eutectic AI-CuAlz. The
eutectic temperature is 548°C (1018 OF), and the composition of the
eutectic liquid is aluminum-33.2 wt% copper in equilibrium with an
aluminum-solid solution containing 5.7 wt% copper (2.53 at.%). The
CuAlz intermetallic phase has a range of composition from 52.5 to 53.7
wt% copper at the eutectic temperature, and from 53.2 to 53.9 wt% at
400°C (750 OF), compositions slightly deficient in copper for the quoted
stoichiometry .

The precipitation reactions are as follows (Ref 51): supersaturated solid
solution - coherent platelike GP (Guinier-Preston) zones .I'{OOI}Al 
coherent platelike e".I'{oolhl - semicoherent platelike e'.I'{OOI}Al 
noncoherent e. Structures of these phases are given in Table 3.

Aluminum-Lithium. Binary aluminum-lithium alloys offer interesting
combinations of low-density and high-elastic modulus. In aluminum-rich
alloys, the eutectic composition is 9.9% lithium and the eutectic tem
perature is 600 °C (1110 OF). Lithium has significant solubility in alu
minum (5.2% max), and the binary alloys show appreciable precipitation
hardening. The strengthening precipitate comes from Al.Li, which is a
metastable, ordered 8' phase.

Aluminum-Magnesium. Binary aluminum-magnesium alloys are the
basis for an important class of non-heat treatable alloys (5XXX series
alloys). Although magnesium has substantial solubility in solid alumi
num, binary alloys do not show appreciable precipitation-hardening char
acteristics with concentrations below 7% magnesium. Magnesium, how
ever, does provide substantial strengthening with good ductility as a
result of cold work, in addition to excellent corrosion resistance and
weldability.

In aluminum-rich alloys, the eutectic temperature is 450°C (840 OF)
and the concentration is 35% magnesium. The phase in equilibrium with
aluminum is usually given as Mg-Al, (37.3% magnesium), although this
composition is outside the limits of existence (34.8 to 37.1 %) (Ref 52).
The formula Mg.Al, (36% magnesium) fits the composition of the solid
phase and most of the proposed structures. Equilibrium in solidification
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is obtained only with cooling rates ofless than 5 x 1O-6°C/h (9 x 10-6 OF/h)
(Ref 53). Solidification under nonequilibrium conditions leads to coring,
with the Mg.Al, phase appearing at magnesium contents as low as 4 to
5% magnesium (Ref 54). Mg.Al, is very brittle below 330°C (630 OF),
but shows some plasticity at higher temperatures (Ref 55).

Aluminum-Manganese. Non-heat treatable alloys containing slightly
over 1% manganese, for example 3003 alloy, are of considerable com
mercial importance. Manganese is also widely used in lesser amounts as
an alloying addition in heat treatable alloys such as 2024 alloy with 0.30
to 0.9% manganese, and non-heat treatable alloys such as 5182 alloy with
0.20 to 0.50% manganese. In general, manganese increases the strength
of wrought alloys. However, manganese present as undissolved inter
metallic compounds usually has the effect of decreasing ductility. An
other important effect of manganese on aluminum and its alloys is to
reduce the susceptibility to intergranular or stress corrosion.

In the binary system, manganese has only a slight effect in lowering
the freezing point of aluminum. The eutectic temperature and concentra
tion are 660°C (1220 OF) and 1.9% manganese (Ref 56). The solid sol
ubility limit of manganese in aluminum is 1.8% at the eutectic temper
ature. The intermetallic phase, which exists in equilibrium with the
aluminum solid solution, has a composition closely corresponding to the
formula MnA16 • MnA16 separates as primary phase from liquid solution
containing 1.9 to 4.1 % manganese. From solutions of higher concentra
tion, it is formed by peritectic reaction between MnM and liquid at 710 °C
(1310 OF).

The only metastable phase that is definitely established for aluminum
manganese alloys has the composition of MnAl 12 with 14.5% manganese
(Ref 57). Iron and silicon >0.2% suppress the formation of MnAl 12;

chromium, on the other hand, stabilizes it (Ref 58). In the aluminum
manganese-chromium system, there is a ternary phase that forms only in
the solid state by peritectoid reaction at 590°C (1090 OF). This phase
forms (CrMn)Al12 with a range of composition from 2% chromium, 12%
manganese to 4% chromium, 10% manganese (Ref 57). This ternary phase
is isomorphous with the MnAl12 phase.

Aluminum-Silicon. The commercial importance of aluminum-silicon
alloys is based on their high fluidity and low shrinkage in casting, braz
ing, and welding applications. The hardness of silicon particles imparts
wear resistance. Modification with sodium or strontium «0.02%) results
in a fine distribution of silicon particles in hypoeutectic alloys. Alterna
tively, phosphorous «0.01%) can be added as a nucleating agent for
hypereutectic alloys.

The aluminum-silicon system forms a simple eutectic with limited solid
solubility at both ends. The eutectic occurs at 580°C (1080 "F) and 12.5%
silicon (Ref 6). At the eutectic temperature, the aluminum and silicon
solid solutions contain 1.65% silicon and about 0.5% aluminum, respec
tively. Other intermetallics do not exist in the pure binary system.

Aluminum-Zinc. The aluminum-zinc binary alloys were among the
first aluminum alloys commercially developed, but have been largely dis
placed by aluminum-copper and aluminum-silicon. Aluminum-zinc alloys
are primarily used for electrolytic protection against corrosion. Super-
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plasticity observed near the aluminum-zinc eutectoid (Ref 59, 60) offers
the prospect for expanded commercial application. Currently, zinc is usu
ally used with magnesium and copper in wrought products.

Zinc forms a eutectic-type system with aluminum. The eutectic reaction
occurs at 380°C (720 OF), with liquid containing 94.9% zinc reacting to
form aluminum solid solution containing 82.8% zinc and zinc solid so
lution containing 1.1% aluminum.

A miscibility gap exists in the aluminum solid solution, resulting in a
monotectoid reaction at 275°C (530 OF) between aluminum solid solu
tions containing 78 and 31.6% zinc and zinc solid solution containing
0.6% aluminum. The solubility gap disappears at 60% zinc and 351.5 °C
(664.7 OF), at 61.3% zinc. A eutectoid occurs at 78% zinc and 275°C
(530 OF).

Aluminum-Copper-Lithium. The addition of copper to aluminum
lithium binary alloys reduces the solubility significantly beyond about 1.5%
lithium at 515°C (960 OF). In the aluminum-rich end of the phase dia
gram, there are three compounds in equilibrium with aluminum: TB , T I ,

and T2 • The TB phase is CU4LiAI7, corresponding to 56.5% copper, 1.5%
lithium. Its structure is similar to that of eI (CuAh) phase formed in age
hardenable aluminum-copper alloys. The TI phase is CuLiAl 2 containing
approximately 52.8% copper and 5.4% lithium. The T2 phase has a com
position close to CuLi3Al6 (26.9% copper, 8.8% lithium). Depending on
the composition and temperature, the relative amounts of different phases
of 8' and T-phases can be varied to obtain different mechanical properties.

Aluminum-Copper-Silicon (Ref 61). Several commercial aluminum
based casting alloys contain both copper and silicon as major alloying
ingredients. Hot shortness in casting or welding aluminum-copper-silicon
alloys is strongly dependent on composition. Hot shortness is maximum
at the limit of solid solubility when the amount of eutectic present is at
a minimum.

No ternary compounds are formed; the phases in equilibrium with alu
minum are CuAl2 and silicon. An alloy of eutectic composition contains
26 to 31% copper and 5 to 6.5% silicon and solidifies at 520 to 525°C
(970 to 975 OF). The solid solubility of silicon in CuAI2, or of copper
and aluminum jointly in silicon, is believed to be extremely small. In an
aluminum solid solution, the presence of a second dissolved element usu
ally reduces the solubility of the first, and vice versa. Nonequilibrium
freezing, even by quenching from the liquid, has little effect on the struc
ture of the alloys.

Aluminum-Copper-Magnesium (-Silicon). Commercial alloys con
taining both copper and magnesium as major additions also contain suf
ficient silicon to give them the characteristics of quaternary alloys rather
than ternary alloys. The principal precipitation-hardening reactions, how
ever, are those of the ternary aluminum-copper-magnesium system.

The commercially important alloys contain copper as major addition,
and the phase reactions which occur are those between an aluminum solid
solution and the intermetallic phases CuAl2 and CuMgAh. At 510 °C
(950 "F), a ternary eutectic reaction occurs between liquid containing 33.1%
copper and 6.25% magnesium, Cu.Al-, CuMgAI2 , and aluminum solid
solution containing 4.28% copper and 1.35% magnesium. A quasibinary
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section also exists with a eutectic at 520°C (970 OF), at which a liquid
phase with 24.5% copper and 10.5% magnesium reacts to form the solid
phases CuMgA12 and aluminum solid solution containing 2.9% copper
and 2.9% magnesium. Precipitation hardening at high ratios of copper to
magnesium is achieved in the sequence GP zones through a coherent phase
(6') to CuA12 (6). Precipitation hardening at lower ratios of copper to
magnesium is achieved in the sequence GP zones through a coherent phase
to CuMgA12 •

The addition of silicon to the system results in the appearance of three
quaternary invariant reactions for compositions of commercial alloys. These
are:

L --+ (AI) + CuAI2 + CuMgAI2 + Mg2Si at 505°C (940 OF)

L --+ (AI) + CuAI2 + Al4CuMg,Si4 + Si at 510°C (950 "F)

L + Mg2Si:;:=: (AI) + CuAI2 + AI4CuMg,Si4 at 510 °C (950 OF)

As nonequilibrium eutectics after solidification, these reactions limit tem
peratures for ingot homogenization. In the higher strength alloys, these
may be equilibrium reactions and may place an upper limit on temper
atures for solution heat treatment.

Precipitation reactions involving silicon, Mg2Si, or the Q-phase
(A14CuMgsSi4) may occur at some compositions, but are not major con
tributors to hardening in the alloys with copper as major element. The
iron and manganese in commercial aluminum-copper-magnesium-silicon
alloys perform important functions in yielding constituents and disper
soids. By forming insoluble phases with copper and silicon, they reduce
the amounts of copper and silicon available for the aluminum-copper
magnesium-silicon phase reactions.

Aluminum.Magnesium·Silicon. The aluminum-magnesium-silicon sys
tem is the basis of a major class of heat treatable alloys used for both
wrought and cast products. These alloys combine many favorable char
acteristics, including moderately high strength, relatively low quench sen
sitivity, and good corrosion resistance. The more dilute alloys are used
frequently for architectural applications, usually in the form of extruded
sections which are given no separate solution heat treatment before ar
tificial aging.

The equilibrium-phase diagram is relatively simple and well estab
lished. The system is pseudobinary Al-Mg2Si at magnesium to silicon
ratios of 1.73-to-l (wt%). The pseudobinary eutectic horizontal is at 595°C
(1100 OF). The composition of the eutectic liquid is 8. 15 wt% magnesium
and 4.75 wt% silicon in equilibrium with aluminum solid solution con
taining 1.13 wt% magnesium and 0.67 wt% silicon (-1.85 wt% Mg2Si).

By dividing the system along this line, the aluminum-rich end can be
considered as two simple ternary eutectic systems: Al-Mg2A13-Mg2Si

at 450°C (840 OF) and Al-Si-Mg2Si at 555°C (1030 OF). Solid sol
ubility of Mg2Si in aluminum is reduced slightly by excess silicon, much
more so by excess magnesium. Wrought commercial alloys vary from
aluminum -0.6 wt% Mg2Si to aluminum 1.5 wt% Mg2Si with varying
degrees of slight magnesium or silicon excess.

The precipitation reactions in this alloy system have been studied in
detail (Ref 62-64). The following sequence takes place under normal cir-
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cumstances: supersaturated solid solution ---+ semicoherent [3" rods .I'(OOl)Al
~ semicoherent l3' needles .I'(OOl)Al ---+ semicoherent 13 plates .I'(OOl)Al
~ noncoherent I3Mg2Si. It is thought that the 13" phase has the same struc-
ture as l3'Mg2Si but there is some evidence that it contains -20% AI.
Details of the l3' and 13 structures are given in Table 3.

Aluminum-Magnesium-Lithium. The addition of magnesium to
aluminum-lithium binary alloys further reduces density but has little ef
fect on modulus. Magnesium additions reduce the solubility of lithium.
Lithium additions restrict the field of existence of Mg.Al, and of the E
(AIMg) phase, and expand the Mg 17AI12 phase field at 470 °c'(880 OF).
Thus, aluminum is in equilibrium with both Mg-Al, and Mg 17AI12, along
with LiMgAl2 and LiAl. LiMgAl2 ternary phase is formed approximately
at 8.5% lithium and 28.2% magnesium. Aging an alloy of 5% magnesium
and 2% lithium in the range 130 to 180°C (270 to 360 OF) gives rise to
&' (AI3Li) phase and LiMgAI2. In aluminum-magnesium-lithium alloys,
magnesium contributes to strength in two ways. It adds a component of
solid solution strengthening and decreases the lithium solubility in alu
minum, resulting in increased volume fraction of &'.

Aluminum-Magnesium-Zinc and Aluminum-Copper-Magnesium
Zinc. Compositions within these systems form important classes of heat
treatable alloys and, in the quaternary system, yield the highest strengths
known for commercial aluminum alloys. In almost all cases, zinc is the
major addition element.

The characteristics of ternary aluminum-zinc-magnesium alloys are in
fluenced by the high solid solubility of both elements. In the ternary sys
tem, matrix compositions for invariant reactions are at such high zinc and
magnesium levels that nonequilibrium melting is rarely encountered. For
commercial compositions, solvus temperatures are generally low in com
parison to those in other heat treatable alloy systems.

The phases in equilibrium with an aluminum matrix in commercial al
loys are designated MgZn2 (M-phase), Mg3Zn3Ah (T-phase), and Mg.Al,
(l3-phase). The first phase ranges in composition from MgZn2 to Mg4Zn7Al.
The T-phase has a wide range of composition, from 74% zinc-16% mag
nesium to 20% zinc-31% magnesium. The l3-phase appears only when
the magnesium content is considerably greater than the zinc content. Such
alloys are strengthened primarily by magnesium in solid solution.

Precipitation hardening of alloys with zinc in excess of magnesium oc
curs in the sequence zones through coherent precipitate to the M-phase.
If the magnesium content is greater than the zinc content, the sequence
is zones through coherent precipitate to the T-phase.

In quaternary alloys containing copper, zinc is the major addition in
commercial wrought alloys, and magnesium is usually in excess of cop
per. The M-phase composition ranges in the quaternary system from MgZn2
to CuMgAl, and may be described as Mg(Al,Cu,Znh. The range of com
position for the T-phase is from that of the aluminum-magnesium-zinc
ternary to that of the phase designated CuMg4AI6 , and may be described
as Mg3(Al,Cu,Zn)s. A third phase in commercial alloys is CuMgAh (S
phase), with a small range of composition. The CuAl2 phase appears only
if copper is considerably in excess of magnesium.
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Several nonequilibrium invariant melting reactions are encountered in
the high-strength quaternary alloys. A reaction at 475°C (890 OF) in
volving the M-, T-, and S-phases is usually encountered, but as copper
content increases, melting may be encountered down to about 460°C
(860 OF). Usually, the J-phase has the highest solvus temperature and is
slow to disappear during ingot homogenization.

Precipitation hardening in high-strength alloys is by the sequence lead
ing to M-phase. Zones and coherent precipitates are low in copper con
tent, and precipitates increase in copper content in the overaging regime.
Additions of iron, manganese, and silicon interact with one another and
with copper and magnesium. Chromium reacts with aluminum and mag
nesium to form a dispersoid.

LOW LEVEL ALLOY SYSTEMS

Aluminum-Boron. Small amounts of boron «0.1%) are added to
aluminum alloys primarily to either refine the grain size, or increase the
electrical conductivity by precipitating titanium and/or vanadium from
liquid solution. There is a eutectic at 0.022% boron, 660°C (1220 OF)
between aluminum and B2Al. The solid solubility of boron in aluminum
is negligible. B2Al forms by peritectic reaction at 980°C (1800 OF) from
B12Al (Ref 66).

Aluminum-Chromium. Chromium, in small amounts «0.35%), is
added to numerous commercial aluminum alloys. Chromium additions
tend to raise the recrystallization temperature, and may also be used to
produce a gold color upon anodizing. Above 0.4% chromium at the alu
minum end of the aluminum-chromium equilibrium diagram, a constit
uent corresponding to the formula CcAl, reacts peritectically to form the
aluminum-rich solid solution (Ref 67). The solid solubility of chromium
in aluminum is quite low, decreasing from 0.8% at 660°C (1220 OF) to
0.30% at 430 °C (810 OF). CrAl? reportedly ceases to be primary at about
2.5% chromium and 790°C (1450 OF). It is replaced by a constituent
having the formula Cr2Alll (Ref 68).

Aluminum-Iron (Ref 69). Iron is the dominant impurity in virtually
all commercial aluminum alloys. Some iron may be added intentionally,
although the total content is usually kept below 1.0%. There is a eutectic
in aluminum-rich alloys at 655°C (1210 OF) with a probable composition
within the range 1.7 to 2.2% iron. The phase in equilibrium with alu
minum is usually designated as FeAl3 (40.7% iron), although some anal
ysis of crystals extracted from alloys are close to Fe2Al? (37.3% iron).
The FeA13 compound forms directly from the liquid at 1150 °C (2100 OF)
and not by peritectic reaction. In rapidly chilled alloy, the metastable
compound FeAl6 (22.6% iron) is produced.

Aluminum-Titanium. Titanium is a normal impurity in aluminum,
originating from Ti02, which is present in most bauxites. It is also a
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common addition to most commercial alloys because it is a very effective
grain refiner during casting. In aluminum-rich alloys, the eutectic tem-
perature and concentration are 665°C (1230 OF) and 0.12 to 0.15% ti-
tanium. The phase coexisting with aluminum corresponds to the formula
TiAh (37.2% titanium), which has a range of existence from 36.5 to
37.5% titanium and is formed by peritectic reaction (Ref 70).

Aluminum-Vanadium (Ref 71). Vanadium is a minor impurity in
aluminum, originating in most cases from bauxite. Mechanical properties
of aluminum and aluminum alloys are not increased substantially by vana
dium or ferro-vanadium additions. The limited increase in strength re
sulting from small additions is largely because of the grain refining effect
of vanadium, rather than any intrinsic strengthening.

VAllO (15.8% vanadium), which has a range of existence from 15.1%
vanadium (VzAlz1) to 15.9% vanadium, forms by peritectic reaction at
approximately 670°C (1240 OF) from the liquid phase and a phase which
can be designated as VAl7 or V7A14s • V7Al4s if formed by peritectic re
action at approximately 690°C (1270 OF) from VAI6 • VAI6 , also given
as V4Alz3, is formed by peritectic reaction at 735°C (1360 OF) from VA13.

Aluminum-Zirconium. Zirconium is a minor addition to certain
aluminum-magnesium-zinc alloys such as 7005, in which it may reduce
stress corrosion susceptibility. It also imparts a grain refining effect to
many aluminum alloys, but is not commercially used for this purpose.
The equilibrium diagram for aluminum-rich alloys of this system is of
the peritectic type. The peritectic horizontal lies at 660°C (1220 OF), the
reactant being ZrAl3 and the resultant an aluminum-rich solid solution
containing a maximum of 0.28% zirconium. The break in the liquidus
curve, at the end of the peritectic horizontal, lies at 0.11 % zirconium.
The solid solubility of zirconium in aluminum decreases with falling tem
perature and lies at about 0.05% at 500°C (930 OF) (Ref 72).

Aluminum-Iron-Silicon (Ref 73). Iron and silicon are the most com
mon impurities in both commercial wrought and cast aluminum alloys.
Two ternary phases that can be in equilibrium with aluminum are FezSiAlg
(o) and FeSiAls (13). Another phase, FeSiAl 4 (8), is often present in high
silicon alloys, and a fourth phase, FeSiAl3 ('Y), forms in high iron and
high silicon alloys.

FeSiAlg (31.6% iron, 7.8% silicon) is the phase that appears as Chinese
script (often reported as Fe3SiAllz), FeSiAIs (25.6% iron, 12.8% silicon)
forms very thin platelets that in section appear as long needles. Most
commercial alloys are not in equilibrium and often alloys in which FeAI6 ,

FeAI3, FezSiAlg , FeSiAI6 , and FeSizAl4 coexist with one another and with
silicon are produced. In heat treated alloys, equilibrium may often be
reached by diffusion in the solid state, and FeSiAls may be found in the
Chinese script shape characteristic of FezSiAlg or in the platelet form
characteristic of FeSizA14 • Thus, identification of the phases by shape
alone may be misleading.
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CHAPTER 3

MICROSTRUCTURE OF ALLOYS*
The examination of microstructure is one of the principal means of

evaluating alloys and products to determine the effects of various fabri
cation and thermal treatments, evaluate the effects of new procedures,
and analyze the cause of failures. A compilation of typical and atypical
micrographs is presented in Ref I. Reference 2 discusses general prep
aration techniques for aluminum metallographic samples. Phase diagrams
and identification of constituents, important to the interpretation of struc
tures, are covered in Ref 2 and 3.

Many of the changes that become apparent with the examination of
aluminum macrostructure and microstructure occur simultaneously with
the freezing, homogenization, preheat, hot or cold reduction, annealing,
or solution or precipitation heat treatment of the aluminum alloy. Good
interpretation of microstructure relies on having a complete history of the
sample for analysis. Although this is not always possible, the more in
formation available, the more reliable the interpretation. Comparative
samples with known histories are helpful in any given examination.

As a general rule, examination should start at normal vision level and
proceed to higher magnification, according to the need for more detailed
interpretation. This also permits better choice of sample location, for at
higher magnification, the sample area becomes extremely small. Sim
plicity and cost make optical methods of macro- and micro-examination
the most useful. Limited depth of field and magnification dictate the use
of electron microscopy in areas where fine structure or depth of field are
important. Electron techniques supplement and in some cases replace the
selective use of etchants, and they enable the determination of micro
chemical analysis, which contributes to more conclusive answers.

Examination of fracture surfaces is essential to determine the mode and
direction of crack propagation. Key fractographic features are usually not
visible to the unaided eye and can be seen clearly only when magnified.
Good analysis requires care in handling specimens to avoid contaminating
the fracture surface before examination. Three techniques are commonly
used to determine if a fracture occurred by fatigue, ultimate tensile rup
ture, or stress-corrosion cracking and other modes. These methods are
(1) optical microscopy, (2) transmission electron microscopy replica
methods (TEM), and (3) scanning electron microscopy (SEM).

Transmission electron microscopy replica methods are well established
and widely used (Ref 4). The replica method involves making a thin,
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accurate replica of a portion of the fracture surface. Transmission electron
microscopy is used to view the replica of the surface to determine fracture
mode. Transmission electron microscopy replica methods offer a higher
magnification range than optical microscopes with well-focused images
at all magnifications. Typical TEM magnifications are 600 to 10,000 di
ameters. Handbooks of fracture surface appearances have been published
for many alloy systems. Thus, a good database of information is available
for analysis.

Some disadvantages of TEM replica methods include: (1) long speci
men preparation time, (2) selective specimen sampling plan because typ
ical replicas must fit onto a 3-mm (O.I-in.) grid, (3) artifacts in the replica
that may occur during specimen preparation, and (4) unavailability of
microchemical information for identification of chemical microhetero
geneities. Thin foil techniques normally are used in TEM examination.
Examples are given in the TEM section of this chapter.

Scanning electron microscopy of fracture surfaces is a newer process
than both TEM and optical microscopy. The database of SEM fracture
surfaces is much more limited than TEM methods. However, because of
the flexibility of SEM, these techniques are expected to become the method
of choice for most analyses.

LIGHT MICROSCOPY OF WROUGHT ALLOYS
Light microscopy is the major tool for microstructural determination of

aluminum alloys and is recommended for use before electron optics. It
is useful up to magnifications of about 1500 x where features as small as
O. I um (0.004 mil) can be resolved. Light microscopy identifies most
second-phase particles of sufficient size (> I urn, or >0.04 mil), shows
the size and distribution of resolvable particles, and shows the state of
the grain or crystal structure of the aluminum or solid solution matrix. It
can also show features such as cladding thickness and diffusion, type and
depth of corrosive attack, partial melting because of overheating, and the
presence of extraneous nonmetallic inclusions or unduly coarse inter
metallic phases. Light microscopy does not reveal precipitate particles
that are responsible for precipitation hardening, nor does it reveal dis
location arrangements; sometimes, etching or preparation effects can be
used to infer conclusions about these conditions. Generally, analysis of
these conditions is in the domain of electron microscopy.

The identification of elemental or intermetallic phases is an important
part of a light microscopy examination. These phases are the consequence
of equilibrium or nonequilibrium reactions and changes occurring within
a given alloy because of casting conditions, mechanical working, and
thermal treatment. The phases are related to the equilibrium or consti
tution diagrams for binary, ternary, quaternary, or even more complex
systems (Ref 2 and 3). The crystal structure and compositional makeup
of such phases have been determined, and means of identifying them by
optical characteristics or etching behavior are known. See Metals Hand
book for more information (Ref 2). For nonstandard specimens or where
some ambiguity exists, optical examination can be supplemented or re
placed by electron probe microanalysis or electron diffraction methods,
which normally allow a precise identification to be made.
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Conventionally produced wrought aluminum alloys originate from a
cast ingot from which all subsequent mechanical and thermal processing
represents varying degrees of change to the as-cast structure. Modifica
tions are relatively minor for large wrought forms such as forgings, thick
plate, and heavy extrusions that are hot worked. They become greater as
the total amount of reduction in original cross-sectional area is increased
by hot and cold working and as the frequency of thermal treatments, such
as annealing and solution heat treating, is increased. The visible modi
fications consist of the following:

• Alteration of the composition and crystal structure of phases because
of peritectic reactions that were suppressed during casting

• Solution of more soluble phases and spheroidization and coalescence
to reduce their surface energy

• Elevated-temperature precipitation of elements that had supersaturated
the as-cast solid solution

• Mechanical fragmentation of brittle intermetallic phases and alignment
of these particles in the principal direction of working

• Deformation of the original cast grain matrix and subsequent recovery
or recrystallization

For other processes such as powder metallurgy, the microstructure is de
pendent on the method of manufacturing the powders and compacting and
sintering the finished pieces (Chapter 10 in this Volume).

Wrought alloys are divided into seven major classes according to their
principal alloy elements. Each class represents a different type of micro
structure because of these alloy differences. Typical microstructural fea
tures are described in this chapter for each class and show how micro
structure progressively develops from the as-cast ingot to the final wrought
form. Furthermore, alloy classes can be divided into two categories ac
cording to whether they are strengthened by work hardening only or by
heat treatment (precipitation hardening). The former applies to lXXX,
3XXX, 4XXX, and 5XXX alloys, while the latter applies to 2XXX, 6XXX,
and 7XXX alloys.

lXXX or Commercially Pure Aluminum. Because iron and silicon
are ever-present impurity elements and the solid solubility of iron in alu
minum is very small, phases of aluminum-iron or aluminum-iron-silicon
are seen in microstructures of all but refined, super-purity aluminum. In
the as-cast condition, all of the phases that come into equilibrium with
aluminum may be found-e-FeAlj, Fe3SiAllz, or FezSizAlg • In addition, a
number of metastable nonequilibrium phases may be formed when soli
dification is rapid. FeAI6 , a phase that has the same crystal structure as
MnAI6 , is one example (Ref 5 and 6). Minor impurity or addition ele
ments such as copper and manganese that are not in sufficient quantity
to form their own phases influence the type and quantity of less stable
phases. High resolution and sophisticated identification techniques are re
quired to identify these phases. Subsequent thermal processes generally
revert these phases back to the equilibrium types.

1100 Alloy. Figure 1 shows the typical constituent in as-cast 1100 alu
minum; Fig. 2 shows the effect of a high-temperature treatment before
working; and Fig. 3 shows redistributed constituent in a typical worked



MICROSTRUCTURE OF ALLOYS/61

Fig. 1. 1100 as-cast ingot showing the typical constituent, predominantly Fe3SiAl/2.
in the dendrite interstices. 0.5% hydrofluoric acid, 455 x . (Courtesy of Kaiser
Aluminum & Chemical Corp.)

Fig. 2. 1100 homogenized ingot showing the effect of heating on the microstruc
ture. A portion of the Fe3SiAl/2, (light) has reverted to FeAl3 (dark). 20% sulfuric
acid, 455 x. (Courtesy of Kaiser Aluminum & Chemical Corp.)
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Fig. 3.1100 sheet showing fragmented and redistributed constituent as a result
ofmechanical working. 0.5% hydrofluoric acid, 455 x . (Courtesy of Kaiser Alu
minum & Chemical Corp.)

Fig. 4. JJ00 sheet showing slightly elongated annealed grain structure. Barker's
electrolytic etch, 90x. (Courtesy of Kaiser Aluminum & Chemical Corp.)
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Fig. 5. 3003 as-cast ingot showing the distribution ofpredominantly (Mn,Fe)AI6

(light) and (Fe,Mn)3SiAl/2 (dark) at dendrite interstices. 10% phosphoric acid,
455x . (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 6. 3003 homogenized ingot showing transformation to the predominantly
(Fe,Mn)3SiAl12 phase by a delayed peritectic reaction. 10% phosphoric acid, 455 x .
(Courtesy of Kaiser Aluminum & Chemical Corp.)
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structure. The grain structure of annealed sheet (Fig. 4) shows a slight
departure from equiaxiality because of alignment of iron-rich particles.
The apparent volume fraction of second-phase particles is almost a direct
function of iron content.

3XXX or Aluminum-Manganese Alloys. The popular alloy 3003 con
sists of the addition of manganese to what is basically 1100 aluminum.
The dominant phases become (Mn,Fe)AI6 and (Fe,Mn)3SiAI12' In the as
cast structure (Fig. 5), the former phase predominates; subsequent heating
causes a transformation to the latter phase by a delayed peritectic reaction
(Fig. 6). Manganese also supersaturates the cored solid solution of the
primary dendrites and subsequently precipitates as a dispersoid (Fig. 7).
Grains formed by annealing of work-hardened material are more flattened
or elongated than those of 1l00, principally because of the dispersoid
(Fig. 8). Some manganese remains in solid solution. A few alloys in this
class also contain magnesium which, because of its affinity for silicon,
tends to shift the phase proportioning toward (Mn,Fe)AI6 •

5XXX or Aluminum-Magnesium Alloys. Magnesium is largely pres
ent in solid solution in wrought alloys, but it appears as eutectic Mg-Al,
in increasing amounts in as-cast ingots as the magnesium content in
creases (Fig. 9). In the same manner, magnesium forms increasing amounts
of MgjSi, but the solubility of this phase is reduced so that a certain
amount may remain out of solution and visible in wrought products (Fig.
10). When magnesium content exceeds about 3.5%, Mg.Al, or metasta
ble Mg-Al,' may precipitate in grain boundaries or within grains, result
ing from low-temperature thermal operations (Fig. 11). Chromium is a
frequent additive and may appear as a fine dispersoid of CrzMg3AI,s.
When manganese also is present, iron-rich phases become quite complex,
and MnAl6 , probably containing some chromium, appears as a dispersoid.
Cold working of aluminum-magnesium alloys produces prominent de
formation bands that are decorated by magnesium-rich precipitates
(Fig. 12).

4XXX or Aluminum-Silicon Alloys. Except for some architectural ap
plications and forged pistons, most wrought 4XXX alloys are used for
welding and brazing filler materials where they are remelted. However,
good joining characteristics may depend on having a uniform and fine
initial wrought structure. The as-cast phases are usually elemental silicon
and FezSizAl9 (Fig. 13). Thermal treatment causes silicon to coalesce and
spheroidize (Fig. 14), while the insoluble iron-rich phase is not altered.
Figure 15 shows a 4343 clad layer on a 3003 core used for brazing sheet,
and Fig. 16 shows a bare 3003 fin brazed to this clad sheet. Because of
interalloying between the two alloys, needle-like Fe-Si-Al, is replaced by
polygonal (Fe,Mn)3SiAllz, Interalloying also changes the constitution of
weld beads.

6XXX or a1uminum-magnesium-siUcon alloys are formulated to make
use of the solubility of Mg-Si and thereby utilize precipitation hardening.
If there is no manganese or chromium present, the iron-rich phases are
Fe3SiAllz, FezSizAl9 , or a mixture of the two, depending on the propor
tions of magnesium, silicon, and iron. Manganese and chromium stabilize
(Fe,Mn,CrhSiAI12' In dilute alloys such as 6063, heating the cast struc
ture (Fig. 17) to moderate temperatures dissolves all Mg-Si (Fig. 18).
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Fig. 7.3003 homogenized ingot, similar to Fig. 6 but etched to reveal dispersoid
precipitate in the primary aluminum dendrite matrix. 0.5% hydrofluoric acid,
455x . (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 8. 3003 sheet showing the annealed grain structure. Grains are slightly
elongated because of the dispersoid. Barker's electrolytic etch, 260x. (Courtesy
of Kaiser Aluminum & Chemical Corp.)
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Fig. 9.5056 as-cast ingot showing (Fe,Cr)3SiAll2 (gray), MgzSi (dark), and Mg~13
(mottled, outlined) in dendrite interstices. 0.5% hydrofluoric acid, 435 x . (Cour
tesy of Kaiser Aluminum & Chemical Corp.)

Fig. 10. 5052 sheet showing the fragmented, more uniform distribution of the
constituent particles consisting of (Fe,CrhSiAl12 (light) and MgzSi (dark). 0.5%
hydrofluoric acid, 455 x . (Courtesy of Kaiser Aluminum & Chemical Corp.)
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Fig. 11. 5086-H34 cold rolled and stabilized sheet showing the constituent dis
tribution and discontinuous Mg]AI] grain boundary precipitate. 10% phosphoric
acid, 455 x . (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 12.5083 cold forged stock, heated 24 hat 120°C (250 OF), showing Mg~l]

precipitate on deformation bands. 10% phosphoric acid, 445 x . (Courtesy ofKai
ser Aluminum & Chemical Corp.)
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Fig. 13.4043 as-cast ingot with Fe2Si2Al9 (light) and silicon (dark) in dendrite
interstices. 0.5% hydrofluoric acid, 455X. (Courtesy of Kaiser Aluminum &
Chemical Corp.)

Fig. 14. 4043 homogenized ingot showing rounding and coalescence of the sil
icon constituent with the insoluble iron-rich phase remaining unchanged. 0.5%
hydrofluoric acid, 445x . (Courtesy of Kaiser Aluminum & Chemical Corp.)



MICROSTRUCTURE OF ALLOYS/69

Fig. 15. No. 12 brazing sheet-4343 clad on 3003 core, showing the spheroid
ized silicon particles in the cladding (upper portion). 0.5% hydrofluoric acid,
225x . (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 16. 3003 bare fin brazed to a No. 12 brazing sheet showing that the 4343
has reverted to a cast dendritic structure, with some interalloying. 0.5% hydro
fluoric acid, 90x. (Courtesy of Kaiser Aluminum & Chemical Corp.)
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More highly alloyed 6061 generally has an excess of Mg.Si at the so
lutionizing temperature and, if slowly cooled, precipitates in a
Widmrenstatten form (Fig. 19). Solution heat treated 6061 appears as shown
in Fig. 20, where T4 and T6 tempers cannot be readily distinguished.
Special etching techniques can be used to make a distinction (Fig. 21),
but it is best to have a known standard to use for comparison. Some of
the 6XXX alloys used for electrical conductivity are put into an over
aged condition and, when etched, exhibit a light band along grain bound
aries that is caused by a precipitate-free zone (Fig. 22).

2XXX or aluminum-copper alloys are usually complex because of
the many additives used for strength, corrosion resistance, or grain struc
ture control. Alloy 2024, with aluminum + copper + magnesium + man
ganese + iron + silicon, has a multiphase ingot structure (Fig. 23) con
sisting of (Mn,FehSiAl1z, MgzSi, CuAlz, and AlzCuMg, and occasional
(Fe,Mn)AI3or (Mn,Fe)AI6 • Subsequent heating (Fig. 24) dissolves much
of the copper and magnesium but leaves some Al-Culvlg and perhaps
CuAl, out of solution. All of the iron-containing phases undergo trans
formation to A17CuzFe, possibly accompanied by other minor phases. Si
multaneously, manganese is precipitated from solid solution as CUzMn3Aho
dispersoid. Slow cooling causes AlzCuMg to precipitate in a Widmeenstatten
pattern.

The normal wrought 2024-T4 product shows rounded AlzCuMg as an
undissolved excess phase, irregularly shaped particles of unreacted
(Mn,FehSiAl1z and reaction product Al-Cu.Fe, along with fine dispersoid
of CuZMn3Alzo (Fig. 25). The latter causes grains formed during solution
heat treatment to be moderately elongated or flattened. Grain contrast in
copper-rich alloys is obtained by a combination of etch pitting and re
deposition of copper on the more rapidly dissolved grain orientations (Fig.
26). This etching characteristic is useful to indicate when there has been
excessive diffusion of copper into the pure aluminum cladding on sheet.
Magnesium is also diffused, although this diffusion is not as readily re
vealed by light microscopy.

Alloy 2014 differs from 2024 in that the magnesium content is less and
the silicon content is higher. The high silicon stabilizes (Mn,FehSiAl1z
as the only iron-rich phase. CuAlz and a quaternary phase, CuzMggSi6Als,
are the soluble phases and CuzMn3Alzo dispersoid is probably augmented
by Mn3SiAllz coming out of solution (Fig. 27). The higher dispersoid
concentration and pronounced banding inherited from the cast structure
may result in highly elongated, recrystallized grains (Fig. 28).

Alloy 2011 is simpler in composition (aluminum + copper + iron +
silicon), except for the addition of lead and bismuth to improve machin
ability. The phases after solidification and after thermal treatment are
Al-Cu.Fe (insoluble) and CuAlz (usually some in excess of solid solu
bility). The lead-bismuth liquid phase first separates out in the dendrite
interstices while solidification is in progress, then completes its solidi
fication at a very low temperature. It spheroidizes during solution heat
treatment and has a complex structure when resolidified during quenching
(Fig. 29).

Because solution heat treatment temperatures are close to the equilib
rium solidus in 2XXX alloys, overheating is a hazard that requires mi-
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Fig. 17. 6063 as-cast ingot showing iron-rich phases (light) and Mg2Si (dark)
in dendrite interstices. 0.5% hydrofluoric acid, 445 X . (Courtesy of Kaiser Alu
minum & Chemical Corp.)

Fig. 18. 6063 homogenized ingot showing that the Mg2Si has been solutionized,
leaving only slightly spheroidized iron-richphases. 0.5% hydrofluoric acid, 445 X .
(Courtesy of Kaiser Aluminum & Chemical Corp.)
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Fig. 19. 6061 homogenized ingot showing some undissolved Mg2Si and some
Mg2Si reprecipitation during cooling in a Widmrenstatten pattern. 0.5% hydro
fluoric acid, 455 x . (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 20. 6061-T6 sheet showing insoluble (Fe,CrhSiAl12 and excess soluble Mg2Si
particles (dark) as redistributed by mechanical working. 0.5% hydrofluoric acid,
455 x . (Courtesy of Kaiser Aluminum & Chemical Corp.)
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Fig. 21. 6061-T4(a) and T6(b) sheet showing the typical constituent distribution
and loss of clear grain delineation caused by Mg2Si precipitation from artificial
aging. Hydrofluoric acid and sulfuric acid, 230X. (Courtesy ofKaiser Aluminum
& Chemical Corp.)
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Fig. 22. 6063 extrusion in an overaged condition. showing a dense Mg2Si matrix
precipitate and a precipitate-free zone at the grain boundaries. 25% nitric acid
at 70°C (170 OF). 235x. (Courtesy of Reynolds Metals Co.)

Fig. 23. 2024 as-cast ingot showing the complex multiphase structure. The fine
precipitate in the aluminum matrix is formed during subsequent slow cooling of
the ingot. 10% phosphoric acid. 455 x . (Courtesy of Kaiser Aluminum & Chem
ical Corp.)
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Fig. 24. 2024 heated ingot showing that the as-cast multiphase structure has
been reduced to two principal iron-rich phases and soluble AI2CuMg. The latter
phase also forms Widmrenstatten precipitate during subsequent slow cooling. 10%
phosphoric acid, 460x. (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 25. 2024-T4 (solution heat treated) plate showing redistribution of constit
uent because of mechanical working. 10% phosphoric acid, 455 x. (Courtesy of
Kaiser Aluminum & Chemical Corp.)
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Fig. 26. Alclad 2024-T3 sheet showing some diffusion of copper into the com
mercial-purity aluminum cladding. Keller's etch, 460x. (Courtesy ofKaiser Alu
minum & Chemical Corp.)

Fig. 27. 2014-F forged billet showing constituent differing from 2024. 10% phos
phoric acid, 460x. (Courtesy of Kaiser Aluminum & Chemical Corp.)



MICROSTRUCTURE OF ALLOYS/ T/

Fig. 28. 2014-T4(a) and T6(b) sheet showing reduction in etch grain contrast in
the artifically aged T6 material. Keller's etch, 90x. (Courtesy of Kaiser Alu
minum & Chemical Corp.)
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Fig. 29. 2011 as-cast ingot showing eutectic structure within the lead-bismuth
globule. Unetched, 455 x . (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 30. Overheated 20J4-T4 plate showing some grain boundary melting and
formation of the liquid phase at the interface of the aluminum matrix and the
CuAl2 particles. Rosette structure is formed by rapid resolidification during
quenching. 10% phosphoric acid, 460 x . (Courtesy ofKaiser Aluminum & Chem
ical Corp.)
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croscopic evaluation. Rosettes appear as the first stage of overheating.
This is melting of undissolved eutectic (Fig. 30). Quenching while liquid
is still present causes the appearance of rosettes. More extensive over
heating causes grain boundary melting, particularly at triple intersections.
This signals the onset of solid solution melting.

7XXX or Aluminum-Zinc Alloys. Zinc, by itself, is highly soluble in
aluminum and exerts no appreciable influence on the microstructure of a
simple alloy such as 7072. However, the class of alloy most frequently
encountered contains magnesium and copper, as well as additives such
as chromium, manganese, or zirconium, and the ever-present iron and
silicon. In cast ingot form, alloy 7075 forms one or more variants of
(Fe,Cr)3SiAI12' Mg 2Si, and a pseudobinary eutectic made up of aluminum
and MgZn2 (Fig. 31). The latter phase contains aluminum + copper as
substitutes for zinc and can be written Mg(Zn,Cu,AI)z. Subsequent heat
ing (Fig. 32) causes the iron-rich phases to transform to AI7Cu2Fe. Mg-Si
is relatively insoluble and tends to spheroidize somewhat; Mg(Zn,Cu,AI)2
rapidly begins to dissolve, and at the same time some Al2CuMg precip
itates, which then requires high temperatures and lengthy soaking to be
come completely dissolved. Chromium is precipitated from supersatur
ated solution as Cr2Mg3Al18 dispersoid, concentrated heavily in the primary
dendrite regions (Fig. 33). A well-solutionized wrought alloy contains
only AI7Cu2Fe, (Fe,Cr)JSiAI12, and Mg2Si, along with the dispersoid. Re
crystallized grains are extremely elongated or flattened because of dis
persoid banding, and unrecrystallized regions are not unusual even in sheet
(Fig. 34). The unrecrystallized regions are made up of very fine subgrains
in which boundaries are decorated by hardening precipitate. This is more
obvious in hot worked structures (Fig. 35), especially in the more highly
worked regions near the surface, where critical deformation has caused
coarse recrystallized grains to form (Chapter 4 in this Volume). The dis
persoids inhibit recrystallization and foster formation of the fine subgrain
structures. ZrAIJ is coherent with the matrix, and it has similar effects.

Annealing in the heat treatable alloys has a two-fold purpose: (1) the
removal of residual equivalent cold work, and (2) the precipitation of
solute from solid solution. The latter is accomplished by a controlled slow
cooling (Chapter 5 in this Volume) and results in a random distribution
of precipitate (Fig. 36). The presence of this dense precipitation makes
the grain structure of such a-temper (Ref 2) alloys difficult to reveal.

Other high- and moderate-strength 7XXX alloys represent variants from
7075. Alloy 7050, with higher copper and zinc, has more AlzCuMg to
be dissolved at the solutionizing temperature. More dilute alloys can read
ily dissolve all of the zinc-rich phases. Signs of overheating in 7XXX
alloys are usually related to segregated regions with unusual concentra
tions of AI2CuMg. The homogeneous alloy has an equilibrium solidus
that is well above the solution heat treating temperature range. If Al2CuMg
is present, however, very rapid heating rates can result in the appearance
of rosettes, because of the inadequate time for diffusion and particle dis
solution before exceeding the nonequilibrium eutectic temperature.

A given alloy cannot be characterized by a single microstructural as
pect. The initial size of second-phase particles formed during solidifi
cation depends on the rate of heat removal. The degree of comminution
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Fig. 31. 7075 as-cast ingot showing the multiphase structure. The fine precipitate
in the aluminum matrix is formed during slow cooling from the initial ingot so
lidification. Dilute Keller's etch, 445 X. (Courtesy of Kaiser Aluminum & Chem
ical Corp.)

Fig. 32. 7075 homogenized ingot showing iron-rich phases, nearly insoluble Mg;zSi
and soluble Al2CuMgformed by transformation from Mg(Zn,AI,Cu)2 as the latter
enters solid solution. Dilute Keller's etch, 445 X. (Courtesy of Kaiser Aluminum
& Chemical Corp.)
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Fig. 33. 7075 heated ingot etched to reveal the fine dispersoid of the chromium
rich phase that precipitated at elevated temperatures and reflects the original
distribution of chromium in the as-cast supersaturated solid solution. 0.5% hy
drofluoric acid, 460 X . (Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 34. 7075-T6 sheet etched to distinguish between recrystallized grains (clear)
and unrecrystallized grain fragments that appear dark as a result ofprecipitation
at boundaries offine subgrains. 10% phosphoric acid, 455 X . (Courtesy ofKaiser
Aluminum & Chemical Corp.)
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Fig. 35. 7075-T6 large extrusion with the section near the surface showing a
layer ofcoarse recrystallized grains overlying fine subgrain structure that reflects
recovery during or subsequent to hot working. 10% phosphoric acid, 455x
(Courtesy of Kaiser Aluminum & Chemical Corp.)

Fig. 36. 7075-0 annealed sheet showing the random distribution of insoluble
phases interspersed with precipitate particles of Mg(Zn,AI,Cuh that precipitate
from solid solution during controlled slow cooling from annealing. Dilute Kell
er's etch, 445x. (Courtesy of Kaiser Aluminum & Chemical Corp.)
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and randomization of less soluble second-phase particles depends upon
the total accumulation of mechanical working. The amount of excess sol-
uble phase depends on the individual alloy composition, within specifi-
cation limits, and upon the thermal treatment. The quantity and size of
the dispersoid depends on the individual composition and the total thermal
history, supplemented by severity of mechanical deformation. The degree
of recovery and recrystallization and the size and shape of recrystallized
grains depend in large measure on all of the above, as well as on factors
such as rate of heating. An understanding of these interactions is impor-
tant for correct interpretation of microstructural features.

QUANTITATIVE METALLOGRAPHY
The use of quantitative metallography to relate properties to micro

structure is used more widely because of the introduction of automated
devices. Reference 7 provides a review of techniques and theory in this
field.

Microstructural features that are relevant include: (l) porosity, (2) in
clusions, (3) constituent particles (insoluble phase formed during solidi
fication, e.g., A16 (FeMn) or FeA13), (4) dispersoids (fine precipitate that
forms during high-temperature thermal operations, e.g., ZrA13, Al12

(FeMn)3Si, and Al12MgzCr), and (5) fine age hardening precipitates (fine,
usually coherent precipitates that form at low temperature, generally as
a consequence of high solute supersaturation resulting from a solution
heat treatment and quench, e.g., MgZnz, CuAlz (8'), and GP zones). All
of the above-mentioned features can influence the behavior of a material,
and most are amenable to quantitative description.

Constituent particles, porosity, and inclusions are generally large enough
to be measured optically. Features of this scale have strong effects on the
fracture behavior of aluminum, especially fracture toughness, fatigue, and
elongation. Constituent particles are large enough to be analyzed chem
ically using EMPA or scanning electron microscopy-energy dispersive
x-ray (SEM-EDX) methods (for example, LeMont analysis) and hence,
in multiconstituent alloys these constituents are differentiable chemically.
Vruggink (Ref 8) used this approach to correlate short transverse elon
gations in 2x24 alloys with type and volume percent of constituent. Blau
(Ref 9), Thompson (Ref 10), and Hahn and Rosenfeld (Ref 11) analyzed
constituent size, spacing, and volume fraction and correlated these mea
surements with the fracture toughness of high-strength aircraft alloys.

Features of finer scale than the constituent (the dispersoid) are not gen
erally measurable optically and must be measured using higher resolution
techniques (TEM or SEM). These particles affect the recrystallization be
havior of aluminum alloys and also can either directly or indirectly affect
tensile properties. The high magnifications required and the consequent
small areas that are analyzed make this random sampling difficult. If these
particles are analyzed by EDX-equipped STEM, they can also be class
ified chemically. Features of the finest scale, the age hardening precip
itates, can only be analyzed by TEM. Their effect is primarily to increase
yield and tensile strength.

Staley (Ref 12) related fatigue behavior of aluminum high-strength 7x75
alloys to constituent content. At high levels of stress intensity, the growth
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rates of fatigue cracks were lower for a lower constitutent alloy (7475)
than for the higher constituent content of 7075. At low-stress intensity,
constituent particles may beneficially pin dislocations.

SCANNING ELECTRON MICROSCOPY (SEM)
A good description of how SEM works and some of its applications to

fracture surface studies can be found in Practical Scanning Electron Mi
croscopy by Goldstein et al (Ref 13). The chief advantages of SEM anal
ysis are:

• Easy specimen preparation
• Widest range of magnification available (commonly from 15 to 50,000

diameters)
• Ability to observe large areas of specimen surface, including origin

and propagation zones, because 645 mrrr' (l in.") or more of the frac
ture surface can be directly placed into the microscope

• Excellent depth of field for focusing on surfaces with large topography
variation

• Ability to view the fracture face and simultaneously perform micro
chemical analysis if the microscope is so equipped

Disadvantages of SEM analysis have related to uncertain specimen tilt
or orientation in the microscope that can alter the apparent size of fracture
features, such as fatigue striation spacings, or influence quantitative mi
crochemical analysis (actual takeoff angle of x-ray from specimen sur
face). The use of stereo pair SEM images offsets this disadvantage, for
they can precisely define surface topography. In addition, uncertain frac
ture surface topographies may be encountered because of the lack of well
documented literature of SEM fracture surfaces.

Scanning electron microscopy micrographs of fracture surfaces are per
formed by two types of emitted electrons. Secondary electrons are most
commonly used because of their fidelity in showing topographical fea
tures. Higher energy, back-scattered electrons can be used to show av
erage compositional variations across a fracture surface, usually with only
a slight degradation of surface detail. Actual microchemical identification
of the elements on a fracture surface usually involves examination of the
characteristic x-rays emitted from the surface because of ionization pro
cesses caused by an incident electron beam. Characteristic x-rays finger
print the identity of elements present and are detected by either a solid
state detector that is sensitive to the x-ray energy, or by a wavelength
dispersive detector that is sensitive to the x-ray wavelength.

Examples of SEM imaging and microchemical analysis, contrasted
against TEM imaging of replicas, follow. Figure 37 is an SEM secondary
electron image clearly showing fatigue cracking in 2024 aluminum. Note
the resulting great depth of field, despite large topographic differences.
Measurements of fatigue striation spacing cannot generally be made with
out detailed knowledge of local specimen surface tilt relative to the elec
tron beam and secondary electron detector or by the use of stereo pairs.
Figure 38 is a TEM image of a replica of the same fatigue fracture. Here,
striations are clearly visible and can be measured to determine fatigue
crack growth rate. However, a pitfall similar to that of SEM is encoun-
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Fig. 37. SEM secondary electron image showing fatigue fracture in 2024 alu
minum (4600x). (Courtesy of Boeing Commercial Airplane Co.)

Fig. 38. rEM replica showing fatigue fracture in 2024 aluminum (4075 X).
(Courtesy of Boeing Commercial Airplane Co.)
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Fig. 39. SEM imaging of tensile fracture in A357 casting (18,400X). (Courtesy
of Boeing Commercial Airplane Co.)

Fig. 40. TEM replica imaging of tensile fracture in A357 casting (6550X).
(Courtesy of Boeing Commercial Airplane Co.)
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Fig. 41. Light optical image ofa polished section ofA357 casting (380X). (Cour
tesy of Boeing Commercial Airplane Co.)

Fig. 42. SEM imaging of a polished section ofA357 casting (385 X). (Courtesy
of Boeing Commercial Airplane Co.)
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Fig. 43. Back-scattered electron imaging of a polished section of A357 casting
(385X). (Courtesy of Boeing Commercial Airplane Co.)

Fig. 44. Silicon x-ray map ofa polished section ofA357 casting (385X). (Cour
tesy of Boeing Commercial Airplane Co.)
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Fig. 45. Back-scattered electron imaging of a polished section of A357 casting
(2300X). (Courtesy of Boeing Commercial Airplane Co.)

Fig. 46. Silicon x-ray map ofa polished section ofA357 casting (2300x). (Cour
tesy of Boeing Commercial Airplane Co.)
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Fig. 47. Iron x-ray map ofa polished section ofA357 casting (2300X). (Courtesy
of Boeing Commercial Airplane Co.)

teredo The striation spacing observed must be representative of the prin
cipal crack front. This is not always clear, because the act of replicating
fracture surfaces presents the probability that despite their planar ap
pearance, the striations observed can derive from local out-of-plane crack
front geometry.

Dimple topography characteristic of microvoid coalescence in tensile
and shear mode fractures is exhibited by SEM and TEM imaging in Fig.
39 and 40, respectively, for A357 casting alloy. An example of the mi
crochemical analysis advantage afforded by SEM is demonstrated on a
polished section of A357 as shown in Fig. 41 through 47. Figures 41 and
42 are light optical and SEM secondary electron images, respectively,
showing identical fields of view. Phases dissolved by the etchant are clearly
shown as holes in the SEM image. When imaged using back-scattered
electrons, as in Fig. 43, this same field contains small patches of micro
pitting, appearing as white in color by secondary electron imaging, and
black in color by light optical methods. The use of back-scattered electron
imaging permits qualitative knowledge of the relative average atomic
number of differing phases; silicon-containing particles (see x-ray map in
Fig. 44) absorb fewer electrons, and silicon has a higher back-scattered
coefficient than the aluminum matrix and appears light in Fig. 43. A
detailed examination of the center region of Fig. 41 through 43 shows
the presence of both silicon-rich and iron-rich phases (Fig. 45 through
47) by back-scattered electron imaging.

Intergranular primary and secondary cracking in 7075 alloy are shown
in Fig. 48 and 49, SEM and TEM images, respectively. Corroded areas
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on this fracture face, including elements of the corrosion product, are
shown by SEM secondary electron and TEM imaging, Fig. 50 and 51,
respectively. The light rectangle of Fig. 50 defines a region of SEM-EDX
analysis, which showed the corrosion product to contain sodium and
chlorine, in addition to alloying elements. Both SEM and TEM imaging
of fracture faces are generally far superior to light optical methods. The
specific advantages of SEM techniques, allowing microchemical analysis
in situ, as well as superior imaging, continues to become more important
as the number and scope of documented fracture topographies grows.

TRANSMISSION ELECTRON MICROSCOPY (TEM)

Developments in instrumentation and techniques during recent years
have enabled electron microscopy to play an increasingly important role
in advancing the understanding of aluminum alloy microstructure. The
high magnification, resolving power, and excellent depth of focus enable
the ultrafine details of the microstructure to be imaged in these instru
ments. When ultrafine detail is needed, TEM methods are preferable to
optical microscopy. Magnifications of up to 300,OOOX and resolutions
better than 0.5 nm (5 A) are routinely available.

Transmission electron microscopy is usually carried out using thin foil
specimens that have been carefully prepared from the sample of interest,
although for some investigations, replicas of the specimen surface can be
used. In standard 100-kV TEM, aluminum alloy specimens must be pre
pared so that the area of interest is less than about 0.5 urn (0.02 mil)
thick and preferably as thin as 0.2 urn (0.008 mil). Elaborate techniques
including jet electropolishing and ion beam erosion have been developed
to prepare such specimens. The contrast in electron microscope images
arises as the result of differences in the diffraction and absorption of the
electrons by different features in the specimen.

Localized changes in orientation that occur at grain and subgrain
boundaries and in the strain fields associated with dislocations and coher
ent precipitates cause contrast variations. Similarly, the different crystal
structure factors and absorption coefficients of second-phase particles also
produce image contrast. Although the specimens are thin, the image is a
projection of a three-dimensional structure, and the orientation and dis
tribution of features can be established three-dimensionally.

In addition to excellent imaging capabilities, TEM can also be used for
electron diffraction. In this mode of operation, areas of the image as small
as 1 urn (0.04 mil) can be selected, and diffraction patterns can be ob
tained. These selected area diffraction patterns are used extensively to
identify second-phase particles and to establish crystallographic orienta
tions of an area or particle of interest.

Scanning transmission electron microscopy (STEM) offers an even more
impressive range of capabilities. In these instruments, the incident elec
tron beam is demagnified to produce a very small spot size, typically
between 0.1 and 50 nm (l and 500 A) at the specimen, and this is scanned
in a raster over the area of interest. With appropriate detectors, a number
of different imaging modes can be selected. Thus, in addition to the scan
ning transmission image (similar to TEM) , secondary electron images



92/PROPERTIES AND PHYSICAL MnALLURGY

Fig. 48. /ntergranular stress-corrosion cracking in 7075 alloy with SEM imaging
(9200X). (Courtesy of Boeing Commercial Airplane Co.)

Fig. 49./ntergranular stress-corrosion cracking in 7075 alloy with TEM imaging
(5830X). (Courtesy of Boeing Commercial Airplane Co.)
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Fig. 50. Stress-corrosion product of 7075 alloy with SEM imaging (4325 X).
(Courtesy of Boeing Commercial Airplane Co.)

Fig. 51. Stress-corrosion cracking and product of 7075 alloy with TEM imaging
(4075X). (Courtesy of Boeing Commercial Airplane Co.)
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(surface), back-scattered electron images (atomic number contrast), and
x-ray images (composition maps) can be selected.

In addition to excellent imaging facilities, STEM has the capability to
generate and accurately position a fine electron beam on a small area of
a specimen. This ability is of particular value for microdiffraction and
microanalysis. Microdiffraction patterns provide crystallographic infor
mation from very small features, and by using an energy-dispersive x
ray detector, quantitative microanalysis from regions of thin specimens
less than 100 nm (1000 A) in diameter are readily obtainable in many
cases.

High-voltage electron microscopy (HVEM), using instruments that op
erate at up to 1 million V, enable thicker specimens to be studied in
transmission. This method is used for in situ experiments involving ob
servations during heat treatment or straining. Expense and specialization
have limited use of HVEM to a few research centers.

Even more sophisticated imaging and microanalytical techniques are
being developed that offer opportunities to study aluminum microstruc
ture in greater detail. High-resolution TEM is capable of directly imaging
the lattice structure of aluminum and has contributed to the understanding
of lattice defects and the early stages of zone formation in some alloy
systems. The ultimate high-resolution imaging and analytical devices,
however, are the field ion microscopes and atom probes that, with suit
able specimens, can image and identify individual atoms. Using these
instruments, investigations of segregation of alloying elements to grain
boundaries or other defects may be possible in the near future.

Structural Features. Many of the structures observed by light mi
croscopy can be studied in more detail in the electron microscope. Fur
thermore, a great deal of information that cannot be obtained by light
microscopy is available. Thus, in addition to the familiar grain structure
of the material, subgrains and dislocation substructures can be observed,
and if required, crystallographic orientations can be measured using elec
tron diffraction patterns.

Grain boundaries generally appear as bands that have widths corre
sponding to their magnified projections. This boundary image width is
determined by the inclination of the boundary with respect to the location
beam direction and the thickness of the specimen. These grain boundary
images have distinct fringes running along their lengths. The fringe con
trast is the result of electron diffraction effects, and the number and con
trast of the fringes vary if the diffraction conditions are changed by spec
imen tilting.

The electron microscope can also reveal dislocation networks that are
introduced during deformation processes and subsequent changes that oc
cur during recovery and recrystallization. The lattice strain associated with
a dislocation causes a change in the local diffraction conditions, causing
dislocation contrast. Dislocations normally appear as lines that terminate
at the specimen surface, although helices and loops can be present in
certain cases. The best dislocation images are obtained by a technique
known as weak beam dark field imaging. Using this method, only regions
of highest lattice distortion (near the dislocation cores) appear in the
image.



MICROSTRUCTURE OF ALLOYS/9S

Fig. 52. Weak beam dark field imaging. {3-MgzSi needle-like precipitates that
have nucleated and grown in association with a dislocation in a sample that was
solution treated and cooled directly to 270°C (515 OF). (Courtesy of Alcan In
ternational Ltd.)

The weak beam technique is also useful for studying the strain fields
associated with Guinier-Preston (GP) zones and fine coherent precipitates
(Fig. 52). These zones are extremely small clusters of solute atoms in the
solid-solution matrix and are the precursors of precipitate particles. Ex
aminations of fine precipitates and dispersoids are frequently carried out
using TEM. Size distributions and the spatial distribution of particles within
the substructure can be obtained by standard imaging techniques. The
dispersoid particles frequently occur at grain or subgrain boundaries, on
dislocations, or at the interface with other particles. Some types of par
ticles develop at apparently random sites within the matrix, although the
nucleation may be associated with point defects such as vacancies.

Certain precipitate particles grow with characteristic shapes and can
often be tentatively identified in this way. In cases where this is not pos
sible or where a more positive identification is required, electron dif
fraction and thin foil microanalysis can be used to characterize the crys
tallographic structure, orientation, and composition of particles (Fig. 53).
Thin foil microanalysis can also be used in some cases to determine the
concentrations of elements in solid solution in the aluminum matrix. The
high spatial resolution of ::550 nm (::5500 A) for microanalysis, which is
available in a STEM system, enables the establishment of matrix com
positions between dispersoid particles. Studies of concentration profiles
of elements in the vicinity of grain boundaries have also been made.

Electron Microstructure of Wrought Alloys. A wide range of alu
minum alloys has been studied by electron microscopy, and characteristic
microstructures of the more common alloy systems after various fabri
cation and thermal treatments have been described. In general, plastic
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Fig. 53. (a) Energy dispersive microanalysis of a small particle in STEM. (b)
The spectrum from the arrowed particle in a sample of an aluminum-calcium
zinc superplastic alloy. (Courtesy of Alcan International Ltd.)
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Fig. 54. A sequence of micrographs showing substructure development during
cold rolling. (a) 2% reduction; isolated dislocations and slip bands. (b) 5% re
duction; early stages of the development ofcellular dislocation networks. (c) 60%
reduction; well-developed cellular structure. (Courtesy ofAlcan International Ltd.)
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deformation of an aluminum alloy is usually associated with an increase
in dislocation content. The nature and distribution of the resulting sub
structures depends on the extent, temperature, and rate of deformation,
and also on other microstructural conditions such as grain size, particle
size, and distribution.

In commercially pure aluminum (I XXX), a small amount of cold de
formation generates a low density of essentially isolated dislocations (Fig.
54). As the deformation increases, dislocations increase in number and
become concentrated in tangles along slip bands. With still further de
formation, tangles increase in number and density, and a cellular network
is developed, with tangles of dislocations surrounding relatively dislo
cation-free areas. In other alloy systems, similar changes in the dislo
cation substructure are observed, although they are modified by the pres
ence of the alloying elements. Where coarse, hard particles (;;:: I urn or
;;::0.04 mil) are present in an alloy before cold working, a high density
of dislocations develops in their vicinity (Fig. 55). In alloys with a dense
dispersion of finer particles (:sO. 1 urn or :s0.004 mil), development of
slip bands tends to be inhibited and a more homogeneous dislocation dis
tribution is generated. If elements such as magnesium are present in solid
solution during deformation, the dislocation mobility is reduced by in
teraction with the solute atoms. This results in a more rapid buildup of
dislocations and is responsible for the more rapid work hardening ob
served in alloys such as 5182.

During the heat treatment of aluminum alloys, changes in properties
create corresponding changes in microstructure. The detailed microstruc
tural changes that occur depend on the particular alloy, its fabrication

Fig. 55. Region of high local deformation in the vicinity of a coarse FeAl3 par
ticle in a cold rolled sample (20% reduction). (Courtesy of Alcan International
Ltd.)
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Fig. 56. An early stage of recrystallization of AA3003. showing a new grain
growing into the substructure. The manganese-bearing precipitates interact strongly
with the moving boundary and retard its progress. (Courtesy of Alcan Interna
tional Ltd.)

history, and the temperature and duration of heat treatment. Commercial
heat treatments can produce a number of microstructural changes includ
ing particle dissolution, particle coarsening, precipitation, changes in dis
location distribution and density, and the development and migration of
subgrain and grain boundaries. In many cases, several of these phenom
ena occur simultaneously and often interact so that, for example, a pre
cipitation process may significantly inhibit subgrain boundary migration.

In a number of alloy systems, the most important microstructural changes
that occur involve changes in the dislocation and subgrain structures. As
an example of the sort of change that can occur in this type of alloy, heat
treatment of cold rolled (lXXX) alloy can be considered. At low tem
peratures (::5100 °C or ::5212 OF), changes in dislocation density that occur
are insignificant. At higher temperatures, dislocations become more mo
bile, rearranging themselves into lower energy configurations, and de
crease in density by mutual annihilation or escape. As this recovery pro
cess proceeds, cellular dislocation tangles develop into subgrains with
well-defined, low-misorientation boundaries. If the heat treatment tem
perature is sufficiently high, discontinuous recrystallization occurs, and
new grains nucleate at favorable sites and grow rapidly to consume the
dislocation and subgrain structures.

The recovery and recrystallization phenomena described here can occur
in most aluminum alloys under the appropriate conditions. However, the
kinetics and temperatures at which the microstructural changes are ob
served vary depending on the particular alloy and its condition. The sizes
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and distribution of particles and the presence of elements in solid solution
can significantly modify behavior during annealing.

A number of commercial alloys are supplied in the fully recrystallized
condition (0 temper) to be used in forming applications (lXXX, 3XXX,
and 5XXX). For many applications of these alloys, a fine grain size is
desirable, because a coarse-grained material causes surface roughening
during forming (orange peel effect). Achieving a fine grain size often
requires rigorous compositional and processing control. The number of
potential recrystallization nuclei can often be related to the size and dis
tribution of coarser particles in the alloy and can therefore be modified
to some extent by homogenization. The growth of these potential nuclei
into new grains is markedly affected by the size and distribution of finer
dispersoid particles and, to a lesser extent, by the concentrations of ele
ments in solid solution. Additions of manganese, chromium, and zirconi
um are made to a wide variety of alloys because the dispersions of par
ticles that can be developed are useful for inhibiting the development and
growth of new grains during recrystallization (Fig. 56). Inhibiting the
growth of new grains can, under appropriate conditions, allow a fine grain
size to develop; by delaying the growth of the first few grains that nu
cleate, other nuclei are afforded the time to develop.

If a sufficiently high volume fraction of suitable dispersoid particles
can be generated, discontinuous recrystallization can be strongly inhib
ited. Alloys with such a microstructure have been developed and have a
useful combination of formability and strength (Fig. 57). In the alumi
num-calcium-zinc alloy of this type, a high volume fraction of fine par
ticles can be achieved. This alloy has excellent superplastic particles.

In several important alloy systems, including aluminum-copper (2XXX),
aluminum-magnesium-silicon (6XXX), and aluminum-zinc-magnesium

Fig. 57. An ultrafine grain size, particle-stabilized microstructure (X 7125).
(Courtesy of Alcan International Ltd.)



MICROSTRUCTURE OF ALLOYSj 101

Fig. 58. Precipitation of MgZn2 at heterogeneous sites: (a) on subgrain bound
aries; and (b) on a manganese-bearing dispersoid particle. (Courtesy of Alcan
International Ltd.)

(7XXX), the heat treatments that are normally used are designed to pro
duce a very high density of fine GP zones or precipitates that strongly
interact with dislocations and thereby increase the yield strength of the
alloy. A typical heat treatment program for these alloy systems consists
of an initial solution heat treatment, which dissolves particular alloying
elements. This is followed by quenching, which is designed to retain a
high level of the dissolved elements in supersaturated solid solution. In
this condition, the alloy can be given an aging heat treatment to achieve
the required temper, although for some alloys, particularly the aluminum
zinc-magnesium (7XXX) series, significant improvements in properties
occur during a period of natural (room temperature) aging.

Microstructural changes that occur during quenching and aging treat
ments of these alloy systems have been extensively studied using TEM.
During quenching of the solution treated alloy, dislocations and precip
itates can develop. These dislocations generally appear as helices, loops,
or tangles generated as a result of quenching strains and the condensation
of excess vacancies. Dislocation density depends on the solution treat
ment temperature and the levels of elements in solution, as these factors
affect vacancy concentration. Quench rate also is important, because this
determines the temperatures and times during which the vacancies are
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Fig. 59. Precipitate-free zones in samples that have been solution treated, slowly
quenched, and then aged. (a) At a grain boundary in a 6XXX alloy. (b) Around
manganese-bearing dispersoid particles in a 7XXX alloy. (Courtesy ofAlcan In
ternational Ltd.)

mobile. Dislocations are also generated at constituent or dispersoid par
ticles. These dislocations are produced by the differential contraction that
occurs during the quench.

Ideally, to obtain maximum age hardening, all the dissolved elements
should be retained in solid solution during the quench. This can be achieved
by very rapid quenching, but in many commercial situations this is not
possible, and lower cooling rates are used. As the cooling rate decreases,
precipitate particles are found in increasing numbers. These precipitates
nucleate at heterogeneous sites such as grain boundaries, dislocations, or
on dispersoid particles. The most advantageous sites are populated first
(Fig. 58). Thus, some grain boundaries, because of their misorientation,
offer more favorable precipitate nucleation sites than others, and similarly
some dislocations are preferred because of their edge or screw character.
As well as acting as favorable nucleation sites for precipitation during
quenching, subsequent aging reveals precipitate-free zones having widths
related to the rate of quenching (Fig. 59a).

The presence of dispersoid particles in an alloy can substantially affect
this quench-sensitive precipitation, partly because they modify the dis-
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Fig. 60. Examples of heat treatable alloys that have been overaged to show the
precipitates. (a) 6XXX alloy; needle-like !3-Mg2Si precipitates growing in [IOOlAI
directions. The extra spots and streaks in the diffraction pattern are because of
the precipitates and the associated strain fields. (b) An AI-4% Cu alloy; platelike
(J' precipitates arranged on {200}AI planes. The precipitates and strain fields again
result in streaking in the diffraction pattern. (Courtesy of Alcan International
Ltd.)

location structure of the quenched material. Also, dispersoid particles act
as nucleation sites for precipitation in their own right (Fig. 59b). Manganese
and chromium-bearing phases are particularly potent dispersoids and readily
nucleate precipitates during quenching, whereas coherent ZrAIJ particles
are less active nucleation sites.

During artificial aging, the elements in supersaturated solution begin
to precipitate, and the strength of the material increases as the number
and size of the precipitates increases. Eventually, the strength reaches a
maximum value (the peak aged condition), and any further overaging
leads to coarsening of the precipitates and a reduction in properties.

During age hardening, the precipitation phenomena that are observed
can be quite complicated, and often several intermediate phases are in
volved. For example, in an aluminum-copper (2XXX) alloy, aging nor
mally starts with the development of very fine plate-like GP zones in the
matrix, on {DOl} planes. At this stage, GP zones are about 10 nm (100
A) in diameter and consist of single planes of copper atoms. As aging
proceeds, the GP zones transform to a coherent Oil phase. Further aging
results in successive transformation to semicoherent 0' and eventually to
plate-like particles of O-CuAh. The aging kinetics and to some extent the
precipitation sequence depend on the diffusion of copper atoms and is
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influenced by the levels of vacancies and also the presence of traces of
certain elements such as cadmium, indium, or tin that interact with the
vacancies.

During the aging of aluminum-zinc-magnesium (7XXX) alloys, small
spherical zones develop. As particles coarsen, they grow in preferred
crystallographic orientations, and an averaged structure consists of elon
gated precipitates. Crystallographically distinct phases have been detected
in these alloys including 11', x, t, and 11 phases. The aging kinetics and
the types of precipitate that are preferred are again influenced by the pres
ence of trace elements. For example, a very low level of silver «0.1
at.%) significantly accelerates the aging process. Aging of aluminum
magnesium-silicon (6XXX) alloys involves the nucleation and growth of
rods of Mg-Si that grow in [002], as shown in Fig. 60.
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CHAPTER 4

WORK HARDENING, RECOVERY,
RECRYSTALLIZATION, AND

GRAIN GROWTH*
Work, or strain hardening, is a natural consequence of most working

and forming operations on aluminum and its alloys. Work increases the
strengths achieved through solid solution and dispersion hardening. In
heat treatable alloys, strain hardening not only supplements the strengths
achieved by precipitation, but may also increase the rate of precipitation
hardening (Chapter 5 in this Volume).

Products hardened by cold working can be restored to a fully soft,
ductile condition by annealing. Annealing eliminates strain hardening, as
well as the microstructural features that develop as a result of cold work
ing. Some of the structural changes and the corresponding variation in
properties that result from both strain hardening and annealing are the
subjects of this chapter.

WORK HARDENING
Work hardening is used extensively to produce strain-hardened tempers

of the non-heat treatable alloys (Table 1). The severely cold worked or
full-hard condition (H18 temper) is usually obtained with cold work equal
to about a 75% reduction in area. The Hl9 temper identifies products
with substantially higher strengths because of greater reduction. The H16,
H14, and H12 tempers are obtained with lesser amounts of cold working,
and they represent three-quarter-hard, half-hard, and quarter-hard con
ditions, respectively. A combination of strain hardening and partial an
nealing is used to produce the H28, H26, H24, and H22 series of tempers;
the products are strain hardened more than is required to achieve the de
sired properties and then are reduced in strength by partial annealing. A
series of strain-hardened and stabilized tempers-H38, H36, H34, and
H32-are used for aluminum-magnesium alloys. In the strain-hardened
condition, these alloys tend to age soften at room temperature. Therefore,
they are usually heated at a low temperature to complete the age-softening
process and to provide stable mechanical properties and improved work
ing characteristics.

Structural Changes. The deformation of aluminum and its alloys pro
ceeds by normal crystallographic slip processes. Evidence of such slip
can be seen in single crystals and in coarse-grained materials if surfaces
are polished metallographically before deformation. The presence of slip

*This chapter was revised by a team comprised of B. A. Riggs, Kaiser Aluminum & Chem
ical Corp.; w.w. Berkey, Reynolds Metals Co.; D.B. Kulp, Anaconda Aluminum Co.;
J.K. McBride, Alcoa Technical Center; and P.R. Sperry, Consolidated Aluminum Corp. 105
The original chapter was authored by W.A. Anderson, Alcoa Research Labortories.
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Table 1. Temper Designations for Strain-Hardened Alloys

Temper Descrlpfton
F As-fabricated. No control over the amount of strain hardening; no mechanical

property limits.
o Annealed, recrystallized. Temper with the lowest strength and greatest ductil-

ity.
HI Strain hardened.

H12, HI4, H16, H18. The degree of strain hardening is indicated by the
second digit and varies from quarter-hard (HI2) to full-hard (HI8), which
is produced with approximately 75% reduction in area.

H19. An extra-hard temper for products with substantially higher strengths
and greater strain hardening than obtained with the H18 temper.

H2 Strain hardened and partially annealed.
H22, H24, H26, H28. Tempers ranging from quarter-hard to full-hard ob

tained by partial annealing of cold worked materials with strengths initially
greater than desired.

H3 Strain hardened and stabilized.
H32, H34, H36, H38. Tempers for age-softening aluminum-magnesium al

loys that are strain hardened and then heated at a low temperature to in
crease ductility and stabilize mechanical properties.

H112 Strain hardened during fabrication. No special control over amount of strain
hardening but requires mechanical testing and meets minimum mechanical
properties.

H32I Strain hardened during fabrication. Amount of strain hardening controlled
during hot and cold working.

H116 Special strain hardened, corrosion-resistant temper for aluminum-magnesium al-
loys.

bands and deformation bands in some alloys can also be demonstrated
by heating or aging practices that induce precipitation along these bands.
Figure I shows examples of this and of the changes in grain shape that
accompany rolling deformation.

On a still finer scale, deformation produces a defect structure that can
be detected by transmission electron microscopy (Chapter 3 in this Vol
ume). The effects of varying amounts of cold work on the fine structure
of 99.99% aluminum are shown in Fig. 2. These electron micrographs
show the accumulation of dislocations that combine to form the bound
aries of a cellular substructure. More severe cold working produces even
higher dislocation densities and a further reduction in the size of the dis
location cell structure. Lattice distortions associated with dislocations and
interaction stresses between dislocations are the principal sources of strain
hardening resulting from cold work.

Mechanical Properties. The internal structural changes described pre
viously produce substantial changes in the mechanical properties of alu
minum and its alloys. Tensile properties are among those most affected.
Work-hardening curves for several non-heat treatable alloys (Fig. 3) il
lustrate the increase in strength that accompanies cold work. This increase
is obtained at the expense of ductility, as measured by the percentage of
elongation in the tensile test and by reduced formability in operations such
as bending and drawing. For this reason, the strain-hardened tempers are
not usually used where high ductility and formability are required. Alu
minum alloy beverage cans, readily formed by a unique drawing and iron
ing process using 3004-H19 as the starting material, are an exception.
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Fig. 1. Deformation bands in AI-2% Cu alloy. (a) 40% reduction; (b) 80% re
duction. (lOOX)

The effects of increasing alloy content on the tensile properties and
work-hardening characteristics of aluminum are also illustrated in Fig. 3.
The two principal types of non-heat treatable alloys represented are (1)
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Fig. 2. Transmission electron micrographs showing the effects of cold work on
the dislocation structure of 99.99% aluminum sheet. (a) Annealed; (b) 2% re
duction by cold rolling; (c) 7% reduction by cold rolling; (d) 30% reduction by
cold rolling. 14,560x. (Courtesy of Aluminum Company ofAmerica)

alloys containing magnesium, which is largely in solid solution in alu
minum, and (2) an alloy containing manganese that is largely out of so
lution and distributed as a finely divided, dispersed aluminum-manganese
constituent. Figure 3 shows that magnesium in solid solution hardens alu
minum more effectively than an equal percentage of manganese as a dis
persed second phase. Also, alloying with magnesium or manganese in
creases strain hardening. Electron micrographic studies suggest that the
greater strain hardening of alloyed aluminum is related to an increase in
the density of dislocations.

Cold working also increases shear strength, creep strength at low tem
peratures, and smooth-specimen fatigue strength. It has little effect on
notch fatigue strength, but increases notch tensile strength in about the
same proportion as smooth-specimen tensile strength.

The work-hardening characteristics of the annealed and T4 tempers of
the heat treatable alloys (Chapter 5 in this Volume) are similar to those
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of the non-heat treatable alloys. The work-hardening curve for the T4
temper of an aluminum-magnesium-silicon alloy (Fig. 4) is characterized
by the same rapid, initial increase in yield strength shown by non-heat
treatable alloys (Fig. 3), followed by a more gradual increase in yield
strength, roughly paralleling the change in tensile strength. In the arti
ficially aged T6 temper (Fig. 4), the increase in yield strength and tensile
strength with cold working is less than that for the T4 temper, except at
very high strains.

Limited use is made of strain hardening to increase the strength of heat
treatable alloys. The principal applications are in extruded and drawn
products such as wire, rod, and tube. Heat treated aluminum-magnesium
silicon alloys are used extensively in such products, which are sometimes
drawn after heat treatment to increase strength and improve surface finish.
The low ductility and poor workability of other artificially aged, heat
treatable alloys have restricted cold working as a procedure for obtaining
higher strengths. In the aluminum-copper alloys, however, small amounts
of cold work are used after solution heat treatment to obtain increased
response during artificial aging (Chapter 5 in this Volume).

Work-hardening curves for annealed, recrystallized aluminum alloys,
when plotted as a function of true stress and true strain, are approximately
parabolic and usually can be described by:

(J = ken (Eq 1)

where CT is the true stress, k is the stress at unit strain, E is the true or
logarithmic strain, * and n is the strain-hardening exponent. A plot of this
relationship is shown in Fig. 5 for several annealed aluminum alloys.

As a close approximation, all of the alloys obey Eq lover the range
of strains used here. The slopes of the lines may decrease as the initial
strengths of the alloys increase, indicating a decrease in the value of n.
At the same time, there is an increase in k. Measurements for the curves
shown in Fig. 5 indicate that n decreases from 0.24 to O. 17 as k increases
from 146 to 479 MPa (21 to 69 ksi), Strain hardening parameters are
shown in the table below:

ksl

Stress at unit straIn
(kJ

MPa

Strain
hardening
exponent

Alloy (n)

liOO-0 0.242
3003-0 0.242
6061-0 0.209
5052-0 0.198
5454-0 0.189
5086-0 0.193
5456-0 0.178

146
188
224
281
340
368
479

21.1
27.2
32.5
40.7
49.3
53.3
69.4

Source: Aluminum Company of America.

*The true or logarithmic strain is usually defined as In AolAf , where Ao and Af are initial
and final cross-sectional areas of the sample. In sheet rolling without widening, the log
arithmic strain simplifies to In ToIT" where To and T, are the initial and final sheet thick
nesses.
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Rates of strain hardening can be obtained from the first derivative of
Eq 1:

dc:r
- = nks""
d~

(Eq 2)

Non-heat treatable alloys initially in a cold worked or hot worked con
dition have rates of strain hardening substantially below those of material
in the annealed temper. For the cold worked tempers, this difference is
caused by the strain necessary to produce the temper. If this strain equals
Eo, then the equation for strain hardening becomes:

c:r = k(~o + ~)" (Eq 3)

A similar situation exists for products initially in the hot worked con
dition. The strain hardening resulting from hot working or forming is
assumed to be equivalent to that achieved by a certain amount of cold
work. From the tensile properties of the hot worked product, the amount
of equivalent cold work can be estimated, using the work-hardening curve
for the annealed temper. By such procedures, it is usually possible to
calculate work-hardening curves for hot worked products that are in rea
sonable agreement with those for annealed products.

The work-hardening characteristics of aluminum alloys vary consid
erably with temperature. At cryogenic temperatures, strain hardening is
greater than it is at room temperature. Figure 6 shows the work-hardening
characteristics of alloy 1100 rolled at room temperature and at - 195°C
(- 320 OF). The gain in strength by working at - 195°C (-320 OF) is
about 40%, but is accompanied by a significant reduction in ductility.

Studies have shown that the yield strength of aluminum alloys increases
as strain rates increase. These effects are not large at room temperature;
rate changes of several orders of magnitude are required to produce an
appreciable increase in yield strength (Ref 1). At elevated temperatures,
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Fig. 5. Strain-hardening curves for annealed aluminum alloys plotted according
to the relation in Eq 1, and substituting yield strength for true stress. (Courtesy
of Aluminum Company of America)
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the relative increase in yield strength is much larger. This is illustrated
in Fig. 7, where the maximum shear stress in torsion is plotted against
strain rate for the aluminum-manganese alloy 3003 at various tempera
tures. Although the yield strength of aluminum increases as strain rates
increase, this should not be interpreted as a substantial, or necessarily
permanent, increase in strain hardening. Except for shock loading, the
effects are small and may be offset by recovery phenomena resulting from
the heat generated by rapid plastic deformation.
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Deformation at Elevated Temperature. The work-hardening char
acteristics of aluminum alloys at elevated temperatures vary both with
temperature and with strain rate (Ref 2). Figure 8 shows the strengths
achieved by rolling an AI-5% Mg alloy at various temperatures. Strain
hardening decreases progressively as rolling temperature increases, until
at 370°C (700 OF) and above no effective strain hardening occurs. These
results are similar to those observed in many commercial operations, al
though the exact strength-temperature relationship varies with the method
and amount of deformation, time at temperature, and other factors. Forg
ings, extrusions, and some tempers of plate are important product forms
that receive their final shaping at elevated temperatures.

The mechanism of plastic deformation of aluminum and some alumi
num alloys during elevated-temperature working has been extensively
studied (Ref 3 and 4). Strain hardening diminishes at elevated tempera
tures because softening, via thermally activated recovery, occurs rapidly
during and immediately succeeding deformation. Studies have shown that
such dynamic recovery results in the formation of a subgrain structure
thatis.similar_to_thestruetur~esultingJrmn.heating.a.previously .cold..
worked aluminum (Fig. 9b and 9c). Deformation at constant temperature
and strain rate (steady state) results in a subgrain size that is related to the
rate and temperature of working. The resistance to elevated-temperature
deformation is inversely related to the size of the subgrains that form.
Smaller subgrain sizes, and hence, greater elevated-temperature flow
stresses, result from lower working temperatures or faster deformation
rates (Ref 3).

Rapid cooling after elevated-temperature working may forestall re
crystallization and thereby preserve the previously formed subgrain struc
ture. When this occurs, the subsequent room temperature strength of the
hot worked aluminum is a function of subgrain size. Figure 10 illustrates
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Fig. 9. Transmission electron micrographs of Al-5% Mg alloy sheet cold rolled
75% and annealed for various times at 345°C (650 OF). (a) As-rolledt.tb) J min;
(c) 5 min; (d) J h. (2J.420X) .

this in terms of hardness for aluminum and some aluminum-magnesium
binary alloys. Subgrain, or substructure, hardening of this sort can add
an increment of strength in excess of that of the same alloy in a com
pletely recrystallized condition.

Physical and chemical properties of aluminum and its alloys are af
fected by strain hardening. Usually, however, the changes are small and
of academic interest only. In some instances, notably the resistance to
stress corrosion of certain alloys and alloy types (Chapter 7 in this Vol
ume), the effects of strain hardening are of commercial importance.

The effect of strain hardening on the electrical conductivity of alumi
num is small and generally less than that of alloy in solid solution or of
the heat treatments used for many aluminum alloys. The electrical con
ductivity of conductor-grade aluminum is decreased from a typical value
of 63% lACS in the annealed condition to 62.5% in the strain-hardened
H19 temper.

Density is also decreased slightly by cold working. This change may
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amount to 0.2% with severe cold working of aluminum (Ref 5). Little is
known about the density changes of various alloys through cold working.
The data in Table 2 show that the change in density of cold worked
aluminum-magnesium alloys is greater than that of unalloyed aluminum.
This suggests that magnesium increases the number of dislocations and
point defects produced by the cold working of aluminum.

The dislocations and point defects remaining after cold working in
crease the internal strain energy. This stored energy, which provides the
driving force for the structural changes that occur during annealing, can
be measured by calorimetric techniques. Measurements indicate that the
stored energy increases progressively with cold working and is about 13
or 16 kJ/kg-atom (3 or 4 cal/g-atom) for moderately to severely de
formed aluminum (Ref 6).

The elastic moduli of aluminum and its alloys are affected only slightly
by cold working. These slight changes result principally from variations
in texture and crystal anisotropy. As a result, elastic constants such as
shear modulus and modulus of elasticity have the same engineering value
in both annealed and cold worked tempers.

Anelastic properties, such as internal friction and damping, are influ
enced by strain hardening. Damping usually is greater in annealed alu
minum alloys than in strain-hardened alloys. Results vary, however, with
the conditions of testing and the applied stress. Where the applied stress
is large and mechanical hysteresis is observed, annealed alloys damp bet-
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Table 2. Densities of Cold Worked Aluminum-Magnesium Alloys

I
~ Annealed...,

Alloy g/cm3 Ib/ln.3

AI. 2.7011 0.97583
AI-I Mg 2.6883 0.97121
AI-2.4 Mg 2.6696 0.96445
AI-4.4 Mg 2.6450 0.95556

2.7006
2.6877
2.6687
2.6430

0.97565
0.97099
0.96413
0.95484

Change, %

-0.018
-0.022
-0.034
-0.076

Source: Courtesy of Aluminum Company of America.

ter than strain-hardened alloys. But when applied stresses are very small
and mechanical hysteresis is not a factor, strain hardening may increase
damping.

The effects of strain hardening on the chemical properties of aluminum
are usually quite small. Substantial effects can often be traced to sec
ondary reactions from the effects of strain hardening on the metallurgical
structure of the alloy. Aluminum alloys are expected to react with specific
environments at an increased rate, because of the greater strain energy
stored in the metals by deformation. But, evidence shows that cold work
has little effect on the corrosion resistance of most aluminum alloys in a
variety of exposure conditions.

In some special situations, the corrosion resistance of certain aluminum
alloys may be decreased by cold working (Chapter 7 in this Volume).
Cold working can cause residual tensile stresses and consequent stress
corrosion cracking of some heat treatable alloys exposed to corrosive en
vironments. Cold work also may induce or accelerate grain boundary pre
cipitation in the non-heat treatable aluminum-magnesium alloys; alloys
containing more than 4% magnesium may thereby become susceptible to
stress-corrosion cracking. Generally, only long aging at room temperature
or heating at elevated temperatures produces sufficient grain boundary
precipitation to induce susceptibility to stress-corrosion cracking. How
ever, in most commercial aluminum-magnesium alloys, the amount of
cold work is intentionally limited; special corrosion-resistant tempers are
recommended.

ANNEALING
The dislocation structure resulting from cold working of aluminum is

less stable than the strain-free, annealed state to which it tends to revert.
In zone-refined aluminum, this reversion may take place at room tem
perature. Lower purity aluminum and commercial aluminum alloys undergo
detectable structural changes only with annealing at elevated tempera
tures. Accompanying the structural reversion are changes in the various
properties affected by cold working. These changes occur in several stages,
according to temperature or time, and have led to the concept of different
annealing mechanisms or processes. The first of these, occurring at the
lowest temperatures and shortest times of annealing, is known as the re
covery process.

Recovery. Structural changes occurring during the early stages of the
recovery process usually cannot be detected by ordinary metallographic
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techniques. Evidence obtained by x-ray diffraction and with the trans-
mission electron microscope shows that during recovery, dislocations are
greatly reduced in number and often rearranged into a cellular subgrain
structure. Figure 9 shows this sequence of recovery in an AI-5% Mg
alloy. This process of recovery is sometimes referred to as polygoniza-
tion. With increasing time and temperature of heating, polygonization
becomes more nearly complete and the subgrain size gradually increases.
In this stage, many of the subgrains have boundaries that are completely
free of dislocation tangles.

The decrease in dislocation density caused by recovery-type annealing
produces a decrease in strength and other property changes. The effects
on the tensile properties of 1100 alloy are shown in Fig. 11. At temper
atures through about 230°C (450 OF), softening is accomplished by a
recovery mechanism. The process is characterized by an initial rapid de
crease in strength and a slow, asymptotic approach to a lower strength,
the higher the temperature. Other aluminum alloys behave similarly, al
though the response to recovery annealing varies with composition. The
aluminum-magnesium alloys show a particularly marked response.

Recovery annealing is also accompanied by changes in other properties
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Fig. 12. Age softening of strain-hardened AI-6% Mg sheet. (Courtesy of Alu
minum Company of America)

of cold worked aluminum. Electrical conductivity increases, while x-ray
line broadening, internal stresses, and stored energy decrease. The rela
tive change is not the same for each property. Generally, some property
change can be detected at temperatures as low as 93 to 120°C (200 to
250 OF). The change increases in magnitude with increasing temperature.
Complete recovery from the effects of cold working is obtained only with
recrystallization.

Strain-hardened aluminum-magnesium alloys are a special commercial
problem, because they tend to age soften at room temperature. Figure 12
shows this effect for an AI-6% Mg alloy. Age softening increases with
increasing cold work and magnesium content.

Electron micrographic studies of highly strained aluminum-magnesium
alloys reveal no change in dislocation density during age softening. Ap
parently, strain energy is released through the interaction and relaxa
tion of tangled dislocations without causing an obvious decrease in their
numbers.

Because age softening complicates the guaranteeing of minimum prop
erties for strain-hardened aluminum-magnesium alloys, industry prac
tice is to accelerate age softening and increase ductility by heating the
alloy briefly from 120 to 175°C (250 to 350 OF). The properties achieved
are quite stable. These strain-hardened tempers are identified by H3x
(Table 1).
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Recrystallization is characterized by the gradual formation and ap
pearance of a microscopically resolvable grain structure (Fig. 13). The
new structure is largely strain free, with few if any dislocations within
the grains and no concentrations at the grain boundaries. Recrystallization
occurs with longer times or higher heating temperatures than do the re
covery effects described in the preceding section, although some over
lapping of the two processes is usual. Metallographic studies indicate that
the recrystallized grains are formed by the growth of selected subgrains
in the deformed and recovered structure (Ref 7).

Recrystallization depends upon time and temperature (Ref 8). Times
for the beginning and end of recrystallization in 1100 sheet are shown in

Fig. 13. Polarized light micrographs showing the progress of recrystallization in 5182-H19
sheet annealed at 245°C (470 OF); (a) As-rolled; (b) after 1 hat 245°C (470 OF); (c) after
2 h; (d) after 3 h; (e) after 4 h; and if) after 7 h. Barkers etch, 120x. (Courtesy of B.A.
Riggs, Kaiser Aluminum & Chemical Corp.)
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Fig. 14. Time-temperature relations for the recrystallization of nOO-HIB sheet.
(Courtesy of Aluminum Company of America)

Fig. 14 as a function of annealing temperature. This relationship can be
expressed by a rate equation of the type:

1
- = ke-a/ T

t

where t is time, T is the absolute temperature, e is the base of natural
logarithms, and k and a are material-dependent variables unique to each
alloy and its condition. The term a may be replaced by Q/R, where R
is the gas constant and Q is an energy term, similar to an activation en
ergy. The magnitude of Q has been reported to be about 214 kl /mol for
commercially pure aluminum (Ref 9). Aluminum alloys generally show
good agreement with Eq 4, except when secondary reactions, such as the
solution or precipitation of intermetallic phases at annealing temperatures,
interfere.

The amount and temperature of working also affect recrystallization.
Generally, a greater amount of cold work reduces the time and the tem
perature for recrystallization. Information on the effects of working tem
peratures is not precise, but recrystallization becomes more difficult as
the working temperature is raised. Alloys worked at temperatures above
about 400 °C (750 OF) are usually very difficult to recrystallize.

Composition also influences the recrystallization process. This is par
ticularly true when various elements are added to extreme-purity alumi
num; almost any added impurity or alloying element in solid solution
raises the recrystallization temperature substantially. When the solubility
limit of the added element in aluminum is exceeded, however, the effects
on recrystallization can be complex. Dispersed phases in aluminum may
act to accelerate or retard the recrystallization process depending on
their size, interparticle spacing, and stability at the annealing temperature
(Ref 10).

Figure 15 illustrates the change in recrystallization behavior resulting
from increasing iron additions to high-purity aluminum. For the most di-
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lute alloys, all the iron is retained in solid solution, and a progressive
increase in the recrystallization temperature range occurs with increasing
iron. This trend is reversed as further iron additions exceed the solubility
limit, and a dispersed (FeAI3) phase appears in the matrix. Further iron
additions increase the volume fraction of the dispersed FeAl3 particles,
and a corresponding progressive reduction in the recrystallization tem
perature range is exhibited. The narrowing range of recrystallization tem
perature can be attributed to enhanced rates of nucleation resulting from
the increasing numbers of dispersed FeAl3 particles of 0.6 to 2.2 I-Lm
(0.02 to 0.09 mil) diameter (Ref 11).

A regime of particle size (::50.1 I-Lm or ::50.004 mil) and interparticle
spacing (::51.5 I-Lm or ::50.06 mil) exists, in which recrystallization can
be inhibited because the dislocation cell structure in the deformed metal
becomes anchored and stabilized by the particles (Ref 12). In extreme
cases, the recrystallization temperature can be raised to 500 °C (930 OF)
or higher (Ref 13). This situation may result in a generally larger re
crystallized grain size than usual. However, the ultrafine dispersions re
quired to achieve such high recrystallization temperatures do not normally
occur in aluminum alloys fabricated by conventional practices. Extraor
dinary processing, for example, an extremely fast ingot solidification rate,
is necessary to significantly raise recrystallization temperatures above the
340 to 410 °C (645 to 770 OF) range that is typical for commercial alu
minum alloys.

The grain size obtained by recrystallization is an important structural
feature and is subject to some measure of control. In a given alloy. one
of the most important variables affecting grain size is the amount of cold
work (Fig. 16). With small amounts of cold work, the grain size obtained
on recrystallization is relatively large. As cold work increases, the grain
size decreases asymptotically at a rate determined by composition, the
fabrication history of the metal, and annealing conditions. For a given
history and annealing condition, recrystallization does not occur below a
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Fig. 15. 1sochronal (I-h) recrystallization temperature versus iron content for
high-purity aluminum-iron alloys cold-rolled 6O%.(Ref 11)
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of Aluminum Company of America)

specific minimum strain. This critical strain produces the largest recrys
tallized grains under the specified heating conditions.

The rate of heating to the annealing temperature also has a considerable
effect on the grain size of aluminum alloys. Figure 16 shows that slow
heating produces a much larger grain size than rapid heating. The effects
of annealing temperature are also illustrated in Fig. 16. A higher an
nealing temperature decreases the critical strain at which recrystallization
occurs, but it does not significantly change the relationship between grain
size and the degree of deformation, or the heating rate.

Many hot worked alloy products, especially those from the higher strength
alloys, may resist recrystallization, even when subjected to solution heat
treating temperatures. However, large recrystallized grains may be found
at a shallow depth below the outer surfaces. One explanation for this is
that the working processes are such that deformation is more severe at
the outer surface than toward the center (Fig. 17). Thus, an effective
strain hardening gradient exists at the completion of working. This ef
fective strain hardening may straddle the critical strain required to pro
duce recrystallization under a given combination of time and temperature.
Holding at temperature after hot working or subsequent reheating can
produce recrystallization in the surface region that exceeds the critical
strain. Under such conditions, the recrystallized grains are very large.

Grain size is also strongly affected by composition. Generally, com
mon alloying elements and impurities such as copper, iron, magnesium,
and manganese decrease grain size. The effects of elements of limited
solubility, such as chromium, iron, and manganese, are influenced by the
compounds they form with each other and with other elements, and by
their distribution in the structure. Manganese is particularly notable in
this regard (Ref 14). The distribution of such solute elements is deter
mined by ingot casting conditions, by ingot preheating (Chapter 5 in this
Volume), and by other fabricating variables. These operations are con-
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trolled commercially to produce a distribution favorable to the formation
of a fine grain size.

The recrystallized grain shape in wrought aluminum alloys varies con
siderably, from nearly equiaxial in commercially pure or low alloyed ma
terials, to very elongated or flattened in highly alloyed materials. The
grain shape is influenced mainly by elements such as manganese, chro
mium, and zirconium. These elements are inhomogeneously distributed
in the original cast material and form very fine precipitate (dispersoid)
particles, generally in the order of 0.1 J.Lm (0.004 mil), or less. The wrought
structure consists of alternating bands or layers of dense or sparse dis
persoid. Recrystallizing grains tend to have their growth obstructed by
such bands and, therefore, produce the elongated grain shape common to
most higher strength alloys.

Recrystallization produces further changes in the properties of the de
formed and recovered metal. These continue until annealing and recrys
tallization are complete. The properties then are those of the original,
unstrained metal, except as they are changed by differences in grain size
and preferred orientation. In heat treatable alloys, annealing also may be
accompanied by precipitation and changes in solute concentration (Chap
ter 5 in this Volume).

Tensile property changes during isothermal annealing are illustrated in
Fig. 11, and the time for the beginning of recrystallization is indicated.
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Fig. 17. Partial recrystallization because of hot working. (Courtesy ofP.R. Sperry)
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Fig. 18. Annealing curves for IIOO-HI8 sheet. (Courtesy ofAluminum Company
of America)

The relationship between recrystallization and softening is better shown
in the isochronal plots of Fig. 18. Here, recrystallization changes the slope
of the softening curve and increases the annealing rate. The annealing
rate increases approximately exponentially as temperature increases. An
nealing occurs at lower temperatures with greater amounts of prior cold
work. Recrystallization is also accompanied by a further decrease in stored
energy, as measured calorimetrically (Ref 6), as well as by complete
elimination of residual stresses.

Grain Growth After Recrystallization. Heating after recrystallization
may produce grain coarsening, which can take one of several forms. The
grain size may increase by a gradual and uniform coarsening of the mi
crostructure, usually identified as normal grain growth. The process pro
ceeds by the gradual elimination of small grains with unfavorable shapes
or orientations relative to their immediate neighbors. This occurs readily
in high-purity aluminum and its solid solution alloys and can lead to rel
atively large average grain sizes. Such grain growth is promoted by small
recrystallized grains, high temperatures, and extensive heating. Some grain
coarsening of this type also occurs in commercial aluminum alloys, but
is greatly restricted by finely divided impurity phases and by intermetallic
compounds of elements, such as manganese and chromium, that slow
down the process, pin the grain boundaries, and prevent further move
ment. Figure 19 shows grain growth in recrystallized 1100 aluminum.
Some grain growth does occur in very fine-grained sheet, but not to any
appreciable extent in sheet with initial grain counts of 200 to 700 grains
per square millimeter. Grain counts of this magnitude are typical of most
commercially produced 1100-0 alloy sheet.

Aluminum alloys subject to some form of pinning or growth restraint
occasionally undergo a different kind of grain growth. This exaggerated
grain growth, or secondary recrystallization, proceeds by the growth of
a very few grains in recrystallized metals. Generally, these grains grow
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only at very high temperatures and may attain diameters of several mil
limeters. Apparently, the normal growth-inhibiting effects of elements
such as iron, manganese, and chromium are lost or modified at high tem
peratures, through solution, or through changes in particle size and shape
(Ref 15). Because of the high temperatures, the few grains that first lose
or overcome these restraints grow rapidly and consume other potential
growth centers, and in this manner, a few grains of very large size are
formed. In most alloys, high temperatures alone are not the only cause
for giant grains. Small primary grain size and well-developed annealing
texture are other factors that promote this form of grain growth.

CRYSTALLOGRAPHIC TEXTURE

Rolling Texture. Cast aluminum tends to have a random distribution
of grain orientations, except where columnar grains are formed. The ran
dom character of the cast structure is rapidly lost during hot or cold work
ing and is replaced by crystallographic textures in which considerable
numbers of the deformed grains assume, or approach, certain orienta
tions. Such textures occur because deformation, or slip, in aluminum is
confined to certain crystallographic planes and directions. At room tem
perature, slip occurs on the {Ill} planes in the (110) directions (Ref 16).
Deformation on sets of such planes produces a gradual crystallographic
alignment (rotation) of deformed grains into specific orientations with
respect to the surface of the workpiece and the direction of working.

The crystallographic texture of sheet can be accurately described by
means of x-ray pole figures that are stereographic projections of poles of
the {Ill} slip planes (Ref 16). Figure 20 illustrates such pole figures ob
tained on two heavily cold rolled aluminum sheet alloys. The relative
number of poles is indicated by the shading, which gives the concentra
tions in terms of R, the number of poles to be expected in an ideal metal
sample of random grain orientation (Ref 17).

The final textures achieved with large amounts of deformation vary
with the nature of the working process, with the changes in shape of
the workpiece and, to a lesser extent, with the composition of the alloy.
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Fig. 20 {111} pole figures showing rolling textures in 3003·H19 and 5052·H19
sheet. Densities ofpoles are in multiples of random concentration, R. (Courtesy
of Aluminum Company of America)

In rolled sheet, the deformation texture (Fig. 20) may be described as
a mixture of the three ideal textures (110)[112], (112)[111], and
(123)[121]. A practical consequence of the textures developed by various
working practices is the production of some directionality in properties.
Generally, this directionality is much less than that observed in hexagonal
metals and in some other cubic metals. The principal problem associated
with directionality in aluminum alloys is the formation of ears during deep
drawing of sheet (Fig. 21). The height and location of the ears on the
drawn article vary with the texture of the sheet. In sheet with rolling
texture, four ears are located 45° to the rolling direction. The height of
the ears increases roughly in proportion to the strength and intensity of
the rolling texture.

Recrystallization Texture. When new grains are formed by recrys
tallization, * they frequently develop in orientations that differ from the
principal components of the deformation texture. This reorientation has
been extensively studied in rolled sheet and varies considerably with the
fabrication history and the composition of the alloy. There is a strong
tendency for the new grains to form with a cube plane {IOO} parallel to
the surface of the sheet and a cube edge parallel to the rolling direction.
In contrast to rolling texture, which produces 45° earing during deep
drawing, this (100)[001] (cube) texture produces four ears at the 0° and
90° position around the drawn cup (Fig. 21). The height of the ears in
creases with the percentage of cubically aligned grains.

Another component of some annealing textures is one near {I23}(21I).
This appears in cold rolling textures as well, which suggests that recrys
tallized grains of this orientation may grow from polygonized substruc-

*The recovery process is not accompanied by any significant change in preferred orien
tation or texture of the deformed metal.
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tures of the same orientation in deformed metal. Furthermore, a (111)
direction of the four components of the texture near (123)[121] closely
approaches a (111) direction of the cube texture. A rotation of approxi
mately 40° around (111) is sufficient to superimpose these components
of the rolling and recrystallization textures. This has been interpreted as
evidence of the selective growth of grains of the cube component into the
related component of the deformation texture.

Although ideal orientations, such as (100)[001], are useful in describ
ing the principal components of recrystallization texture, a considerable
spread in orientations around the pole positions for this and other textures
encountered in deformed and recrystallized metals exists. The series of
pole figures in Fig. 22 show the spread of orientations that can be en
countered in cold worked and in annealed 1100 aluminum. These pole
figures also show changes in texture encountered during the progress of
recrystallization. Generally, the first component of the rolling texture to
disappear is the (110)[112] orientation. This cannot be related to the
(100)[001] or (123)[121] components of the recrystallization texture through
rotations of the type described previously; however, rotations of 30 to 40°
around (110)[112] can produce a (235)[231] texture, which accounts for
some of the observed changes during annealing.

From a practical standpoint, it is usually desirable that preferred ori
entation be at a low level, because there is a lower probability of direc
tional properties. This is especially important in the deep drawing of sheet
into cylindrical shapes, where minimal earing is frequently necessary.
Practical controls over earing are exercised through manipulation of the
primary fabricating and annealing schedules. Deep drawing conditions
also influence earing (Ref 18).

Fig. 21. Drawn aluminum cups (57% reduction) showing (a) 90° earing; (b) 45°
earing; (c) mixed 90° and 45° earing; and (d) no earing; with respect to rolling
direction. (Courtesy of WW Berkey of the Reynolds Metals Co.)
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Fig. 22. {ill} pole figures for cold rolled 1100 sheet, showing change in pre
ferred orientations on annealing at 290°C (550 OF). Recrystallization is started
after 15 min, is partially complete after 40 min, and is complete after 70 min.
(a) Cold rolled 95%. (b) Annealed 15 min at 290 °C (550 OF). (c) Annealed 40
min at 290 °C (550 OF). (d) Annealed 70 min at 290°C (550 OF). In the pole
figure, the rolling direction is parallel to the vertical dimension of the figure.
(Courtesy of Aluminum Company of America)

SURFACE EFFECTS OF DEFORMATION
Loder Lines. During the stretching or forming of some aluminum al

loys, two distinctive types of surface markings, or Luder lines, may oc
cur. The first, or type A Luders (Ref 19), is shown in Fig. 23. Sometimes
called stretcher strains, this type of Liider lines is associated with the
yielding and yield point elongation of annealed or heat treated solid so
lution alloys, such as aluminum-magnesium. This type of Liider line is
very similar to that observed in some types of sheet steel and is generally
associated with stretch-forming operations. Although there is no impair
ment of properties in parts with Luders markings, the markings may prove
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esthetically objectionable. For this reason, special tempers (HI IX) are
produced that preclude the formation of type A Liiders during forming.
Forming at temperatures above about 150°C (300 OF) also prevents Liider
lines in alloys susceptible to this phenomenon.

The second, or type B, Liider line formation is sometimes called the
Portevin-LeChatelier phenomenon. It is observed during the stretching of
sheet beyond the yield point. In contrast to type A Liiders, type B Liider
lines can occur in the strain-hardened as well as annealed tempers of some
alloys. These Liider lines appear as diagonal bands oriented approxi
mately 50° to the tension axis. The bands form along the axis during
stretching and increase in number as stretching progresses. On a stress
strain curve, the nonuniform deformation associated with these bands ap
pears as a series of steps or serrations that continue until necking of the
specimen. Failure is usually through a Liider band. This type of Liider
band is rarely observed in commercial forming operations but may be
encountered in strain-hardened sheet or plate stretched to produce flat
ness. Aluminum-magnesium alloy sheet is especially susceptible to Liider
line formation, which increases in severity with increasing solute content.
Heat treatable aluminum alloys are also susceptible to Liider-line for
mation, but usually only in the freshly quenched condition.

Fig. 23. Liaier lines in aluminum-magnesium alloy sheet, 8x. (Courtesy ofAlu
minum Company of America)



130/PROPERTIES AND PHYSICAL METALLURGY

Fig. 24. Orange peel surface on a drawn and expanded aluminum alloy shell
(129% reduction). (Courtesy ofJ.T. Hobbs of the Aluminum Company ofAmerica)

Orange Peel. Aluminum products formed by stretching, bending, or
drawing sometimes develop a roughened, orange peel surface (Fig. 24).
This roughness is related to the grain size at the surface of the product.
A fine grain size produces little or no roughening; a coarse grain size
produces surface roughening and the orange peel condition. Orange peel
is produced because grains at a free surface are not constrained to deform
as do those in the interior, but may deform more freely, according to
basic crystallographic slip mechanisms. These mechanisms produce vary
ing amounts of deformation, depending on the orientation of the grain in
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relation to its neighbors and to the imposed strains. Nonuniform defor
mation from grain to grain produces the rough, orange peel condition.

The grain size that produces visible orange peel varies with the product,
the amount of deformation, and the structure of the alloy. Sometimes,
clusters of small grains with about the same orientation deform, as do
coarse-grained metals, and produce a similar orange peel condition. Coarse
surface grains with little depth or thickness produce less orange peel than
similar grains of greater thickness. Hot worked products usually show
less orange peel than cold worked products.

Looper Lines. Looper-line formation, or roping, is another form of
surface roughening sometimes encountered during the deep drawing of
aluminum sheet. The name derives from the characteristic form of this
roughening on drawn shapes, such as that shown in Fig. 25.

Looper lines are a form of nonuniform deformation that results from
irregularities in the structure of the metal. One of the most common causes

Fig. 25. Deep drawn aluminum sheet showing looper lines (roping) (127%
reduction).
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of looper lines in strain-hardened sheet is a striated grain structure. These
structures usually have their origin in coarse grains formed during hot
rolling or intermediate annealing and drawn out into fibers during temper
rolling. These same fibers can produce looper lines in annealed sheet if
they fail to recrystallize, or if they recrystallize to a fine grain structure
in which the grains originating from a given fiber have approximately the
same orientations and tend to deform as a single fibrous grain. The term
"ghost grains" is sometimes applied to structures containing such colonies
of fine grains outlining portions of an earlier, larger grain structure.

Looper lines may also form because of segregated constituent or solute.
Coarse dendritic segregation that persists through ingot preheating and
reheating can produce a striated structure and looper lines. The principal
elements producing such segregation and structural conditions are chro
mium, iron, and manganese. This results from their limited solubility in
aluminum and their slow diffusion rates, which make homogenization
difficult.

Commercially, looper lines are only an occasional problem. They are
controlled through ingot casting, homogenization, and fabricating prac
tices selected to minimize segregation and to prevent formation of coarse
grains.

Residual Stresses. One of the consequences of cold working is the
establishment of a pattern of macroscopic residual stresses that can be
relieved through annealing.
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CHAPTER 5

METALLURGY OF HEAT
TREATMENT AND GENERAL
PRINCIPLES OF PRECIPITATION
HARDENING*

The heat treatable alloys contain amounts of soluble alloying elements
that exceed the equilibrium solid solubility limit at room and moderately
higher temperatures. The amount present may be less or more than the
maximum that is soluble at the eutectic temperature. Figure 1, which
shows a portion of the aluminum-copper equilibrium diagram, illustrates
these two conditions and the fundamental solution-precipitation relation
ships involved. Two alloys containing 4.5 and 6.3% copper are repre
sented by the vertical dashed lines (a) and (b). The solubility relationships
and heat treating behavior of these compositions approximate those of
commercial alloys 2025 and 2219, and the principles apply to the other
heat treatable alloys.

The diagram in Fig. 1 shows that, regardless of the initial structure,
holding the 4.5% copper alloy at 515 to 550 °C (960 to 1020 OF) until
equilibrium is attained causes the copper to go completely into solid so
lution. This operation is generally known as "solution heat treating." If
the temperature is then reduced to below 515 °C (960 OF), the solid so
lution becomes supersaturated, and there is a tendency for the excess sol
ute over the amount actually soluble at the lower temperature to precip
itate. The driving force for precipitation increases with the degree of
supersaturation and, consequently, with decreasing temperature; the rate
also depends on atom mobility, which is reduced as temperature de
creases. Although the solution-precipitation reaction is fundamentally re
versible with temperature change, in many alloys transition structures
form during precipitation but not during solution. Mechanical and phys
ical properties depend not only on whether the solute is in or out of so
lution but also on specific atomic arrangements, as well as on size and
dispersion of any precipitated phases.

Referring again to Fig. 1, the alloy with 6.3% copper, which exceeds
the maximum content soluble at the eutectic temperature, consists of a
solid solution plus additional undissolved CuAl2 when heated to slightly
below the eutectic temperature. The solid solution has a higher copper
concentration than that of the 4.5% copper alloy if the temperature ex
ceeds 515 °C (960 OF). The increased copper in solid solution provides
greater driving force for precipitation at lower temperatures and increases
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Fig. 1. Partial equilibrium diagram for aluminum-copper alloys. with temper
ature ranges for heat treating operations.

the magnitude of property changes that may occur. The CuAl2 that is not
dissolved at the high temperature, while remaining essentially unaltered
through heating and cooling, perceptibly raises the overall strength level.

Although the simple aluminum-copper binary phase diagram is con
venient for illustrating principles, the presence of an impurity or other
alloying element alters the real values of solid solubility limits and the
equilibrium or nonequilibrium solidus temperatures. Familiarity with ter
nary and more complex phase diagrams is essential for a deeper under
standing of heat treatment phenomena. The additional degrees of freedom
resulting from each component added to a binary system produce phase
compositions and transition temperatures that cannot be depicted readily
by the two-dimensional binary diagram.

The solid solution formed at a high temperature may be retained in a
supersaturated state by cooling with sufficient rapidity to minimize pre
cipitation of the solute atoms as coarse, incoherent particles. Controlled
precipitation of fine particles at room or elevated temperatures after the
quenching operation is used to develop the mechanical properties of the
heat treated alloys.

Most alloys exhibit property changes at room temperature after quench
ing. This is called "natural aging" and may start immediately after
quenching, or after an incubation period. The rates vary from one alloy
to another over a wide range, so that the approach to a stable condition
may require only a few days or several years. Precipitation can be ac
celerated in these alloys, and their strengths further increased, by heating
above room temperature; this operation is referred to as "artificial aging"
or "precipitation heat treating."

Alloys with slow precipitation reactions at room temperature must be
precipitation heat treated to attain the high strengths of which they are
capable. In certain alloys, considerable additional increase in strength can
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be obtained by imposing controlled amounts of cold work on the product
after quenching. A portion of the increase in strength obtained by this
practice is attributed to strain hardening, but when cold working is fol
lowed by precipitation heat treating, the precipitation effects are greatly
accentuated. As is apparent from the descriptions of the Aluminum As
sociation temper designations applicable to heat treatable alloys below,
other combinations and sequences of cold working and precipitation heat
treatments are used; these are discussed subsequently in more detail. The
basic temper designations are as follows:

F As fabricated: Applies to the products of shaping processes in which no special con
trol over thermal conditions or strain-hardening is used. For wrought products, there
are no mechanical property limits

o Annealed: Applies to wrought products that are annealed to obtain the lowest strength
temper and to cast products that are annealed to improve ductility and dimensional
stability. The °may be followed by a digit other than zero

W Solution heat treated: An unstable temper applicable only to alloys which sponta
neously age at room temperature after solution heat treatment. This designation is
specific only when the period of natural aging is indicated; for example: W 112h

T Thermally treated to produce stable tempers other than F, 0, or H: Applies to
products which are thermally treated, with or without supplementary strain hardening,
to produce stable tempers

The T is always followed by one or more digits. A period of natural aging
at room temperature may occur between or after the operations listed for
the T tempers. Control of this period is exercised when it is metallurgi
cally important. Numerals 1 through 10 indicate specific sequences of
treatments:

Tl Cooled from an elevated-temperature shaping process and naturally aged to a
substantially stable condition: Applies to products that are not cold worked after
cooling from an elevated-temperature shaping process, or in which the effect of cold
work in flattening or straightening may not be recognized in mechanical property
limits

T2 Cooled from an elevated-temperature shaping process, cold worked, and nat
urally aged to a substantially stable condition: Applies to products that are cold
worked to improve strength after cooling from an elevated-temperature shaping pro
cess, or in which the effect of cold work in flattening or straightening is recognized
in mechanical property limits

T3 Solution heat treated, cold worked, and naturally aged to a substantially stable
condition: Applies to products that are cold worked to improve strength after so
lution heat treatment, or in which the effect of cold work in flattening or straight
ening is recognized in mechanical property limits

T4 Solution heat treated and naturally aged to a substantially stable condition:
Applies to products that are not cold worked after solution heat treatment, or in
which the effect of cold work in flattening or straightening may not be recognized
in mechanical property limits

TS Cooled from an elevated-temperature shaping process and then artificially aged:
Applies to products that are not cold worked after cooling from an elevated-tem
perature shaping process, or in which the effect of cold work in flattening or straight
ening may not be recognized in mechanical property limits
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T6 Solution heat treated and then artificially aged: Applies to products that are not
cold worked after solution heat treatment, or in which the effect of cold work in
flattening or straightening may not be recognized in mechanical property limits

T7 Solution heat treated and stabilized: Applies to products that are stabilized after
solution heat treatment to carry them beyond the point of maximum strength to pro
vide control of some special characteristic

T8 Solution heat treated, cold worked, and then artificially aged: Applies to prod
ucts that are cold worked to improve strength, or in which the effect of cold work
in flattening or straightening is recognized in mechanical property limits

T9 Solution heat treated, artificially aged, and then cold worked: Applies to prod
ucts that are cold worked to improve strength

TI0 Cooled from an elevated-temperature shaping process, cold worked, and then
artificially aged: Applies to products that are cold worked to improve strength, or
in which the effect of cold work in flattening or straightening is recognized in me
chanical property limits

Solution heat treatment is achieved by heating cast or wrought products
to a suitable temperature, holding at that temperature long enough to al
low constituents to enter into solid solution, and cooling rapidly enough
to hold the constituents in solution. Some 6000 series alloys attain the
same specified mechanical properties whether furnace solution heat treated
or cooled from an elevated-temperature shaping process at a rate rapid
enough to hold constituents in solution. In such cases the temper desig
nations T3, T4, T6, T7, T8, and T9 are used to apply to either process
and are appropriate designations.

The following designations involving additional digits are assigned to
stress-relieved tempers of wrought products:

T-51 Stress relieved by stretching: Applies to the following products when stretched
the indicated amounts after solution heat treatment or cooling from an elevated
temperature shaping process:
Plate 11/ 2 to 3% permanent set
Rod, bar, shapes,

extruded tube 1 to 3% permanent set
Drawn tube 112 to 3%

Applies directly to plate and rolled or cold finished rod and bar. These products
receive no further straightening after stretching

Applies to extruded rod, bar, shapes, and tube and to drawn tube when designated
as follows:
T-510: Products that receive no further straightening after stretching

T-511: Products that may receive minor straightening after stretching to comply
with standard tolerances

T-52 Stress-relieved by compressing: Applies to products that are stress-relieved by
compressing after solution heat treatment or cooling from an elevated-temperature
shaping process to produce a permanent set of I to 5%

T-54 Stress-relieved by combined stretching and compressing: Applies to die forg
ings that are stress relieved by restriking cold in the finish die

The same digits (51, 52, 54) may be added to the designation W to
indicate unstable solution heat treated and stress-relieved tempers. The
following temper designations have been assigned for wrought products
heat treated from 0 or F temper to demonstrate response to heat treatment:
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T42 Solution heat treated from the 0 or F temper to demonstrate response to heat
treatment, and naturally aged to a substantially stable condition

T62 Solution heat treated from the 0 or F temper to demonstrate response to heat
treatment, and artificially aged

Temper designations T42 and T62 may also be applied to wrought
products heat treated from any temper by the user when such heat treat
ment results in the mechanical properties applicable to these tempers.

The increases in strength of the alloys that exhibit natural aging either
continue indefinitely at room temperature or stabilize. Aging at elevated
temperatures is characterized by a different behavior in which strength
and hardness increase to a maximum and subsequently decrease. The soft
ening effects, observed as more complete precipitation, occur during ex
tended aging at elevated temperatures and are referred to as "overaging."
They are as significant as the strengthening effects associated with the
preceding stages of precipitation. Softening results from changes in both
the type and size of precipitated particles and from dilution of the solid
solution. The softest, lowest strength condition of the heat treatable alloys
is obtained by annealing treatments that precipitate the maximum amount
of solute as relatively large, widely spaced, incoherent particles.

Alloy hardening and softening attributable to precipitation are illus
trated by the isothermal aging curves in Fig. 2. These curves show typical
effects of time and temperature that are basic to the heat treating process
and influence the selection of conditions to achieve various mechanical
properties. Some of the important features illustrated are:

• Hardening can be greatly retarded or suppressed indefinitely by low
ering the temperature

• The rates of hardening and subsequent softening increase with increas
ing temperature

• Over the temperature range in which a maximum strength can be ob
served, the level of the maximum generally decreases with increasing
temperature
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Fig. 2. Representative isothermal aging curves for alloy 2014-T4.
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• At sufficiently high temperatures no hardening is observed, and pre
cipitation causes an initial and continued softening

In selecting combinations of time and temperature for commercial pro
cessing to achieve maximum strength and hardness, the features given
above are considered, together with certain limitations imposed by eco
nomic factors. Adequate control favors avoiding short-time, high
temperature combinations, which are on steeply sloping portions of the
aging curves, and leads to a preference for temperatures that provide a
broad maximum. The variations in aging behavior shown in Fig. 2 can
now be related to Fig. 1, which indicates the temperature ranges for the
different basic heat treating operations. Thus, the temperature range for
annealing produces effects of the type illustrated by the 345°C (650 OF)
curve in Fig. 2, whereas the range for precipitation heat treating is as
sociated with aging characteristics of the type shown by the curves for
150 to 260°C (300 to 500 OF).

NATURE OF PRECIPITATES AND SOURCES OF HARDENING
Intensive research over many decades has resulted in a progressive ac

cumulation of knowledge concerning the atomic and crystallographic
structural changes that occur in supersaturated solid solutions during pre
cipitation and the mechanisms through which the structures form and alter
alloy properties. In most precipitation-hardenable systems, a complex se
quence of time- and temperature-dependent changes is involved. At rel
atively low temperatures and during initial periods of artificial aging at
moderately elevated temperatures, the principal change is a redistribution
of solute atoms within the solid-solution lattice to form clusters or GP
(Guinier-Preston) zones that are considerably enriched in solute. This lo
cal segregation of solute atoms produces a distortion of the lattice planes,
both within the zones and extending for several atom layers into the ma
trix. With an increase in the number or density of zones, the degree of
disturbance of the regularity and periodicity of the lattice increases. The
strengthening effect of the zones results from the additional interference
with the motion of dislocations when they cut the GP zones. This may
be because of chemical strengthening (the production of a new particle
matrix interface) and the increase in stress required to move a dislocation
through a region distorted by coherency stresses. The progressive strength
increase with natural aging time has been attributed to an increase in the
size of the GP zones in some systems and to an increase in their number
in others.

In most systems, as aging temperatures or time are increased, the zones
are either converted into or replaced by particles having a crystal structure
distinct from that of the solid solution and also different from the structure
of the equilibrium phase. These are referred to as transition precipitates.
In most alloys, they have specific crystallographic orientation relation
ships with the solid solution, such that the two phases remain coherent
on certain planes by adaptation of the matrix through local elastic strain.
The strengthening effects of these semicoherent transition structures are
related to the impedance to dislocation motion provided by the presence
of lattice strains and precipitate particles. Strength continues to increase
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as the size of these precipitates increases, as long as the dislocations con
tinue to cut the precipitates.

Further progress of the precipitation reaction produces growth of tran
sition phase particles, with an accompanying increase in coherency strains,
until the strength of the interfacial bond is exceeded and coherency dis
appears. This frequently coincides with a change in the structure of the
precipitate from transition to equilibrium form. With the loss of coher
ency strain, strengthening effects are caused by the stress required to cause
dislocations to loop around rather than cut the precipitates. Strength pro
gressively decreases with growth of equilibrium phase particles and an
increase in interparticle spacing.

Kinetics of Solution and Precipitation. The relative rates at which
solution and precipitation reactions occur with different solutes depend
on the respective diffusion rates, in addition to solubilities and alloying
contents. Bulk diffusion coefficients for several of the commercially im
portant alloying elements in aluminum were determined by various ex
perimental methods, including activation and electron microprobe anal
yses. A summary of these data, including those for self-diffusion, is shown
in Fig. 3. Copper, magnesium, silicon, and zinc, which are the principal
solutes involved in precipitation-hardening reactions, have relatively high
rates of diffusion in aluminum.
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Vacancies. Considerable experimental evidence accumulated during the
past 20 years strongly indicates that significant numbers of the lattice
positions in most crystalline solids are not occupied by atoms. These va
cant lattice sites are called "vacancies" (Ref 1). Diffusion of the substi
tutional solid-solution-forming elements, as well as self-diffusion, is be
lieved to occur primarily by a vacancy exchange mechanism. Vacancies
have a particularly significant role in the formation of GP zones. In order
to explain the rates of zone formation that are observed at relatively low
temperatures, diffusion rates several orders of magnitude greater than those
obtained by extrapolating rates measured at higher temperatures are re
quired (Ref 2). Precise measurements of electrical resistivities and rela
tive changes in density and lattice conditions with temperature have been
used to ascertain an equilibrium concentration of vacancies in aluminum
that varies with temperature, approximately as illustrated in Fig. 4.

The increased low-temperature solute mobility required to account for
the high rates of zone formation was explained by a vacancy-assisted
diffusion mechanism, made possible by the retention of a nonequilibrium
high vacancy concentration at the low temperature (Ref 3). In addition
to this fundamental role of vacancies, several specific interactions be
tween vacancies and various solute atoms influence aging kinetics and
make the effects of trace elements important. Magnesium appears to play
a special role in this process. Because of its large atomic diameter, mag
nesium-vacancy complexes are readily formed and make retention of ex
cess vacancies during quenching easier. The availability of these vacan
cies has a marked effect on precipitationkinetics and strengtheningpotential.

Nucleation. The formation of zones can occur in an essentially con
tinuous crystal lattice by a process of homogeneous nucleation. Several
investigations provide evidence that critical vacancy concentration is re
quired for this process and that a nucleation model involving vacancy
solute atom clusters is consistent with certain effects of solution temper
ature and quenching rate (Ref 4-10).
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The nucleation of a new phase is greatly influenced by discontinuities
in the lattice such as grain boundaries, subgrain boundaries, dislocations,
and interphase boundaries. Because these sites are locations of greater
disorder and higher energy than the solid-solution matrix, they nucleate
either transition or equilibrium precipitates. The solute that precipitates
in this uncontrolled manner during the quench is unavailable for subse
quent precipitation either at room or elevated temperatures, so precipi
tation during the quench can affect the development of properties. The
effect on strength of precipitating during the quench onto grain bounda
ries, subgrain boundaries, and scattered particles on the order of 0.5 urn
(0.02 mil) or larger is generally negligible. The effects of precipitating
onto the fine dispersoid particles «0.1 urn or <0.004 mil) formed by
high temperature precipitation at an earlier stage in the processing, how
ever, can be large when the rate of cooling is not rapid enough. Figure
5 illustrates precipitate formed on one such particle with an accompanying
deficiency of precipitate adjacent to the particle. This phenomenon of a

Fig. 5. Transmission electron micrograph of75-mm (3-in.) thick 7039-T63 plate.
Note the precipitate on the dispersoids and the resultant precipitate-free-zone
surrounding each dispersoid particle.
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precipitate-free zone (PFZ) after slow quenching and aging is attributed
to the depletion of solute atoms near the particles and to the scarcity of
nucleation sites caused by the migration of vacancies to the particle-ma-
trix boundaries during the quench.

Although precipitates at grain boundaries do not have a large effect on
attainable strength, they can have a harmful effect on the corrosion re
sistance of the material and increase the tendency toward intergranular
fracturing. Grain boundary precipitation is frequently accompanied by the
development of precipitate-free zones similar to those seen adjacent to
dispersoid particles. Electrochemical potential relations between inter
granular precipitate particles, precipitate-depleted or GP zone-depleted
layers, and grain interiors are fundamental to the electrochemical theory
of intergranular stress-corrosion cracking.

Investigations of precipitated structures by transmission electron mi
croscopy have demonstrated that dislocations formed by condensation of
vacancies or by introduction of plastic strain are also very active nuclea
tion sites for precipitation (Ref 11). Variations in dislocation density re
sulting from different quenching rates, as well as the degree of vacancy
and solute retention achieved during the quench, are factors in determin
ing the effects of quenching rates on strengthening. The introduction of
dislocations by cold working after quenching accelerates precipitation in
2XXX alloys and increases the strength developed during artificial aging.
In other alloys, the effects of cold working are either negligible or det
rimental, as subsequently discussed in this chapter.

PRECIPITATION IN SPECIFIC ALLOY SYSTEMS
Several commercially important aluminum alloy systems have been

subjected to careful investigation of the structures existing at various stages
of the precipitation process, and these are briefly described below.

Aluminum-Copper. In these alloys, the hardening observed at room
temperature is attributed to localizedconcentrations of copper atoms forming
Guinier-Preston zones, designated GP (1). These consist of two-dimen
sional copper-rich regions of disk-like shape, oriented parallel to {loo}
planes, The diameter of the zones is estimated to be 3 to 5 nm (30 to 50
A) and does not change with aging time at room temperature. The num
ber, however, increases with time, until in the fully aged condition, the
average distance between zones is about 100 nm (1000 A).

At temperatures of 100°C (212 OF) and higher, the GP (1) zones dis
appear and are replaced by a structure designated GP (2) or e" which,
although only a few atom layers in thickness, is considered to be three
dimensional and to have an ordered atomic arrangement. The transition
phase, e', having the same composition as the stable phase and exhibiting
coherency with the solid solution lattice, forms after GP (2), but coexists
with it over a range of time and temperature. The final stage in the se
quence is the transformation of e' into noncoherent equilibrium e (CuAI2) .

The structure sequence in aluminum-copper alloys may be diagrammed:

ss - op (1) -op (2) - 6' - 6" Eq 1

The correlation of these structures with hardness is illustrated in Fig.
6 for a 4% copper alloy aged at two temperatures. At some temperatures,
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for example 130°C (265 OF), the initial hardening from formation of GP
(1) is distinguishable from a second stage attributable to GP (2). Maxi
mum hardness and strength occur when the amount of GP (2) is essen
tially at a maximum, although some contribution may also be provided
by 8'. As the amount of 8' increases, particle growth eventually decreases
the coherency strains. This loss in coherency, together with the simul
taneous decrease in GP (2), causes overaging. When the noncoherent 8
appears, the alloy is softened far beyond the maximum-strength condition.

Aluminum-Copper-Magnesium Alloys. Additions of magnesium to
aluminum-copper alloys accelerate and intensify natural age hardening.
These were the first heat treatable high-strength aluminum alloys, and
they have continued through the years to be among the most popular and
useful. Despite their early origin and large-volume production, details of
the precipitation mechanisms and structures of aluminum-copper-mag
nesium alloys are less well developed than for aluminum-copper alloys.
Although evidence is strong for the formation of zones during natural
aging, it has not been possible to ascertain their form or size. They are
believed to consist of groups of magnesium and copper atoms that collect
on {11O} matrix planes. The apparent acceleration of this process by the
addition of magnesium may result from complex interactions between
vacancies and the two solutes. Some preparatory pairing of copper and
magnesium atoms also has been suggested, and the pairing may contrib
ute to hardening by a mechanism of dislocation pinning.

Aging of 2024-T4 alloy at elevated temperatures produces the transition
phase S' (AI2CuMg), which is coherent on {021} matrix planes, whereas
overaging is associated with formation of the equilibrium S phase
(AI2CuMg) and loss of coherency. The precipitation structure sequence
may be represented as follows:

SS -> GP -> 5' (AI2CuMg) -> 5 (AI2CuMg) Eq2
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Small additions of magnesium significantly strengthen aluminum-
copper alloys even though no evidence of S' has been detected after pre-
cipitation heat treatments.

Aluminum-Magnesium-Silicon Alloys. Appreciable strengthening in
these alloys occurs over an extended period at room temperature. This
strengthening probably entails the formation of zones, although they have
not been positively detected in the naturally aged state. Short aging times
at temperatures up to 200°C (390 OF) produce x-ray and electron dif
fraction effects indicating the presence of very fine, needle-shaped zones
oriented in the (001) direction of the matrix. Electron microscopy indi
cated the zones to be approximately 6 nm (60 A) in diameter and 20 to
100 nm (200 to 1000 A) in length. Another investigation indicates that
the zones are initially of spherical shape and convert to needlelike forms
near the maximum strength inflections of the aging curves. Further aging
causes apparent three-dimensional growth of the zones to rod-shaped par
ticles with a structure corresponding to a highly ordered Mg-Si. At higher
temperatures, this transition phase, designated W, undergoes diffusionless
transformation to the equilibrium Mg-Si,

No direct evidence of coherency strain is found in either the zone or
transition precipitate stages. It has been suggested that the increased re
sistance to dislocation motion accompanying the presence of these struc
tures arises from the increased energy required to break magnesium-sil
icon bonds in the zones as dislocations pass through them. Grain boundary
precipitate particles of silicon are found at very early stages of aging in
alloys having an excess of silicon over the Mg-Si ratio. The normal pre
cipitation sequence may be diagrammed as follows:

55 --+ GP --+ ~' (Mg25i) --+ ~ (Mg25i) Eq 3

Aluminum-Zinc-Magnesium and Aluminum-Zinc-Magnesium
Copper Alloys. The aging of rapidly quenched aluminum-zinc
magnesium alloys from room temperature to relatively low aging tem
peratures is accompanied by the generation of GP zones having an ap
proximately spherical shape. With increasing aging time, GP zones in
crease in size, and the strength of the alloy increases. Figure 7 shows GP
zones in alloy 7075 that attained a diameter of 1.2 nm (12 A) after 25
years at room temperature. After that time, the yield strength was about
95% of the value after standard T6 aging. Extended aging at temperatures
above room temperature transforms the GP zones in alloys with relatively
high zinc-magnesium ratios into the transition precipitate known as Tj' or
M', the precursor of the equilibrium MgZnz, Tj, or M phase precipitate.
The basal planes of the hexagonal Tj' precipitates are partially coherent
with the {Ill} matrix planes but the interface between the matrix and the
c direction of the precipitate is incoherent. Aging times and temperatures
that develop the highest strengths, characteristic of the T6 temper, pro
duce zones having an average diameter of 2 to 3.5 nm (20 to 35 A) along
with some amount of n'. The nature of the zones is still uncertain, al
though they undoubtedly have high concentrations of zinc atoms and
probably magnesium atoms as well. Some variation in x-ray and electron
diffraction effects indicative of zone structure variations were noted, de
pending on relative zinc and magnesium contents of the alloys.
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Fig. 7. Transmission electron micrograph of 7075-W aged 25 years at room
temperature. The large particles are All 2Mg2Cr dispersoid. The,GP zones
throughout the structure have an average diameter of 1.2 nm (12 A), and an
approximate density of 4 x 1018 zones per cm", The yield strength of the as
quenched 7075-W was 150 MPa (22 ksi). After 25 years, yield strength had in
creased to 465 MPa (67 ksi).

Several investigators have observed that the transition phase TJ' forms
over a considerable range of compositions that are in the Al + T field,
as well as those in the Al + TJ field under equilibrium conditions (Fig.
8). With increased time or higher temperature, the TJ' converts to (MgZn2)
or, in cases-where T is the equilibrium phase, is replaced by T (Mg3Zn3Ah).
Evidence exists for a transition form of T in alloys with lower zinc
magnesium ratios, at times and temperatures that produce overaging. The
precipitation sequence depends on composition, but that of rapidly quenched
material aged at elevated temperatures may be represented as:

/11' -+ 11
55 -+ GP zones [spherical] Eq 4

"T' -+ T
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Fig. 8. Comparison of phases present in aluminum-magnesium-zinc alloys. Fields
separated by dashed lines identify phases present after alloys were solution heat
treated. quenched. and aged 24 h at 120°C (250 OF) ([AI] = GP zone structure).
Fields separated by solid lines are phases in equilibrium at 175°C (350 OF).
(H.C. Stumpf. Alcoa)

In this schematic, GP zones nucleate homogeneously, and the various
precipitates develop sequentially within the matrix. However, the pres
ence of high-angle grain boundaries, subgrain boundaries, and lattice dis
locations alters the free energy such that significant heterogeneous nu
cleation may occur either during quenching or aging above a temperature
known as the GP zone solvus temperature. Above this temperature, the
semicoherent transition precipitates nucleate and grow directly on dislo
cations and subgrain boundaries, and the incoherent equilibrium precip
itates nucleate and grow directly on high-angle boundaries. These hetero
geneously nucleated precipitates do not contribute to strength and, hence,
decrease attainable strength by decreasing the amount of solute available
for homogeneous nucleation.

Decreasing the quench rate has another consequence besides allowing
solute atoms an opportunity to nucleate heterogeneously. Slow quenching
permits vacancies to migrate to free surfaces and become annihilated.
Decreasing the number of vacancies decreases the temperature at which
GP zones nucleate homogeneously. Therefore, a particular aging tem
perature may allow only homogeneous nucleation to occur in rapidly
quenched materials, but may allow heterogeneous nucleation to predom
inate in slowly quenched material. Under the latter conditions, the pre
cipitate distribution is extremely coarse, so strength developed is partic
ularly low. Some of the loss in strength from slow quenching in this case
can be minimized by decreasing the aging temperature to maximize ho
mogeneous nucleation.

When an aged aluminum-zinc-magnesium alloy is exposed to a tem
perature higher than that to which it has previously been exposed, some
GP zones dissolve while others grow. Whether a GP zone dissolves or
grows depends on its size and on the exposure temperature. When the
zone size is large enough, most of the zones transform to transition pre
cipitates even above the GP zone solvus temperature. This phenomenon
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is the basis for the two-step aging treatments to be discussed in a later
section of this chapter.

The addition of up to 1% copper to the aluminum-zinc-magnesium al
loys does not appear to alter the basic precipitation mechanism. In this
range, the strengthening effects of copper are modest and attributed pri
marily to solid solution. Higher copper contents afford greater precipi
tation hardening, with some contribution of copper atoms to zone for
mation, as indicated by an increased temperature range of zone stability.
Crystallographic arguments indicate that copper and aluminum atoms
substitute for zinc in the MgZnz transition and equilibrium precipitates.
In the quaternary aluminum-zinc-magnesium-copper system, the phases
MgZnz and MgAlCu form an isomorphous series in which an aluminum
atom and a copper atom substitute for two zinc atoms. Moreover, elec
tropotential measurements and x-ray analyses indicate that copper atoms
enter into the TJ I phase during aging temperatures above about 150°C
(300 "F). These observations are significant because aging aluminum-zinc
magnesium-copper alloys containing above about 1% copper above this
temperature substantially increases their resistance to stress-corrosion
cracking. Little effect is shown on the stress corrosion of alloys contain
ing lower amounts of copper.

INGOT PREHEATING TREATMENTS
The initial thermal operation applied to ingots prior to hot working is

referred to as "ingot preheating" or "homogenizing" and has one or more
purposes depending on the alloy, product, and fabricating process in
volved. One of the principal objectives is improved workability. As de
scribed in Chapter 2 of this Volume, the microstructure of most alloys
in the as-cast condition is quite heterogeneous. This is true for alloys that
form solid solutions under equilibrium conditions and even for relatively
dilute alloys. The cast microstructure is a cored dendritic structure with
solute content increasing progressively from center to edge with an in
terdendritic distribution of second-phase particles or eutectic.

Because of the relatively low ductility of the intergranular and inter
dendritic networks of these second-phase particles, as-cast structures gen
erally have inferior workability. The thermal treatments used to homog
enize cast structures for improved workability were developed chiefly by
empirical methods, correlated with optical metallographic examinations,
to determine the time and temperature required to minimize coring and
dissolve particles of the second phase. More recently, methods have be
come available to determine quantitatively the degree of microsegregation
existing in cast structures and the rates of solution and homogenization.
Figure 9 shows the microsegregation measured by an electron microprobe
across the same dendrite cell in the as-cast condition and after the cell
was homogenized by preheating. Rapid solidification, because it is quite
different from equilibrium, produces maximum microsegregation across
dendrite walls, and these cells are relatively small. The situation is com
plex, however, and in typical commercial ingots, large cells are more
segregated than fine cells and, because diffusion distances are longer,
large cells are more difficult to homogenize (Ref 12 and 13). For ex
ample, electron microprobe analyses of unidirectionally solidified cast-
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Fig. 9. Effect of preheating on ingot microsegregation.

ings of an AI-2.5% Mg alloy indicated that the degree of microsegre
gation was greater in the coarser, more slowly solidified structure, and
that the approach to uniform solute distribution during heating at 425°C
(800 OF) was more rapid for the finer structure, as shown in Fig. 10.

Solution of the intermetallic phases rejected interdendritically during
solidification, effected by the homogenizing operation, is only one step
toward providing maximum workability. Because most of the solute is in
solid solution after this heating, further softening and improvement in
workability can be obtained by slow cooling, to re-precipitate and co
alesce the solute in an intradendritic distribution of fairly large particles.

In aluminum-magnesium-silicon alloys, redistribution of magnesium
and silicon occurs very rapidly, in as little as 30 min at 585°C (l090 OF).
However, greatly extended homogenizing periods result in a higher rate
of extrusion and in an improved surface appearance of extruded products.
The mechanism consists of spheroidizing the nearly insoluble iron-rich
phases; the lower the solubility and diffusion rate of the elements in
volved, the slower the rate of spheroidization. Secondary effects are also
achieved by precipitation of additional transition elements from solid so-
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Fig. 10. Effect of time at 425°C (800 OF) on maximum and minimum magnesium
contents within dendrites of cast AI-2.5% Mg alloy. (W.G. Fricke, Jr., Alcoa
Research Laboratories)

lution and by delayed peritectic transformations that could not go to com
pletion during solidification.

Elements such as chromium and zirconium, which separate bya peri
tectic reaction during solidification, segregate in a manner just the reverse
of that previously described. The first portion of the dendrite to solidify
is richer in solute than the subsequently solidified portions. Consequently,
the alloy content is maximum to the center of the dendrites and diminishes
progressively toward the edges. The solid solutions formed by these ele
ments and by manganese during rapid solidification are supersaturated
with respect to their equilibrium solid solubilities. This is thought to result
from the relatively low diffusion rates of the elements in the solid state.

Ingot preheating treatments for some of the alloys containing these ele
ments are designed to induce precipitation, resulting in the formation of
particles of equilibrium phases such as A12oCu2Mn3 and All2Mg2Cr with
dimensions of 10 to 100 nm (l to 10 A). These high-temperature pre
cipitates are frequently called dispersoids. They occur within the original
dendrites, with a distribution essentially the same as that established dur
ing solidification, because the diffusion rates are too low to permit any
substantial redistribution. In aluminum-magnesium-manganese alloys, the
preheating operation increases the heterogeneity of manganese because
of localized precipitation of manganese-bearing dispersoids near the den
drite arms. Nonuniform distribution persists in some wrought products,
leading to microstructural patterns called banding. Ingot preheating treat
ments for certain alloys containing manganese, such as 3003, are de
signed to induce precipitation under controlled conditions; this lowers the
recrystallization temperature and favors the development of fine, recrys
tallized grains during later process and final anneals (Ref 14).

Equilibrium Versus Nonequilibrium Melting. Figure 11 illustrates
some of the restrictions that must apply to ingot preheating because of
the phase diagram. The same principles apply to more complex systems,
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but the details differ because different phases have different solvus tem-
peratures and the eutectic may be a trough instead of a point.

Differentcompositions on the diagram represent different types of com
mercial alloys. Alloy X represents an alloy in which the alloy content
does not exceed the maximum solubility. This is typified by relatively
dilute alloys such as 2117, 6063, and 7029, but it is also true of alloys
7075 and 6061. Cursory examination of the phase diagram indicates that
the ingot preheating range can be located anywhere between the solvus
and solidus temperatures. However, to avoid the possibility of nonequi
librium melting, as explained below, either the upper limit should be be
low the eutectic temperature or the time below the eutectic temperature
should be of sufficient duration to produce complete solution of the ele
ments comprising the eutectic. Alloy Y represents an alloy in which an
excess of soluble phase always remains undissolved. The upper end of
the preheat temperature range must lie below the equilibrium eutectic
temperature if melting is to be avoided. This case is typified by alloys
2219, 2011, and 7178. Alloys such as 2024 may respond like either alloy
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Fig. 11. Schematic phase diagram. Alloy X melts at the eutectic temperature if
B is not dissolved below this temperature. Alloy Y always melts at the eutectic
temperature.
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X or alloy Y, depending on the amounts and proportions of the alloying
and impurity elements.

Incipient melting, or the beginnings of liquid phase formation, can oc
cur under either equilibrium or nonequilibrium conditions. Alloy Y in
Fig. 11 obviouslyproduces melting whenever its temperature is at or above
the eutectic temperature. However, it is not as obvious that the same
reaction occurs for alloy X, which has a higher equilibrium solidus tem
perature than alloy Y. When alloy X is in the as-cast condition, it contains
a nonequilibrium eutectic structure. If reheating to the eutectic temper
ature is done at a rapid enough rate so that the soluble intermetallic cannot
dissolve, the eutectic melts. Holding alloys like alloy X for sufficient time
between the eutectic temperature and the true solidus causes the liquid
phase to disappear as the soluble element passes into solution. The so
lution of the elements in the liquid phase leaves evidence in the form of
microporosity at the previous sites of eutectic if the hydrogen content is
above some critical level. The size of the micropores is smaller than the
shrinkage porosity in good quality as-cast ingot. The principles ex
pounded above apply to non-heat-treatable alloys as well as to heat treat
able ones.

The real test of the harmfulness of overheating is whether there is mi
crostructural damage of a type that cannot subsequently be repaired. Damage
consists of excessive void formation, segregation, blistering, cracking, or
severe external oxidation. Rosettes, the spherical structural feature that
occurs when eutectic liquid solidifies during cooling after overheating,
are very hard and persistent. They have been detected in thin sheet fab
ricated from thick, overheated ingot, despite extensive thermal-mechan
ical treatments used during the fabrication.

ANNEALING
Annealing may be required before forming or cold working heat treat

able alloys, when they have been strain hardened by previous forming or
are in heat treated tempers. The principles outlined in Chapter 4 of this
Volume governing recovery, recrystallization, and grain size control for
non-heat-treatable alloys apply also to the annealing of heat treatable al
loys. However, the maximum temperature and cooling rate used must be
more carefully controlled to avoid precipitation hardening either during
or subsequent to annealing.

The type of annealing treatment required depends on the previous ther
mal and mechanical history, and the structure resulting from these prior
operations. Alloys that are initially in the F temper may require annealing;
O-temper material may require re-annealing after partial forming. Under
these conditions, the operations that preceded forming already have caused
the extensive precipitation and coalescence of precipitates that is desired,
so that the objective of the annealing treatment is only to remove the
strain hardening. This can be accomplished by heating to about 345°C
(650 OF) and holding long enough to ensure attainment of uniform tem
perature. The rates of heating and cooling are not critical in this opera
tion, although a rapid heating rate is preferred to provide a fine grain
size.

The annealing of alloys that have previously been heat treated to tem-
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pers such as W, T3, T4, T6, or T8 requires use of treatments that first
cause the precipitates to reach their equilibrium crystal structure and then
cause them to coarsen. This can be accomplished by heating for 2 to 3
h at about 355 to 410 °C (675 to 775 OF) or slightly higher, followed by
cooling to about 260°C (500 OF) at rates of about 25 to 40 °C/h (45 to
72 of/h). A too-slow cooling rate results in platelets of precipitate and
poor formability in 7XXX alloy sheet. In the case of 2XXX series alloys,
this treatment should precipitate most of the copper, leaving only 0.4 to
0.5% in solution. For 7XXX series alloys, even slow cooling does not
provide sufficiently complete precipitation to remove solid solution ef-
fects and prevent natural aging; a period of additional heating at 230°C
(450 OF) for 2 to 6 h may be used to attain maximum stability and form-
ability. Despite this more extensive procedure, the alloy annealed from
the heat treated tempers usually has slightly poorer formability than an-
nealed material not previously heat treated. In annealing thin-gage clad
products, the heating time at the maximum temperature must be limited
to avoid excessive diffusion from core to cladding. Annealing treatments
are applied to castings only when the most exacting requirements for di-
mensional stability must be met, or when some unusual forming operation
is specified.

SOLUTION HEAT TREATING
The purpose of solution heat treatment is to put the maximum practical

amount of hardening solutes such as copper, magnesium, silicon, or zinc
into solid solution in the aluminum matrix. For some alloys, the tem
perature at which the maximum amount is soluble corresponds to a eu
tectic temperature. Consequently, temperatures must be limited to a safe
level below the maximum to avoid consequences of overheating and par
tial melting. Alloy 2014 exhibits this characteristic. Figure 12 illustrates
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Fig. 12. Effects of solution heat treating temperature on the tensile properties of
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Fig. 13. DTA curves at 20°C/min (36 of/min) heating, indicating temperatures
for easily identified beginning of melting (shown by arrows). Significant curve
inflections are (1) precipitation from saturated solid solution, (2) re-solution of
precipitated phase(s) , and (3) melting. Equilibrium eutectic melting for 2024 is
indicated by (3a); equilibrium solidus melting for 7075 by (3b), and nonequilib
rium eutectic melting for 7075 by (3c).

the effect of solution temperature on the tensile properties of 2014-T4
and 2014-T6. Other alloys such as 7029 are more dilute with respect to
their maximum solubility, and greater temperature tolerances are allow
able. Nevertheless, the upper limit must be set with a regard to grain
growth, surface effects, and economy of operation.

Some alloys, such as 7075 and 7050, which should allow much leeway
in selection of solution temperature, based on the equilibrium solvus and
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solidus temperature, can exhibit incipient melting at temperatures much
below the latter under certain circumstances. Chapter 3 in this Volume
shows that alloy 7075 has two soluble phases-r-MgZn, (with aluminum
and copper substituting for some zinc) and AlzCuMg. The latter phase is
very slow to dissolve. Local concentrations of this phase can produce a
nonequilibrium melting between 485 and 490 °C (905 and 910 "F) if brought
to this or a higher temperature too rapidly. Figure 13 shows this by means
of differential thermal analysis curves. A sample of nominal composition
alloy 7075 that had been well homogenized and quenched began to melt
somewhere in excess of 540°C (1000 OF), while one not homogenized
showed an endothermic spike indicating incipient melting at 490 °C
(910 OF). Nominal composition 2024 cannot be homogenized to remove
the S phase, and melting occurs near 510 °C (955 OF) in products that
are homogenized and not homogenized. The curves indicate that only the
quantity of liquid phase formed differed.

The grain size of heat treated aluminum alloys is greatly influenced by
the amount of cold work introduced before the solution heat treatment.
In general, grain size decreases as the amount of cold work prior to so
lution increases. With small amounts of cold work, usually less than 15%,
grains may develop that are so coarse that relatively few are contained
in the cross section of a standard tension test coupon. Although mechan
ical properties of heat treated aluminum alloys are generally insensitive
to grain size, the properties are affected under these conditions. This phe
nomenon is illustrated in Fig. 14 for alloy 7475 sheet. Because of this
effect of critical strain, care must be taken that parts formed from an
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annealed temper and subsequently heat treated have sufficient strain hard
ening at all locations.

For products that are annealed and cold worked prior to heat treatment,
the annealing practice and the rate of heating to the solution heat treating
temperature also affect grain size. Fine grain sizes are favored by an
nealing practices that give a copious distribution of coarse precipitates
and by high heating rates. The coarse precipitates serve as nucleation sites
for recrystallization, and the high heating rates ensure that nucleation be
gins before the precipitates dissolve. Air is the usual heating medium,
but molten salt baths or fluidized beds are advantageous in providing more
rapid heating.

The time required for solution heat treating depends on the type of
product, alloy, casting or fabricating procedure used and thickness insofar
as it influences preexisting microstructure. These factors establish the
proportions of the solutes that are in or out of solution and the size and
distribution of precipitated phases. Sand castings are usually held at the
solution temperature for about 12 h; permanent mold castings, because
of their finer structure, may require only 8 h. Thick-section wrought prod
ucts are generally heated longer, the greater the section thickness. Once
the product is at temperature, the rate of dissolution is the same for a
given size of particle, regardless of section thickness. The main consid
eration is the coarseness of microstructure and the diffusion distances re
quired to bring about a satisfactory degree of homogeneity. Thin products
such as sheet may require only a few minutes. To avoid excessive dif
fusion, the time of solution heat treatment for clad sheet products must
be limited to the minimum required to develop the specified mechanical
properties. For the same reason, limitations are placed on reheat treatment
of thin clad products where the correspondingly thin clad layer changes
composition rapidly and loses its effectiveness in protecting against
corrosion.

Reheat treating of previously heat treated products is subject to other
hazards. When cold working has been applied after the previous heat
treatment to develop T3 or T8 tempers, the residual strain may be of the
critical amount to cause excessively large recrystallized grains. In reheat
treating 2XXX series alloys, the temperature must not be lower than that
of the original treatment, and heating time should be prolonged. Other
wise, corrosion resistance may be impaired and formability is seriously
decreased by the development of continuous, heavy precipitate at grain
boundaries.

A condition called "high-temperature oxidation" (HTO) or "high
temperature deterioration" results when metal is heated to solution heat
treatment temperatures in a furnace that has too much moisture in the
atmosphere. It is aggravated when the moist atmosphere is contaminated
with gases containing sulfur. This condition manifests itself by formation
of rounded voids or crevices within the metal and by surface blisters. It
occurs when atomic hydrogen, formed when moisture reacts with the alu
minum surfaces, diffuses through the aluminum lattice and recombines
to form molecular hydrogen at locations of lattice discontinuity and dis
registry. Such reactions may be alleviated by using moisture-free atmos-
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pheres, or by use of volatile fluoride-containing salts or boron-trifluoride
gas injected into the furnace atmosphere.

Severe void formation and blistering may also be a consequence of
severe but temporary overheating. It may have the same aspect as high
temperature oxidation if, during the heat treatment cycle, the temperature
is brought back down to the normal range and held before the metal is
quenched. In this instance, the solute-enriched liquid phase disappears
through resolidification and dissolution. Hydrogen undoubtedly plays a
role, but the primary problem is partial melting. This phenomenon can
be distinguished from high-temperature oxidation by the distribution of
the voids; with HTO, the number of voids progressively decreases as
distance from the surface increases. With this phenomenon, the voids are
scattered throughout the workpiece.

Another phenomenon may also cause microvoid formation. The soluble
phases containing magnesium have a tendency to leave behind microvoids
when they dissolve, especially when the particles are large and the heating
rate is very rapid. This has been attributed to a density difference between
particle and matrix and insufficient time for aluminum atoms to back
diffuse into the volume formerly occupied by the particle. No known
detrimental effect of these voids exists, unless they are combined with
high-temperature oxidation.

QUENCHING
Quenching is in many ways the most critical step in the sequence of

heat treating operations. The objective of quenching is to preserve the
solid solution formed at the solution heat treating temperature, by rapidly
cooling to some lower temperature, usually near room temperature. From
the preceding general discussion, this statement applies not only to re
taining solute atoms in solution, but also to maintaining a certain minu
mum number of vacant lattice sites to assist in promoting the low
temperature diffusion required for zone formation. The solute atoms that
precipitate either on grain boundaries, dispersoids, or other particles, as
well as the vacancies that migrate (with extreme rapidity) to disordered
regions, are irretrievably lost for practical purposes and fail to contribute
to the subsequent strengthening.

As a broad generalization, the highest strengths attainable and the best
combinations of strength and toughness are those associated with the most
rapid quenching rates. Resistance to corrosion and to stress-corrosion
cracking are other characteristics that are generally improved by maxi
mum rapidity of quenching. Some of the alloys used in artificially aged
tempers and in particular the copper-free 7XXX alloys are exceptions to
this rule. The argument for maximum quenching rate also is not entirely
one-sided, because both the degree of warpage or distortion that occurs
during quenching and the magnitude of residual stress that develops in
the products tend to increase with the rate of cooling. In addition, the
maximum attainable quench rate decreases as the thickness of the product
increases. Because of these effects, much work has been done over the
years to understand and predict how quenching conditions and product
form influence properties.
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Critical Temperature Range. The fundamentals involved in quench
ing precipitation-hardenable alloys are based on nucleation theory applied
to diffusion-controlled solid-state reactions. The effects of temperature on
the kinetics of isothermal precipitation depend principally upon the degree
of supersaturation and the rate of diffusion. These factors vary oppositely
with temperature, as illustrated in Fig. 15 for an alloy having a compo
sition C, in a system with a solvus curve Cs. The degree of supersatur
ation after solution heat treating (C, - Cs) is represented by the curve S
and the rate of diffusion by curve D. When either S or D is low, the rate
of precipitation, represented by curve P, is low. At intermediate tem
peratures, both of the rate-controlling factors are favorable, and a high
rate of precipitation may be expected.

Fink and Willey pioneered attempts to describe the effects of quenching
on properties of aluminum alloys (Ref 15). Using isothermal quenching
techniques, they developed C-curves for strength of 7075-T6 and cor
rosion behavior of 2024-T4. The C-curves were plots of the time required
at different temperatures to precipitate a sufficient amount of solute to
either reduce strength by a certain amount or cause a change in the cor
rosion behavior from pitting to intergranular. Inspection of the curves
revealed the temperature range that gave the highest precipitation rates.
Fink and Willey called this the critical temperature range.

Investigators used critical temperature ranges in conjunction with prop
erties of samples quenched continuously from the solution temperature to
compare relative sensitivities of alloys to quenching condition. Strength,
as a function of quenching rate, was determined for a number of the
commercial heat treatable aluminum alloys by quenching sheet and plate
panels of various thicknesses in different media to produce a wide range
of cooling rates through the critical temperature range. Representative
tensile strength data for several alloys are presented in Fig. 16. The re
duction in strength for a specific decrease in cooling rate differs from one
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Fig. 15. Schematic representation of temperature effects on factors that deter
mine precipitation rate.
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Fig. 16. Tensile strengths of eight alloys as a function of average cooling rate
during quenching.

alloy composition to another. In comparing two alloys, the one having
the higher strength in the form of sheet or a thin-walled extrusion may
exhibit the lower strength when produced as a thick plate, extruded sec
tion, or forging. The relative strength rating of the alloys at a given cool
ing rate may also shift with temper. These factors may significantly in
fluence the selection of alloy and temper for a specific application.

Quench Factor Analysis. Although useful as a first approximation,
average quenching rates and critical temperature ranges are too qualitative
to permit accurate prediction of the effects of quench rates when the rate
of cooling does not change smoothly (Ref 16). To handle such instances,
a procedure known as quench factor analysis has been developed. This
procedure uses the information in the entire C-curve. Precipitation ki
netics for continuous cooling are defined by the equation:

~ = 1 - exp (k-r) Eq 5

where ~ is the fraction transformed and k is a constant, and:

Tf =* Eq6

where t is time and C, is the critical time as a function of temperature
(the loci of critical times is the C-curve.)

When T = 1, the fraction transformedv E, equals the fraction trans
formed designated by the C-curve. The solution of the integral, T, has
been designated the quench factor, and the method of using the C-curve
and the quench curve to predict properties has been termed quench factor
analysis. To perform quench factor analysis, the integral above is graph
ically evaluated to the required accuracy using the method shown in Fig.
17. Examples of ways to use quench factor analysis to predict corrosion
resistance and yield strength are presented later in this chapter.
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Predicting Corrosion. Alloy 2024-T4 is susceptible to intergranular
corrosion when a critical amount of solute precipitates during the quench,
but corrodes in the less severe pitting mode when lesser amounts precip
itate. To predict effects of proposed quenching conditions on corrosion
characteristics of 2024-T4, the postulated quench curve is drawn, and the
quench factor is calculated using the C-curve in Fig. 18. Corrosion char
acteristics are predicted from the plot in Fig. 19. When the quench factor,
T, is less than 1.0, the corrosion mode of continuously quenched 2024
T4 is pitting.

One application of these relationships is in studies of effects of pro
posed changes in quench practice on design of new quenching systems.
For example, consider that a goal of a proposed quenching system for
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Fig. 18. C-curve for intergranular corrosion of 2024-T4.
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alloy 2024-T4 sheet products is to minimize warping while preventing
susceptibility to intergranular corrosion in sheet up to 3.2 mm (0.13 in.)
thick. Warping occurs when stresses imposed by temperature differences
across the sheet exceed the flow stress. These differences decrease as
quench rate decreases, but the tendency toward intergranular corrosion
increases. Quench factor analysis allows one to predict the effects on the
corrosion mode of stepped quench practices to minimize warping.

As an example, one-step, two-step, and three-step quench curves that
can provide acceptable corrosion characteristics in 3.2 mm (0.13 in.) 2024
T4 sheet (quench factor = 0.99) were calculated. Some of these are plot
ted in Fig. 20, which illustrates that 2024 can be quenched at a linear
rate of 475 °C/s (855 °F/s), or higher. A quench rate below 150°C (300
OF) was irrelevant. If the sheet is air-blast quenched with a rate of heat
extraction of 5.68 W/m2 per degree centigrade to 395°C (740 OF), how
ever, the quench rate from 395 to 150 °C (740 to 300 OF) must be at least
945 °C/s (1700 °F/s) to maintain the acceptable corrosion behavior. The
sheet may also be quenched by a three-step practice of air blasting to 395
°C (740 OF), spray quenching at 3300 °C/s (6000 °F/s) to 245°C (480
OF). The sheet is then air-blast quenched to 150 °C (300 OF). Other curves
could be drawn, but the important points are that air-blast quenching can
not be continued more than a few degrees below 395°C (740 OF), nor
can it be initiated more than a few degrees above 270 °C (520 OF), even
if infinite quench rates are attained from 395 to 270°C.

Experimental quenching methods using continuous and various stepped
quenching procedures were applied to verify that quench factor analysis
could predict corrosion characteristics of 2024-T4. Figure 19 summarizes
effects on type of corrosion attack observed with 2024-T4 sheet speci
mens quenched by these techniques. The results confirm that the method
is valid for all types of quench paths evaluated and shows that corrosion
depth increases progressively with increasing the quench factor above a
value of 1.0.



162/PROPERTIES AND PHYSICAL METALLURGY

200

300

400

500

5432

-
\
\ vAir blast quench

"~ 3.2 mm (118 in.] thick sheet

""
both sides h = 100

-,
-,

470°C/s ""
-

(850°F/s)

I
3300°C/s ,/' 945°C/s

(6000 ~F/s)~ ~ (1700°F/s)
I

278J °Cls
I -

Air blast quench
~ (5000°F/s) 3.2 mm (118 in.) thick sheet

...... h = 100

<,

1~_
<,

...... , ..... _--l- --- ...- ....- --- ----.~

300
o

400

LL
o 700
~

2
ro
Q;
0-

~ 600
I-

500

1000

900

800

Time. s

Fig. 20. Hypothetical cooling curves.

Predicting yield strength is more complex because knowledge of the
relationship between the extent of precipitation and the ability to develop
yield strength after aging is required. Attainable strength of 7XXX alloys
is a function of the amount of solute remaining in solid solution after the
quench, as long as aging is conducted so that GP zones nucleate prior to
the appearance of lJ'. Under these conditions, relationships between the
strength attainable after continuous cooling, (J', and quench factor, T, can
be represented by the following:

tr = (Jrnu T exp (K) Eq7

where (J'max is the strength attainable with infinite quench rate and K is
0.005013 (natural log of 0.995) and

T=f..!!!.... Eq 8Coo.,

where t is time and C99.5 is the C-curve for (J'99.5; critical time as a function
of temperature to reduce attainable strength to 99.5% of (J'max'

The advantage of predicting yield strength from the quench factor in
stead of from the average quench rate is illustrated in the following com-
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Fig. 21. Cooling curves for 1.6-mm (O.06-in.) thick 7075 sheet.

parison. Four samples of 7075 quenched by various means (Fig. 21) were
aged by the standard T6 practice of 24 h at 120°C (250 "F). Yield strengths
were predicted from both the average quench rate from 340 to 290 °C
(750 to 550 OF) and from the quench factor. The quench factor was cal
culated using the C-curve for 99.5% maximum strength for 7075-T6 (Fig.
22), and yield strength was estimated from Eq 3 (graphically presented
in Fig. 23).

A comparison of predicted yield strengths with actual yield strength is
given in the table that accompanies Fig. 21. Yield strengths predicted
from quench factors agree very well with measured yield strengths for
all of the samples, the maximum error being 19.3 MPa (2.8 ksi). Yield
strengths predicted from average quench rates, however, differ from the
measured yield strength by as much as 226 MPa (32.8 ksi).

The advantage of using the quench factor for predicting yield strength
from cooling curves is apparent. Average quench rate is not a predictor
for cooling curves, which have long holding times either above or below
the critical temperature range of 340 to 290°C (645 to 555 OF), such as
curve D of Fig. 21. For such cases, yield strength prediction using the
quench factor is particularly advantageous.
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Product Size and Shape. In commercial heat treating, the shape or
dimensions of the product cannot be varied arbitrarily. Because heat transfer
during quenching basically is limited by resistance at the surface in con
tact with the quenching medium, the rate of cooling is a function of the
ratio of surface area to volume. This ratio may vary considerably, de
pending upon the shape of the product. For sheet and plate, as well as
other products of similar shape, average cooling rates (through the critical
temperature range measured at a center or midplane location) vary with
thickness in a relatively simple manner. The relation can be approximated
by the equation:

Log r, = log r2 - k log t Eq9

where rl is the average cooling rate at thickness t, rz is the average cool
ing rate at 1 em (0.4 in.) thickness, and k is a constant.
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Cooling rates determined experimentally for 1.6-mm (0.06-in.) to 20
em (8-in.) thick sections that were quenched by immersion in water at
five different temperatures and by cooling in still air are shown in Fig.
24. Experimentally determined relationships between the thickness of plates
and either the diameter of rounds or the dimensions of square bars having
equal cooling rates are shown in Fig. 25.

The dashed line at the extreme right in Fig. 24 delineates the maximum
cooling rates theoretically obtainable at the midplane of plate, assuming
an infinite surface heat transfer coefficient and a diffusivity factor of 1400
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cm2/s (Ref 17). No rates higher than those defined by this line have been
observed, although rates approaching them were measured with imping
ing spray quenches. Because the rates indicated in Fig. 24 are for loca
tions most distant from the surfaces, they are the lowest to be expected
in sheet or plate. In plate, slightly higher rates should exist at the quarter
planes, and portions closer to the surface should cool at appreciably higher
rates.

Quenching Medium. Water is the most widely used and most effective
quenching medium. As Fig. 24 indicates, in immersion quenching, cool
ing rates can be reduced by increasing water temperature. Conditions that
increase the stability of a vapor film around the part decrease the cooling
rate; various additions to water that lower surface tension have the same
effect. Slower cooling also results from the use of additions such as poly
alkylene glycol that form film coatings on the hot metal. Organic quench
ing media provide lower cooling rates than water. Molten salt and low
melting eutectic baths have been used for experimental investigation of
quench-aging treatments; these may have some advantage for continuous
heat treatment of alloys that are adversely affected by a delay between
quenching and aging (Ref 18). Moving air is sufficient for less quench
sensitive dilute alloys, such as 6063, when they are extruded in thin
walled sections.

Other Factors. Quenching rates are very sensitive to the surface con
dition of the parts. Lowest rates are observed with products having freshly
machined or bright-etched, clean surfaces, or products that have been
coated with materials that decrease heat transfer. The presence of oxide
films or stains increases cooling rates. Further marked changes can be
effected through the application of nonreflective coatings, which also ac
celerate heating, as shown in Fig. 26. Surface roughness exerts a similar
effect; this appears related to vapor film stability. The manner in which
complex products, such as engineered castings and die forgings, enter the
quenching medium can significantly alter the relative cooling rates at var
ious points, thereby affecting mechanical properties and residual stresses
established during quenching. Similarly, quenching complex extruded
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shapes whose wall thicknesses differ widely poses special problems if
distortion and stresses are to be minimized. In batch heat treating oper
ations, placement and spacing of parts on the racks can be a major factor
in determining the quenching rates. In immersion quenching, adequate
volumes of the quenching medium must be provided to prevent an ex
cessive temperature rise in the medium. When jet agitation is used to
induce water flow between parts, jets should not impinge directly and
cause rapid localized cooling.

Reheating During Quenching. Recent information indicates that nei
ther the average quenching rate through a critical temperature range nor
quench factor analysis can predict strength when the temperature in
creases during quenching after it is cooled below some critical temper
ature (Ref 19 and 20). Under this condition, strength in the affected areas
can be significantly lower than in other areas of the material. The most
likely way for this phenomenon to occur is during spray quenching, when
the surface cools rapidly by the impinging spray, but reheats by heat flow
from the hotter interior when the spray is interrupted. Recent work may
have explained the mechanism for the severe loss of strength in areas of
alloy 2024 extrusions that were reheated under laboratory conditions (Ref
21). Nucleation is difficult during quenching, so few S or S' precipitates
formed. It is postulated that, during reheating, many precipitates grew
from the GP zones that nucleated homogeneously when the temperature
fell below the GP zone solvus during the quench.

Predicting Strengths of Thick Products. Effects of the quenching rate
on alloy strengths can be represented on a generalized graph of the type
shown in Fig. 16, and the expected quenching rates of products having
various shapes and dimensions can be determined from Fig. 24 and 25.
Nevertheless, combining these two kinds of information to predict me
chanical properties must be done with caution. Inconsistencies were en
countered, for example, in correlating properties of thick sections quenched
in high-cooling-rate media with properties of thinner sections quenched
in media affording milder quenching action. One of the reasons for the
inconsistencies is believed to be the different shapes of the cooling curves.
This difficulty can be overcome by using quench factor analysis. The
other reason is that the degree of recrystallization and texture of the thick
and thin sections may be different.

Careful analyses were made of data from a large number of production
control tensile tests of bulk-quenched rolled, forged, and extruded prod
ucts that varied in section thickness to a maximum of about 20 em (8
in.). The tensile and yield strengths decreased with increasing section
thickness over 2.5 em (l in.) in a simple linear relationship. This is il
lustrated by the average properties for 7075-T65l plate in Fig. 27. The
reversal in curve direction at thicknesses lower than 2.5 cm (l in.) is
accounted for by a change in structure, from completely unrecrystallized
to partiall~ recrystallized. When test specimens of uniform size (2.5 cm 2

or 0.4 in. , or less) cut from products thicker than 2.5 cm (l in.) were
reheat treated, the tensile properties showed no consistent variation with
product thickness. This indicates that the quenching rate is the major fac
tor establishing the property differences of sections thicker than about
2.5 ern (l in.).

Corrosion Resistance. Rates of cooling from the solution temperature
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Fig. 27. Average tensile properties of7075-T651 plate as afunction ofthickness.

markedly influence both the resistance of heat treatable alloys to corrosion
and the characteristics of the corrosion attack. Extensive research with
7075-T6 sheet has shown that the material is subject only to pitting attack
and has a high degree of resistance to stress corrosion and exfoliation if
sufficiently rapid cooling is achieved during quenching. Conversely, when
the cooling rate is relatively low, this alloy becomes prone to intergran
ular attack and may be susceptible to stress-corrosion cracking and
exfoliation.

Experimental quenching methods, of the same type used to determine
the critical temperature range that is important in developing strength,
were applied to define the range in which the corrosion characteristics of
7075-T6 are established. The most critical changes occur in a similar
temperature range for both corrosion characteristics and tensile proper
ties. In Fig. 28, tensile strengths, losses in tensile strength after 12 weeks
of alternate immersion in 3.5% NaCl solution, and the type and maximum
depth of corrosion in NaCI-HzOz solution (MIL-H-6088) are correlated
with the average cooling rates through the critical temperature range. The
most rapid decrease in tensile properties occurs at cooling rates somewhat
higher than those that have the greatest effects on corrosion. To avoid
completely the intergranular type of attack, rates in excess of about 165
°C/s (300 °F/s) are needed. Such rates are not attainable with thick sec
tions. Therefore, when thick-section parts are required to endure service
conditions conducive to stress corrosion in the short-transverse direction,
the stress corrosion-resistance T73 temper of 7075 is preferred (Ref 22).
When stresses in the short-transverse direction are low, but a resistance
to exfoliation corrosion is required, 7075-T76 with strength intermediate
to that of 7075-T6 and 7075-T73 is often specified. Newer alloys such
as 7049-T73 and 7050-T74 develop superior combinations of strength and
resistance to stress-corrosion cracking, particularly in thicker sections.

Delay in Quenching. The effects of delay in the transfer of parts from
the solution heat treating furnace to the quenching medium are similar to
those indicated for a reduction in the average cooling rate. Because the
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rate of cooling in air during the transfer is highly dependent upon the
mass, section thickness, and spacing of the parts-and to a smaller extent
upon air temperature, velocity, and emissivity-the allowable transfer time,
or quench delay, varies with these factors. Certain specifications stipulate
maximum delay periods ranging from 5 to 15 s for sheet under 0.4 mm
(0.02 in.) to over 2.0 mm (0.08 in.) thick. Quench factor analysis in
dicates that the maximum allowable delay is also a function of the sub
sequent quenching conditions. Shorter times are required when the quench
is less drastic than that obtained by a quench into cold water.

Fracture Toughness. As indicated previously, precipitation during the
quench occurs initially on sites such as high-angle grain boundaries. The
grain boundary precipitates and the associated precipitate-free zone that
appears after aging provide a preferential fracture path. Consequently,
decreasing the quench rate usually increases the proportion of intergran
ular fracture and decreases the fracture toughness of high-solute alloys,
particularly those in To-type tempers. The phenomenon cannot be reliably
detected by the usual quality control tensile test because yield, ultimate,
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and elongation values are usually not affected despite the low-energy,
intergranular fracture mode. Tests of a specimen containing either a sharp
notch or a crack must be used. The results of tear tests of alloy 7075-T6
sheet quenched in either cold or hot water, illustrated in Fig. 29, show
how toughness can decrease significantly with an insignificant loss in
strength. With extended precipitation within the grains, either as a result
of a further decrease in the quench rate or overaging, strength begins to
suffer. When the strength decrease gets large enough, toughness begins
to increase (Fig. 30). The combination of strength and toughness, how
ever, is highest in rapidly quenched material aged to peak strength.

Aluminum-magnesium-silicon alloys, although generally not consid
ered for critical applications with fracture toughness requirements. can
also suffer a loss in toughness and ductility in T6 and T5 tempers when
the quench rate is low enough to permit substantial grain boundary pre
cipitation. This is especially true when the silicon content is in excess of
that required to form Mg2Si and when elements that inhibit recrystalli
zation are not present. In extreme cases, tensile fractures are completely
intergranular.

Residual stresses originate from the temperature gradient produced by
quenching. The gradient induces plastic deformation from differential
contraction or expansion in the part (Ref 23 and 24). Because the surface
of the part cools first, it tends to contract, thereby imposing a state of
compressive stress on the interior. The reaction places the surface in ten
sion. The surface layer deforms plastically when the tensile stress exceeds
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the flow stress of the material. Then, as the interior of the part cools, it
is restrained from contracting by the cold surface material. The resulting
reaction places the surface in a state of compressive stress and the center
in a state of tensile stress. When the part is completely cooled, it remains
in a state of equilibrium, with the surface under high compression stresses
balanced by tensile stresses in the interior. Generally, the compressive
stresses in the surface layers of a solid cylinder are two-dimensional (lon
gitudinal and tangential), and the tensile stresses in the core are triaxial
(longitudinal, tangential, and radial), as illustrated in Fig. 31.

The magnitude of the residual stresses is directly related to the tem
perature gradients generated during quenching. Conditions that decrease
the temperature gradient reduce the residual stress ranges (Ref 25).
Quenching variables that affect the temperature gradient include the tem
perature at which quenching begins, cooling rate, section size, and vari
ation in section size for nonflat products. For a part of a specific shape
or thickness, lowering the temperature from which the part is quenched
or decreasing the cooling rate reduces the magnitude of residual stress by
reducing the temperature gradient. Figures 32 and 33 illustrate the effect
of quenching temperature and cooling rate, respectively. With a specific
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cooling rate, the temperature gradient is greater in a section of large di
ameter or thickness than it is in a smaller section. Therefore, the residual
stresses in the larger section are higher (Fig. 34). In products having
differences in cross section, large temperature gradients can be minimized
by covering or coating the thinner sections with a material that decreases
the quench rate, so that it more closely matches that of the thicker sections.

The range of residual stresses generated during quenching varies con
siderably for different alloys. Those properties related to alloy compo
sition that specifically affect the thermal gradient and the degree of plastic
deformation that occur during quenching are involved. High residual stresses
are promoted by high values of properties such as Young's modulus of
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elasticity, proportional limit at room and elevated temperature, and coef
ficient of thermal expansion; and by a low value of thermal diffusivity.
These property factors affect the magnitude of residual stresses to dif
ferent degrees. The influences of the coefficient of thermal expansion and
elevated-temperature yield strength are especially significant. For ex
ample, a low coefficient of thermal expansion can counteract a high pro
portionallimit. The net effect is a low residual stress level. Or, an alloy
such as 2014 can develop a high residual stress range because of its very
high elevated-temperature strength, despite average values for coefficient
of thermal expansion, modulus of elasticity, and thermal diffusivity.

The effects of residual stresses from quenching require consideration
in the application of heat treated parts. Where the parts are not machined,
the residual compressive stresses at the surface may be favorable by less
ening the possibility of stress corrosion or initiation of fatigue. However,
heat treated parts are most often machined. Where the quenching stresses
are unrelieved, they can result in undesirable distortion or dimensional
change during machining. Metal removal upsets the balance of the resid
ual stresses and the new system of stresses that restore balance generally
results in warpage of the part. Further, in the final balance stress system,
the machined surfaces of the finished part can be under tensile stress with
attendant higher risk of stress corrosion or fatigue.

Because of the practical significance of residual stress in the application
of heat treated parts, various methods have been developed either to min
imize the residual stresses generated during quenching or to relieve them
after quenching. The methods commonly used for stress relieving heat
treated parts include mechanical and thermal methods. The methods used
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to avert the development of high residual stresses during quenching rely
on a reduced cooling rate to minimize the temperature gradients. Using
quenching media that provide less rapid cooling in quenching irregularly
shaped parts that cannot readily be stress relieved by subsequnt cold de
formation is common practice. For this reason, the quenching of die forg
ings and castings in hot (60 to 80°C or 140 to 180 OF) or boiling water
is standard practice. In some cases, though, quench-rate sensitive alloys
may suffer a loss in mechanical properties, particularly strength and frac
ture toughness. Intergranular corrosion resistance may also be impaired
with such reduced cooling rates. Liquid organic polymer, such as poly
alkylene glycol (10 to 40 vol% in water), is effective as a quenchant for
minimizing residual stresses and distortion with lesser loss in properties
(Ref 26-28). Owing to inverse solubility, a film of the liquid organic
polymer is immediately deposited on the surface of the hot part when it
is immersed in the quenchant. By reducing the rate of heat transfer, the
deposited film reduces thermal gradients. Other additions to water, in
cluding suspensions of mineral powders, have been proposed. Extruded
or rolled shapes may be cooled in an air blast, fog, or water spray. Pro
duction economics frequently favors the use of these milder quenches to
decrease the need for straightening operations or to simplify machining
operations because of the lower stresses. In other cases, the reduction in
tension stress at machined surfaces of the finished part is most advan
tageous. In the manufacture of large, complex parts from die or hand
forgings, an established practice is to heat treat after rough machining,
thus averting the higher stresses that are associated with heat treating be
fore metal removal.

Because of the trade-offs of tensile properties with residual stress, re
searchers have been developing methods of analysis that combine pre
diction of properties by quench factor analysis and prediction of stresses
from heat transfer analyses and other considerations. One of these meth
ods predicts that a cooling rate that is slow at the beginning, but contin
uously accelerates, can significantly reduce residual stresses while main
taining the same mechanical properties as those obtained by quenching
in cold water (Ref 29). Another method, to eliminate warping of parts
that have variations in section thickness without sacrificing mechanical
properties, has been patented (Ref 30).

AGING AT ROOM TEMPERATURE (NATURAL AGING)
Most of the heat treatable alloys exhibit age hardening at room tem

perature after quenching. The rate and extent of such hardening varies
from one alloy to another. Microstructural changes accompanying room
temperature aging, except for long-time aging of 7XXX alloys, are un
detectable because the hardening effects are attributable solely to the for
mation of zone structure within the solid solution. The changes in tensile
properties for three representative commercial alloys aged at room tem
perature, O°C (32 OF), and -18°C (0 oF) are shown in Fig. 35. In alloys
2024 and 2036, most of the strengthening occurs within a day at room
temperature; the mechanical properties are essentally stable after four days.
These alloys are widely used in the naturally aged tempers: T4, T3, and
T36l for 2024 and T4 for 2036. Alloys 6061, 6009, and 6010 age more



176/PROPERTIES AND PHYSICAL MOALLURGY

£ 80
0>
c:

~iii 60
.!!!"'"
.~ 40
~

20

60
t
c:
~ ~ 40

~ 20
>=

o

6061

RT--32F- -
QOF

RT
V 32F

QOF

2024

RT
V /32F-r-

QOi-I--

1

1

I"}- ~,?

/ QOF
1-r-

1

7075
1

vr
RT.V ~2FI

V ./Ah
1

1

1

1

RTI/'/'

rz~V
V ./ /cJ°F - r-"I

1

600
0

0..
::2'

500 £
0,

400 c:
e

300 Vi
.!!!

200 <Il
c
~

0

400 0..
::2'

300 .e"
0,
c

200 ~
Vi

100 "0
W

>=

c; 40maOF em R§°E~ ,
'5 E:' 32F QOF 32FRT 32F QOF
g'~.,= 20 RT RT
~c~
ui> 0

ru c ~ ~ru c ~ ~ru c ~ ~

Aging time, h

Fig. 35. Aging characteristics of aluminum sheet alloys at room temperature,
o°C (32 OF), and - 18°C (0 OF). (J.A. Nock, Jr., Alcoa Research Laboratories)

slowly. Alloy 6061 may be used in the T4 temper; however, it is more
frequently given a precipitation heat treatment to the T6 temper. Alloys
6009 and 6010, on the other hand, are commonly used in the T4 temper.
However, these alloys are commonly used in automotiveapplication, where
paint baking is typically used. Consequently, they realize significant in
creases in strength during this thermal cycle, which is equivalent to an
artificial aging treatment. Alloy 7075 and other 7XXX series alloys con
tinue to age harden indefinitely at room temperature; because of this insta
bility, they are very seldom used in the W temper.

Because heat treatable alloys are softer and more ductile immediately
after quenching than after aging, straightening or forming operations may
be performed more readily in the freshly quenched condition. For many
alloys, production schedules must permit these operations before appre
ciable natural aging occurs. As alternatives, the parts may be stored under
refrigeration to retard aging (Fig. 35), or they may be restored to near
freshly quenched condition by reversion treatments that dissolve the GP
zones. The newer automotive body sheet alloys, however, remain highly
formable even after extended natural aging. The introduction of localized
strain hardening and residual stresses in parts by forming after quenching
may have an adverse effect on fatigue, or on resistance to stress corro
sion. In critical applications, forming prior to heat treatment is the pro
cedure preferred to avoid these effects. In some cases, forming is per
missible in the freshly quenched condition, but not after aging has occurred.

The electrical and thermal conductivities of most heat treatable alloys
decrease with the progress of natural aging. This is in sharp contrast to
the changes that occur during elevated-temperature aging. Electrical con-
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ductivity data for three alloys representing the major alloy types are pre
sented in Fig. 36. Because a reduction of solid solution solute content
normally increases electrical and thermal conductivities, the observed de
creases are regarded as significant evidence that natural aging is a process
of zone formation, not true precipitation. Decreased conductivity has been
attributed to impairment of the periodicity of the lattice.

Castings are used in the naturally aged T4 temper in a relatively few
instances where the higher ductility of this temper is of value. Hardening
occurs with time after quenching, the rates varying considerably with al
loy composition. The aluminum-magnesium alloy 220, normally used in
the T4 temper, shows very gradual increases in strength over a period of
years. The aluminum-zinc-magnesium casting alloys, which are used
without heat treatment, exhibit a relatively rapid change in mechanical
properties during the first three or four weeks at room temperature and
subsequent additional aging at progressively reduced rates. In these al
loys, a sufficient concentration of solute is retained in solution by the rate
of cooling in the mold after solidification to permit substantial increases
in strength.

PRECIPITAnON HEAT TREATING (ARnFICIAL AGING)
The effect of precipitation on mechanical properties is greatly accel

erated, and usually accentuated, by reheating the quenched material to
about 95 to 205°C (200 to 400 OF). The effects are not attributable solely
to a changed reaction rate; as mentioned previously, the structural changes
occurring at the elevated temperatures differ in fundamental ways from
those occurring at room temperature. These differences are reflected in
the mechanical characteristics and some physical properties. A charac
teristic feature of elevated-temperature aging effects on tensile properties
is that the increase in yield strength is more pronounced than the increase
in tensile strength. Also, ductility and toughness decrease. Thus, an alloy
in the T6 temper has higher strength but lower ductility than the same
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alloy in the T4 temper. averaging decreases both the tensile and yield
strengths, but ductility generally is not recovered in proportion to the
reduction in strengths, so that the combinations of these properties de
veloped by overaging are considered inferior to those prevalent in the T6
temper or underaged conditions. Other factors, however, may greatly fa
vor the use of an overaged temper. In certain applications, for example,
strength factors are outweighed as criteria for temper selection by the
resistance to stress-corrosion cracking, which improves markedly with
overaging for some alloys, or by the greater dimensional stability for el
evated-temperature service that is provided by overaging. In corrosive
environments, resistance to the growth of fatigue cracks under constant
amplitude and under various spectrum loading conditions increases with
an increasing degree of overaging of 7XXX alloys. This improvement
was a major factor influencing the decision to use 7475-T73 in a recent
application in a fighter aircraft.

Precipitation-hardening curves (isothermal-aging curves) showing changes
in tensile properties with time at constant temperature have been estab
lished for most of the commercial alloys at several temperatures and over
extended periods of aging. To illustrate basic relationships, such data are
summarized for alloys 2014 (aluminum-copper-magnesium-silicon) and
6061 (aluminum-magnesium-silicon) in Fig. 37. With both alloys, the
curves reflect the influence of reversion, as shown by initial losses in
strength. This initial softening is caused by partial destruction of the zone
hardening prior to rehardening by precipitation. As mentioned previously,
a special treatment based on the reversion phenomenon is occasionally
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used to assist in forming alloys in the W or T4 temper. By heating the
naturally aged alloy for a few minutes at temperatures in the artificial-
aging range, the workability characteristic of the freshly quenched con-
dition is restored. The effects are temporary, and the alloy re-ages at room
temperature. Because such treatments decrease the corrosion resistance
of series 2XXX alloys, they should be followed by artificial aging to
obtain satisfactory corrosion characteristics.

The precipitation-hardening temperature range is similar for alloys 2014
and 6061, although aging is more rapid in 2014 at specific temperatures.
Recommended commercial treatments for the T6 temper have been se
lected on the basis of experience with many production lots, representing
an optimum compromise for high strengths, good production control, and
operating economy. These consist of 8 to 12 h at 170°C (340 "F) for
2014, and 16 to 20 h at 160°C (320 OF) or 6 to 10 h at 175°C (350 OF)
for 6061, depending on product form.

Some paint bake operations are in the temperature range commonly
used to artificially age. Consequently, auto body sheet can be formed in
the T4 temper where formability is high, and then it can be aged to higher
strengths during the paint bake cycle. Alloy 6010 was developed to max
imize the response to aging in the temperature range used for paint bak
ing. The differing behavior of alloys 6010 and 2036 in this respect are
illustrated by the isostrength curves in Fig. 38 and 39.

Aging practice and cold work after quenching affect the combinations
of strength and ductility or toughness that are developed. The curves of
Fig. 37 illustrate the fact that recovery of ductility in the overaged con
dition is not appreciable until severe reduction in strength is encoun
tered. The relationship between strength and toughness of notched spec
imens of two alloys is illustrated in Fig. 40. The unit energy to propagate
a crack in notched tear specimens, which is a measure of toughness, was
determined for several stages of precipitation heat treatment, from the T4
or naturally aged temper to the T6 and for overaged tempers. For a spe-

Time, h

Fig. 38. Effect of aging time and temperature on longitudinal yield strength of
60JO-T4.
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cific yield strength, 2014 exhibited higher toughness in the underaged
conditions than in the overaged condition. Different investigators found
different effects of aging on the toughness of alloy 7075. In one inves
tigation, the toughness of overaged 7075 was found to be lower than
when it was underaged to the same yield strength (Ref 31). In another
investigation of several lots of 7075, the toughness of material in under
aged and overaged tempers was virtually identical, and toughness of a
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high-purity variant of 7075 was superior in the overaged condition (Ref
32). In the instances where toughness was different at the same yield
strength, the materials having the lower toughness exhibited a higher pro-
portion of intergranular fracture. The reasons for the different results are
tentatively attributed to differences in heating rate to the overaging tem-
perature affecting the width of the precipitate-free zone at grain bound-
aries. Effects of cold work after solution heat treatment are opposite in
2XXX and 7XXX alloys (Ref 32). Cold work improves the combination
of strength and toughness in 2024 (Fig. 41) and decreases it in overaged
tempers of 7050 (Fig. 42). The improvement in 2024 is attributed to the
refinement of the S' precipitate. This refinement in microstructure pro-
vided a simultaneous increase in strength and toughness. The negative
effect of cold work in 7050 is attributed to the nucleation of coarse TI'
precipitates on dislocations, thereby decreasing strength without corre-
spondingly improving toughness.

Because all heat treatable alloys overage with extended heating, the
decrease in strength with time must be considered in selecting alloys and
tempers for parts subjected to elevated-temperature service. Heat treatable
alloys used as electrical conductors, such as 6101 or 6201, are frequently
used in overaged tempers because of the higher electrical conductivity
associated with more advanced decomposition of the solid solution.

Corrosion Resistance. The extent of precipitation during elevated
temperature aging of alloys 2014, 2219, and 2024 markedly influences
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the type of corrosion attack and the corrosion resistance. With thin-sec
tion products quenched at rates sufficiently rapid to prevent precipitation
in the grain boundaries during the quench, short periods of precipitation
heat treating produce localized grain boundary precipitates adjacent to the
depleted areas, producing susceptibility to intergranular corrosion. Ad
ditional heating, however, induces extensive general precipitation within
the grains, lowering the corrosion potential differences between the grains
and the boundary areas, thus removing the cause of the selective corro
sion. To illustrate, changes in corrosion potential and corrosion resistance
of 2024-T3 sheet with time and temperature of aging are charted in
Fig. 43.

Fortunately, the extent of precipitation required to restore good cor
rosion resistance essentially coincides with that needed to develop max
imum strength in some alloys. For products of thicker section, such as
plate, extrusions, and forgings that cannot be quenched with sufficient
rapidity to achieve the most favorable structures, commercial precipita
tion treatments also improve corrosion resistance.

Effect of Precipitation on Directional Properties of Extrusions. Ex
truded products that remain unrecrystallized after solution heat treating
exhibit greater directional differences in mechanical properties than are
shown by most other wrought products. These extrusions have a highly
developed preferred orientation, with (111) and (001) axes parallel to the
direction of extrusion. The directional variation in tensile properties cor
relates with the relative degree of alignment between planes of maximum
shear stress and crystallographic slip planes (Ref 33). In extrusions of
alloy 2024 that are straightened by stretching, the variation in preferred
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orientation effect with section thickness tends to outweigh the influence
of thicknesson quenching rate, so that in naturally aged tempers the strength
increases with increasing section thickness to about 3.75 em (1.5 in.).
When precipitation heat treatments are applied, the changes in tensile
properties in the longitudinal and transverse directions are different, as
indicated in Fig. 44. The anisotropy is reduced during precipitation by a
decrease in high longitudinal tensile strength, coincidental with an im
provement in tensile strength in the transverse direction. Precipitation heat
treated tempers are used for extrusions of these alloys when higher trans
verse strengths and better corrosion resistance are advantageous.
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tensile properties of 32-mm (l1/4-in.) thick 2024-T3 extruded shape.
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ARTIFICIAL AGING OF 7XXX ALLOYS
Peak Strength. As illustrated by Fig. 35, aluminum-zinc-magnesium

and aluminum-zinc-magnesium-copper alloys do not exhibit a stable W
temper. Strengths increase over a period of many years by the growth of
GP zones. Stable properties, higher strengths, improved corrosion resis
tance, and a lower rate of growth of fatigue cracks are obtained by the
use of elevated-temperature aging. In contrast to the 2XXX and 6XXX
series, which are aged at 170 to 190 °C (340 to 375 OF), temperatures of
115 to 130 °C (240 to 260 OF) are usually used for obtaining T6 properties
with the 7XXX alloys. The reason is that in most cases, they provide
high strength in reasonably short aging cycles. Aging curves are shown
in Fig. 45 for rapidly quenched sheet of alloy 7075 that was brought
slowly to the aging temperatures of 120 to 150 °C (250 to 300 OF). Under
these conditions, peak strength was developed at 120 °C (250 OF).

Because of the nature of hardening precipitates, many variables are
important to consider when aging 7XXX alloys. One variable that must
be recognized is the time interval at room temperature between quenching
and the start of the precipitation treatment. As shown in Fig. 46, the
influence of this variable is specific for a given alloy composition. For
7178, the highest strengths are obtained with a minimum delay between
quenching and aging. This is also true of 7075, but delays of 4 to 30 h
are more detrimental than longer delays. The reasons for these effects are
not completely understood, but there is an apparent relation to the degree
of supersaturation existing in the quenched state and to reversion of GP
zones during artificial aging (Ref 6 and 7). The effects of a natural aging
interval for 7075-T6 sheet are eliminated by use of the two-step treat
ments, such as 4 h at 100°C (212 OF) plus 8 h at 160 °C (315 OF). This
treatment develops the same strength in 7075 sheet as that provided by
24 h at 120 °C (250 OF), despite the fact that isothermal aging above 250
OF usually provides much lower strength. The reason is that the treatment
at 100 °C (212 OF) develops a distribution of GP zones that is stable when
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Fig. 45. Aging of 7075 sheet at 120 to 150 °C (250 to 300 OF). (J.A. Nock, Jr.,
Alcoa Research Laboratories)
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the temperature is raised (Ref 34). When the quench rate is lowered, as
in quenching thick forgings in hot water, homogeneous nucleation be
comes difficult even at temperatures as low as 120°C (250 OF), or even
lower. Under these conditions, a preage near 100°C (212 OF) before the
age near 120 °C (250 OF) increases strength (Ref 35). Another variable
to be considered, then, is quench rate and first-step aging conditions. The
copper-free 7XXX alloys such as 7005 also use two-step aging practices
to provide high strength. A standard treatment for 7005 extrusions is 8
hat 110 °C (225 OF), followed by 16 h at 150°C (300 OF). Slow heating
to the aging temperature acts like a first step in that it permits GP zones
to grow to a size that does not dissolve at higher temperatures. Conse
quently, heating rate is an important factor. One standard treatment for
7039 calls for a controlled rate of heating.

Overaged Tempers. During the early 1960's, T7X-type practices were
developed to improve the corrosion resistance of the 7XXX alloys con
taining more than 1% copper. The T73 temper was developed to improve
the short-transverse stress-corrosion cracking resistance of 7075 thick sec
tion products (Ref 22). The T76 temper was applied to 7075 and 7178
for improved resistance to exfoliation corrosion (see Chapter 7 of this
Volume). Since that time, T7 tempers have been developed for later gen
eration 7XXX alloys such as 7475, 7049, and 7050. These tempers are
based on the fact that selective corrosion at grain boundaries is reduced
with increased overaging. Aging temperatures in the range 160 to 175°C
(325 to 350 OF) are used following a controlled exposure at lower tem
peratures to allow the formation of large numbers of GP zones that are
stable at the higher temperatures. The zones transform to the intermediate
TJ' precipitate and finally to the equilibrium TJ (MgZnz) phase during over
aging. Eliminating the first step and rapidly heating to the final aging
temperature results in low strength, because of reversion of the GP zones
and insufficient nuclei for the formation of a fine dispersion of T). As
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shown in Fig. 47, the use of either a slow heating rate or a two-step aging
practice overcomes this problem (Ref 36). Greatly extending the natural
aging interval also permits GP zones to grow to a size that resists rever
sion, even with rapid heating, but this extended time at room temperature
is not practical (Ref 34). Consequently, suggested commercial practices
normally involve heating to the temperature range of 100 to 120°C (210
to 250 OF) and soaking 1 to 24 h before exposure at the higher temper
ature. Numerous combinations of time and temperature are possible dur
ing the second-step age, as shown in Fig. 48. In any case, overaging can
occur rather rapidly, as shown in Fig. 49. Therefore, extraordinary pro
cess control is required.

To assist with the control problem, a new method has been developed
that gives a quantitative description of effects of precipitation during over
aging (Ref 37). The method is based on the observation that the overaging
reaction is isokinetic (Fig. 50) (Ref 38). These effects can be described
by the following equation:

s = Yexp - (~ + <f>) Eq 10

where S is yield strength; Y is a term having units of strength and that is
alloy, fabrication practice, and test direction dependent; ts is the time at
soak temperature; F is a temperature-dependent term; and

<f>=Ji Eql1

where t is time during heating. These relationships provide the furnace
operator with a method of compensating for heating rate and for differ-
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Fig. 50. Overaging kinetics of alloy 7050.

ences in soak temperature between that desired and that attained. The
information provided by solving these equations can be used in a variety
of ways. One way is to transfer the solutions to a series of graphs and
read the answers off the graphs. Other ways are to program and use a
pocket calculator or to use a patented process (Ref 39).

High temperature aging practices also are used with the lower copper
or copper-free 7XXX alloys such as 7004, 7005, 7021, and 7039. In
general, these practices are used to obtain the best combination of strength,
corrosion resistance, and toughness. While stress-corrosion per
formance in the longitudinal and long-transverse directions is relatively
high, resistance to stress-corrosion cracking in the short-transverse
direction is less than that obtained by aging the 7XXX alloys containing
higher copper by T7X-type practices.

Thermomechanical aging (TMA) involves deformation after solution
heat treatment. The deformation step may be warm or cold and before,
after, or during aging. The simplest TMA practices are those of the con
ventional T3, T8, or T9 tempers. The rate and extent of strengthening
during precipitation heat treatment are distinctly increased in some alloys
by cold working after quenching, whereas other alloys show little or no
added strengthening when treated by this sequence of operations (Ref 40).
Alloys of the 2XXX series such as 2024, 2124, and 2219 are particularly
responsive to cold work between quenching and aging, and this charac
teristic is the basis for the higher strength T8 tempers. The strength im
provement accruing from the combination of cold working and precipi
tation heat treating is a result of nucleation of additional precipitate particles
by the increased strain. The effect on the precipitate shape of artificially
aging 2024 from three initial conditions is given in Fig. 51: that of aging
of 2024-T4, which is not cold worked; that of 2024-T3, cold worked
equivalent to a 1 to 2% reduction; and that of 2024-T361, cold worked
5 to 6%. The S' precipitate platelets in Fig. 51(a), which shows the struc
ture of 2024-T6 having a nominal yield strength of 400 MPa (58 ksi),
were nucleated exclusively by dislocation loops resulting from conden
sation of vacancies about dispersoid particles during quenching. The much
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Fig. 51a. Electron transmission micrograph of 2024-T6, solution heat treated,
quenched, aged 12 hat 190°C (375 OF). (50,OOOX).

finer, more numerous, precipitate particles apparent in Fig. 51(b), rep
resenting 2024-T81 with a yield strength of 455 MPa (66 ksi), and Fig.
51(c), the structure of 2024-T861 having a yield strength of 500 MPa (73
ksi), were nucleated by the extensive network of additional dislocations
introduced by cold working after quenching.

Normally, cold work is introduced by stretching; however, other meth
ods such as cold rolling can be used. Recently, 2324-T39 was developed.
The T39 temper is obtained by cold rolling approximately 10% after
quenching followed by stretching to stress relieve. This type of approach
results in strengths similar to those obtained with T8 processing but with
the better toughness and fatigue characteristics of T3 products.

Various combinations of cold working or warm working after quench
ing, followed by natural or artificial aging, have been tried with 2XXX
alloys (Ref 41). Regardless of the working practice, artificial aging pro
gressively decreases toughness and fatigue performance but improves the
corrosion resistance of 2XXX alloys. Therefore, the choice of practice
depends on application design conditions.
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Fig. 51b. Electron transmission micrograph of2024-T81, soLution heat treated.
quenched. stretched 1.5%. aged 12 h at 190°C (375 OF). Precipitate platelets
are smaller and more numerous than in (a). (50,OOOX).

Cold work after solution heat treatment affects the aging response of
7XXX alloys. Because amounts of cold work are usually introduced for
mechanical stress relieval, the effect on properties obtained by aging for
a T6 treatment of 24 hat 120 °C (250 "F) is minimal (Fig. 52). The same
amount of cold work, however, significantly reduces the strength obtain
able by T7-type aging. The data in Fig. 52 reveal that the effect is not
because of a change in the rate of overaging. Rather, cold work decreases
the maximum attainable strength. The attainable strength decreases pro
gressively with increasing cold work up to at least 5%. This effect is
attributed to the effect of dislocations on heterogeneously nucleating TJ'
precipitate. Cold working by cold rolling to levels higher than those used
for stress relief purposes can provide hardness levels surpassing those
provided by precipitation hardening effects (Fig. 53), but these treatments
are not used commercially.
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Fig. 51c. Electron transmission micrograph of 2024-T86. solution heat treated,
quenched. cold rolled 6%. aged 12 h at 190 °C (375 OF). Precipitate platelets
are smaller and more numerous than in (b). (50.000x).

Considerable experimentation has been conducted on the effects of fi
nal thermomechanical treatments (FfMT) on the performance of 7XXX
alloys, in an attempt to provide more attractive combinations of strength,
toughness, and resistances to fatigue and stress-corrosion cracking (Ref
42-44). This type of processing involves a preage after quenching and
cold or warm working followed by a final age. No consensus exists as
to the value of such processing at this time, nor has the use of FfMT
been accepted commercially.

Precipitation Heat Treating Without Prior Solution Heat Treat
ment. Certain alloys that are relatively insensitive to cooling rate during
quenching can be either air cooled or water quenched directly from a final
hot working operation. In either condition, these alloys respond strongly
to precipitation heat treatment. This practice is widely used in producing
thin extruded shapes of alloys 6061, 6063, 6463, and 7005. Upon pre
cipitation heat treating after quenching at the extrusion press, these alloys
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develop strengths nearly equal to those obtained by adding a separate
solution heat treating operation. Changes in properties occurring during
the precipitation treatment follow the principles outlined in the discussion
of solution heat treated alloys.

Precipitation Heat Treating Cast Products. The mechanical prop
erties of permanent mold, sand, and plaster castings of most alloys are
greatly improved by solution heat treating, quenching, and precipitation
heat treating, using practices analogous to those used for wrought prod
ucts. In addition to this sequence of operations, used to establish tempers
of the T6 and T7 types, precipitation heat treatment can be used without
prior solution heat treating to produce T5-type tempers. The effects of
precipitation treatment on mechanical properties have the same charac
teristic features cited for wrought products. The use of either T5 or T7
overaging treatments is more prevalent for cast than for wrought products.
These treatments, which result in lower strength and hardness than are
obtained in the T6 temper, are used to minimize dimensional changes
during elevated-temperature service. Thermal treatments are not generally
beneficial to the mechanical properties of die castings, and therefore usu
ally are not applied to them.

Representative effects of precipitation heat treating on the tensile prop
erties of the widely used aluminum-silicon-magnesium alloy 356 are il
lustrated in Fig. 54. Higher strengths and superior ductility are obtained
by solution heat treating before precipitation heat treating than by pre
cipitation heat treating directly from the as-cast condition (F temper). Be
cause of the finer cast structure of the more rapidly solidified permanent
mold castings, their tensile properties are superior to those of sand cast
ings similarly heat treated.

Effect of Precipitation Heat Treating on Residual Stress. The stresses
developed during quenching from solution heat treatment are reduced dur
ing subsequent precipitation heat treatment. The degree of relaxation of
stresses is highly dependent upon the time and temperature of the pre
cipitation treatment and the alloy composition. In general, the precipi-
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tation treatments used to obtain the T6 tempers provide only modest re
duction in stresses, ranging from about 10 to 35%. To achieve a substantial
lowering of quenching stresses by thermal stress relaxation, higher tem
perature treatments of the T7 type are required. These treatments are used
when the lower strengths resulting from overaging are acceptable. Spe
cific methods for reducing the residual stresses in heat treated products
by both mechanical and thermal treatment are described in Volume III in
Chapter 10 of Aluminum published by ASM in 1967.

The relaxation of stress under constant strain is essentially the conver
sion of elastic to plastic strain, by the same mechanisms involved in creep.
The deformation accomplished by this means is used to establish precise
final dimensions in large welded tanks. Primary forming of alloy 2219
tank segments is accomplished in the solution heat treated and cold worked
T37 temper, followed by assembly welding. The achievement of final
contours and dimensions of the welded assembly is facilitated by per
forming the precipitation heat treatment of 24 h at 165°C (325 OF) to the
T87 temper while the assembly is clamped in a contour-restraining fix
ture. In the restrained condition, the alloy yields, assuming the shape
imposed by the fixture.

DIMENSIONAL CHANGES IN HEAT TREATING
In addition to the completely reversible changes in dimensions that are

a simple function of temperature change and the thermal expansion coef
ficients, expansions and contractions of a more permanent character are
encountered during heat treatment (Ref 45). These changes are of a metal
lurgical nature, arising from the introduction and relaxation of stresses,
recrystallization, and solution or precipitation of alloying elements. Ele
ments that decrease the lattice spacing when in solid solution generally
cause a decrease in dimensions, because solution is affected during so
lution heat treating. During subsequent precipitation at elevated temper
atures, a reversal of this change is expected. Because certain elements
expand the lattice and others contract it, these effects vary considerably
with the proportions of different elements used in commercial alloys. These
solution and precipitation effects are primarily nondirectional in nature.

Other important effects that may be highly directional are those asso
ciated with relief of residual stresses introduced during fabrication, or
with development of residual stresses during quenching. The degree of
directionality is dependent to a major extent upon the type, shape, and
section thickness of the product, the nature of the quenching medium,
and the manner in which quenching is performed. The dimensional changes
associated with recrystallization vary with the type and extent of prior
working, and the degree of anisotropy varies with preferred orientation.
These factors are subject to so much variation that there is no valid gen
eralization regarding specific changes that may be expected in different
products.

Results obtained in laboratory experiments are summarized in Fig. 55.
A sequence of thermal treatments was applied to sheet and extruded rod
of four alloys, and the unit dimensional changes were determined after
each step. These data demonstrate certain characteristic differences among
compositions. In addition, directional effects result from stresses present
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cold water. (d) Naturally aged, T4. (e) Precipitation heat treated, T6. (L.A.
Willey, Alcoa Research Laboratories)

in the as-fabricated condition, as well as those introduced by quenching,
which vary with the shape and type of product.

Dimensional changes occurring during room temperature aging of cold
water quenched sheet are illustrated in Fig. 56 for four alloys. The di
rection of initial change is, in some cases, opposite to that consistent with
a reduction in solute concentration of the solid solution. The existence of
such changes and of the subsequent reversal was verified, however, by
careful dilatometric measurements. The changes are small, but of suffi
cient magnitude so that tempers more stable dimensionally are sometimes
preferred for parts used in instruments or apparatus requiring maximum
dimensional stability.
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Fig. 56. Average unit dimensional changes during room temperature aging of
cold water quenched sheet. (L.A. Willey, Alcoa Research Laboratories)
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Unit dimensional changes that accompany precipitation heat treating
three alloys at the temperature used for producing the T6 temper in each
alloy are charted in Fig. 57. These effects are normally not directional,
although evidence was found that some anisotropy may be encountered
in products having a high degree of preferred orientation. Growth in di
mensions as a result of precipitation is greatest for alloys containing sub
stantial amounts of copper, but is reduced progressively with increasing
magnesium content in such aluminum-copper-magnesium alloys as 2014
and 2024. The aluminum-magnesium-silicon alloy 6061 shows little di
mensional change during precipitation heat treatment, whereas aluminum-
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zinc-magnesium-copper alloy 7075 actually contracts.
These effects assume considerable importance for parts that must main

tain a precision fit over long periods of operation at elevated temperature,
such as engine pistons. The thermal treatments used for such parts are
designed to promote growth during the heat treating operation, avoiding
this change during service. To accomplish this, the precipitation treatment
must be at a temperature high enough so that the hardness and strength
of the product are lower than if dimensional stability were not the critical
objective.

The effects of time and temperature for precipitation heat treatment on
the unit dimensional change and Brinell hardness of the aluminum-cop
per-manganese-silicon alloy 2025-T4 are demonstrated in Fig. 58. The
extent of aging required to produce maximum hardness or strength at a
specific temperature is much shorter than that needed to develop the max
imum dimensional change. This is also illustrated by reciprocal temper
ature plots of the data (Fig. 59). The contraction that follows the attain
ment of maximum growth at temperatures of 175°C (350 OF) or higher
is attributed to transformation of the transition precipitate to the equilib
rium structure. It also may be influenced by changes in coherency with
growth and coalescence of the precipitate particles.
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CHAPTER 6

EFFECTS OF ALLOYING
ELEMENTS AND IMPURITIES ON
PROPERTIES*

With over 100 possible alloying elements, even leaving out the ele
ments that are very rare or very poisonous, millions of useful alloy com
binations would seem possible. The possibilities are quite limited if small
alloy variations are ignored. Alloying elements are usually added to alu
minum to increase its strength, although improvements in other properties
are very important. The two most commonly used methods of increasing
the strength of aluminum alloys are to:

• Disperse alloying elements or elements in solid solution and cold work
the alloy (work-hardening alloys)

• Dissolve the alloying elements into solid solution and precipitate them
as coherent submicroscopic particles (precipitation-hardening alloys)

The solid solubility in aluminum of the elements is given in Table I,
Chapter 2 in this Volume. Note that only nine elements have a maximum
solid solubility greater than 1 wt% and have substantially lower solubil
ities at lower temperatures. Of these nine elements, silver, gallium, and
germanium are expensive and lithium, because of processing difficulties,
is presently used only in special alloys. This leaves five elements: zinc,
magnesium, copper, manganese, and silicon, which form the basis for
the principal commercial aluminum alloys. These are used in various
combinations, as shown in Fig. 1.

All age-hardening alloys contain alloying elements that can be dis
solved at elevated temperatures (solution heat treated) and precipitated at
lower temperatures (aged) to produce significant increases in strength.
Most casting alloys have silicon as the major alloying addition because
aluminum-silicon alloys are able to fill the mold completely and are not
sensitive to hot cracking. The silicon in shape casting produces a modest
increase in strength because of the large volume fraction of hard silicon
particles or fibers formed during solidification. The work-hardening al
loys are of two basic types: the aluminum-manganese based alloys, which
form a fine dispersion of intermetallic phase particles giving a modest
increase in strength, and the aluminum-magnesium based alloys in which
the magnesium remains in solid solution and produces a larger increase
in strength, particularly after cold working. A combination of aluminum-
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Fig. J. Principal aluminum alloys. (Ref 1)

magnesium-manganese is widely used in aluminum alloy beverage con
tainers. All alloying elements will increase work hardening, but the above
two systems are extensively used because they both remain stable during
processing and have excellent corrosion resistance.

Transition metals with moderate solid solubilities, such as manganese,
chromium, and zirconium are added to aluminum alloys because they can
be precipitated as a dispersion of fine intermetallic phase particles, less
than I urn (0.04 mil) in diameter, which do not dissolve during hot work
ing or annealing. This fine, stable dispersion of particles can be used to
pin grain or subgrain boundaries and improve strength, toughness, and
improve resistance to stress-corrosion cracking.

Most elements have a very low solid solubility in aluminum and are
segregated to the dendrite cell boundaries during casting. If the concen
tration of these elements is high enough, they form second-phase parti
cles, usually in the order of 10 urn (0.4 mil) in cross section, which
remain as particles in the alloy during subsequent processing. The most
commonly encountered of these particles are the iron-rich intermetallic
phases that result from iron, which is always present as an impurity in
commercial metal. These relatively large particles add only a small in
crement to the strength of the alloy and can decrease toughness and cor
rosion resistance. Elements with low solid solubilities can also be useful,
for example, lead and bismuth are added to some alloys to improve
machinability.

PHYSICAL PROPERTIES
Density. The relative lightness of aluminum is one of its outstanding

characteristics. Of the common alloying elements, magnesium, lithium,
and silicon decrease the density of aluminum and chromium, copper, iron,
manganese, nickel, titanium, and zinc increase it (Ref 2).

The relationship between the density of an alloy and its composition
usually approaches linearity closely enough to justify calculating density



3

2

~

oJ
0>
C
0

0 L
U

c-,

til

-I c
Q)

0

-2

-3

7 ~
V~u,NI
~:Fe.....- ....... ~'Zn~~-

::d~~p r:.~Zr'
.>: ~ V,Go

~~~
p--

~
~Ti --~ I

..-:: -------~ - - A1z0 3 _

~ :::--

~i"'-~ B
~ Mg s:

~I\ II r--::::: :::::::-- -
:---

\ Measured density, ---~~r--1\ \ in 50li
1d

solu lion ---\ {L1i ....... --- Be f--

Mg

-

\Li

2.76

2.64

r<J

E 2.72
~
CJ'

:3
·ifi

~ 2.68
o

202/PROPERTIES AND PHYSICAL METALLURGY

2.80

5.64.80.8 1.6 2.4 3.2 4.0
Alloying element, %

Fig. 2. Density of binary aluminum alloys (calculated). (Courtesy ofD.E. Kun
kle, Alcoa)

as the sum of the density contributions of each element present. The de
parture from a linear relation between density and composition is influ
enced by many factors: porosity, macrosegregation of constituents, de
gree of solid solution, specific volumes of constituents that differ from
those of the added elements, as well as phenomena associated with
quenching from elevated temperatures, cold work, and growth. The con
ditions under which the density of an alloy is determined should be spec
ified. Because the effects of many of the above factors are minimized
when the alloy is annealed, the densities of alloys in this condition are
more readily comparable. The effects of several common additions to
aluminum on its density (calculated values) are shown in Fig. 2.

Metals soluble in the aluminum lattice affect density in a more complex
manner than when an alloy is composed of two or more phases, where
the density can be predicted by the law of mixtures. The effects of several
elements on the lattice parameter of aluminum are shown in Table I,
Volume I, Appendix 2 of Aluminum, American Society for Metals, 1967.
Generally, if an element goes into solid solution and contracts the lattice,
it increases the density. On precipitation of such an element, the lattice
expands and the density decreases, unless there is a decrease in the spe
cific volume of the precipitating phase, which may cause the density to
increase.

The changes in density brought about by the presence of silicon in
aluminum are an example of the complex effect of an added element on
this property. If up to 1.65% silicon is added to aluminum (its maximum
solid solubility) and if the silicon is out of solution, a reduction in density
occurs by the rule of mixtures. A solution heat treatment and quench
brings all of the silicon into solid solution and because the silicon de
creases the lattice parameter of aluminum, the density of the alloy in-
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creases. Thus, the net effect of silicon on the density of the alloy is the
sum of the individual effects of these two phenomena: the solid solubility
of silicon in aluminum, and its presence in a heterogeneous mixture.

Similar effects resulting from multiple influences on density occur in
aluminum-magnesium alloys, except that in this system the situation is
complicated by precipitation of the Mg-Al, constituent, which is appre
ciably less dense than the solid solution. Another example is lithium,
which contracts the aluminum lattice but decreases density. The dotted
curves of Fig. 2 show measured densities of alloys containing lithium or
magnesium when these elements are in solid solution in aluminum.

In addition to the influence on density of composition and heat treat
ment, changes in density occur during fabrication. For example, rolling
an ingot may increase its density by eliminating porosity. Cold work de
creases density by developing dislocations; these are subsequently re
moved by annealing, with an accompanying increase in density. The
changes are on the order of 0.1 %.

Thermal expansion is the reversible dimensional change resulting solely
from a change in temperature; irreversible dimensional changes resulting
from metallurgical causes, such as residual stresses or behavior of soluble
phases, are excluded.

The expansion of an aluminum-based alloy is a constant fraction of the
expansion of 99.996% aluminum when the materials are tested in the
annealed state (the condition of maximum dimensional stability). Expan
sion characteristics of 99.996% aluminum are discussed in Chapter I in
this Volume.

Table I shows the change in alloy constant for various alloy additions
to aluminum per weight percentage of addition, including a group (chro
mium, manganese, titanium, vanadium, and zirconium) for which only
limited data are available. More detailed information is given in Ref 3.

Additions of Alz0 3 , copper, iron, magnesium, nickel, silicon, or zinc
to aluminum change its expansion coefficient in approximately a linear
manner. As shown in Fig. 3, magnesium or zinc increase the expansion,
whereas the other additions decrease it.

The effects of alloying additions, with some exceptions, are additive,
following the rule of mixtures. However, elements that were in solid so
lution may combine to form phases of greatly reduced solubilities, such

Table 1. Effect of Alloying Elements on the Thermal Expansion
of Aluminum

Change In alloy
constant per wt%

addillon (annealed
Alloying element temper)(a)

Aluminum oxide (AI20,) -0.0105
Copper -0.0033
Iron -0.0125
Magnesium +0.0055
Nickel -0.0150
Silicon -0.0107

Change In alloy
constant per wt%

addlllon (annealed
Alloying element temper)(a)
Zinc +0.0032
Chromium -O.OlO(b)
Manganese , -O.OlO(b)
Titanium -O.OIO(b)
Vanadium -O.OlO(b)
Zirconium -O.OIO(b)

(a) Constant is 1.0000 for high-purity aluminum. (b) Estimated.
Source: L.A. Willey, Alcoa Research Laboratories.
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as Mg2Si or MgZn2; these phases will be largely out of solution in the
annealed state. The phases will, therefore, remove from solution the mag
nesium and zinc that would still remain in solution in annealed binary
alloys. From limited data, the observed expansions of alloys containing
Mg2Si or MgZn2 are lower than those'expected from a calculation based
on individual metal additions.

The temper of an alloy has an influence on its thermal expansivity.
Measurements indicate that the thermal expansivity constants of alloys in
the heat treated condition (T4 or T6 tempers) are higher by about 0.015
than those for alloys in the annealed condition.

Thermal Conductivity. Because thermal conductivity can be calcu
lated from electrical resistivity measurements, this approach is generally
used to arrive at the values quoted in the literature. Kempf, Smith, and
Taylor (Ref 4) found the relationship between thermal and electrical con
ductivities for annealed aluminum alloys between 0 and 400°C (32 and
750 OF) to be largely independent of composition, with the exception of
an effect of silicon. This relationship was expressed by the equation:

K = 5.02AT X 10- 9 + 0.03

where K is thermal conductivity, A the electrical conductivity, and T the
absolute temperature in degrees Kelvin.

The effect of silicon is anomalous, in that the K/T ratio (Lorenz factor)
for the aluminum-silicon alloys is greater than for other aluminum alloys
by about 0.05 per weight percent of silicon up to the eutectic concentra
tion of 12.6%. The effects of composition on electrical and thermal con
ductivities are similar (Ref 5).

Electrical Conductivity and Resistivity. Electrical conductivity, which
is the reciprocal of resistivity, is one of the most sensitive properties of
aluminum, being particularly responsive to changes in composition and
thermal condition. Fortunately, conductivity is readily measured with high
precision (Ref 6).
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Table 2. Effect of Elements In and Out of Solid Solution
on the Resistivity of Aluminum

Maximum
solubility

Element In AI, %
Chromium 0.77
Copper. . . . . . . . . . . . . .. 5.65
Iron 0.052
Lithium 4.0
Magnesium 14.9
Manganese. . . . . . . . . . .. 1.82
Nickel 0.05
Silicon 1.65
Titanium 1.0
Vanadium 0.5
Zinc 82.8
Zirconium 0.28

Average IncreaseIn reslstIvtly
I per wt"lo, ",fi·em I
In solution out of solutlon(a)
4.00 0.18
0.344 0.030
2.56 0.058
3.31 0.68
0.54(b) 0.22(b)
2.94 0.34
0.81 0.061
1.02 0.088
2.88 0.12
3.58 0.28
0.094(c) 0.023(c)
1.74 0.044

Note: Add above increase to the base resistivity for high-purity aluminum, 2.65 IJ-O· em at 20°C
(68 oF) or 2.71 IJ-O· em at 25°C (77 oF).
(a) Limited to about twice the concentration given for the maximum solid solubility, except as noted.
(b) Limited to approximately 10%. (c) Limited to approximately 20%.
Source: L.A. Willey. Alcoa Research Laboratories.

All known metallic additions to aluminum reduce its electrical con
ductivity. Metals in solid solution depress the conductivity to a greater
extent than when out of solution. Manganese is an example of the im
portance of the condition in which the added element appears in alumi
num. As the amount of manganese in solid solution increases, the re
sulting rapid increase in resistivity is in marked contrast to the much slower
increase in resistivity as manganese concentration exceeds its solid
solubility limit.

A summary of the maximum solubilities of various elements in alu
minum is shown in Table 2, together with the average increase in resis
tivity per 1% of the element in solution and out of solution. For example,
if the alloy contains 1.0% chromium and the maximum amount of it is
in solid solution, the increase in resistivity of high-purity aluminum (2.65
/-Ln.·cm at 20°C) is 0.77 x 4.00 + 0.23 x 0.18 = 3.13 /-Ln.·cm. The
potent effects on resistivity of chromium, iron, lithium, manganese, ti
tanium, and vanadium are apparent.

The effect of two or more additions on the resistivity of aluminum
depends on the relationship between the elements. In general, if the ele
ments individually go into solid solution in aluminum, their effects on
resistivity are additive. If a compound is formed, the solid solubility of
one or both elements may be reduced, or the compound may have a sol
ubility of its own. In the aluminum-magnesium-zinc system, the effect
of the combined presence of magnesium and zinc on the resistivity of
aluminum falls between the values of each alone. The resistivities are
approximately additive on an atomic basis, even when magnesium and
zinc are present in the ratio to form MgZn2'

Quenching an alloy after a solution heat treatment generally results in
the lowest electrical conductivity, because a large part of the constituents
present are retained in solid solution. However, in systems that age at
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room temperature, there may be a subsequent decrease in conductivity
occurring during the initial stages of aging, attributed to Guinier-Preston
zone formation and related phenomena. By removing constituents from
solid solution, aging (particularly at elevated temperatures) and, to a greater
degree, annealing increase the electrical conductivity.

The change in resistivity with temperature of 99.996% aluminum is
approximately constant at 0.0115 j.Ln· em per °C over the range of -160
to 300°C (-260 to 570 OF). Because the resistivity-temperature relations
for different alloys form a family of lines parallel to that of aluminum,
the change in resistivity with temperature is essentially independent of
composition. As a consequence, the 0.0115 j.Ln· em per °C value is use
ful for calculating the resistivity of an aluminum alloy at any temperature
from its known resistivity at another temperature, provided no metal
lurgical change takes place.

Electrical conductor grade metal (EC metal, 99.60% aluminum mini
mum) deserves special consideration. The effect of small concentrations
of impurities is a factor of considerable economic importance in this ap
plication. Common impurities in EC metal are copper, iron, silicon, ti
tanium, and small amounts of several other elements. Conductivity is
reduced by 0.8% lACS for each 0.01 % total of titanium plus vanadium
present. Boron in amounts equal to half the weight of titanium-plus
vanadium content will form the compounds TiBz and VBz, which are
insoluble in liquid and solid aluminum. The greater amounts of these
compounds settle out of the liquid melt, and the small amounts that re
main exert essentially no effect on conductivity.

Magnetic susceptibility depends upon the magnetic characteristics and
amount of the addition element, and the form the addition takes. For
example, the addition of Al-O, forms a simple mechanical mixture; iron
as PeAl, is paramagnetic to about the same extent as aluminum and hence
the effects of small iron additions are indistinguishable; vanadium de
creases the paramagnetic susceptibility from 0.628 x 10- 6 cgs at 0% va
nadium to 0.582 at 0.36% vanadium. Manganese and chromium increase
the property beyond that predicted by the law of mixtures-that is, to
0.959 at 1.38% manganese and to 0.669 at 0.63% chromium.

Magnetic susceptibility changes as solid solutions decompose, because
it is sensitive to whether the added metal is in solid solution (as-quenched)
or is in a precipitated phase (annealed condition), as in the aluminum
copper binary system shown in Fig. 4 . .In this system, the magnetic sus
ceptibility of the quenched material depends on the amount of solute re
maining in the solid solution during aging and is insensitive to the dif
ferent phases that form as decomposition products.

Magnetic susceptibility is a quench-sensitive property. For example,
the aging of 3 to 5% copper alloys at different temperatures, as followed
by magnetic susceptibility measurements, is linear with respect to the
logarithm of time for cold water quenched material, but proceeds as a
two-step aging process following a boiling water quench.

Magnetic susceptibility is not sensitive to strain hardening, to small
deviations in metallurgical structure such as vacancies, dislocations, or
new grain boundaries, to residual or applied stresses, or to whether the
alloy is wrought or cast.
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Fig. 4. Variations in magnetic susceptibility of aluminum-copper alloys with
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0.64

Reflectance and Emissivity. Because total reflectance for white light
(visible reflectance) and emissivity of aluminum are surface phenomena
characteristics of the metal (Chapter 1 in this Volume), they are only
indirectly influenced by the presence of alloying additions. The presence
of films or coatings on aluminum alters the total reflectance for white
light and emissivity, depending on their composition and opacity, from
values representing the metal surface to those representing the film or
coating itself. Anodic films on polished aluminum have a reflectance for
visible radiation approaching that of bare aluminum; on diffuse surfaces,
the reflectance decreases significantly with increases in film thickness
(Fig. 5).

Although alloying additions do not appreciably affect either visible re
flectance or emissivity, they can influence formation of surface films dur
ing fabrication, thermal treatment, or service, which usually decrease vis
ible reflectance and increase emissivity.

With certain fabricating practices, the presence of magnesium or Mg-Si
in aluminum will reduce the reflectance in the visible range from 85 to
90% to approximately 70%. Under similar fabricating conditions, the em
issivity of aluminum also is not affected by the presence of 1.25% man
ganese, but additions of 3.5% magnesium or 1.6% Mg-Si increase this
value from 3 to 6%.

A correlation has been noted between the increase in emissivity and
the presence of MgO in the surface film with additions of magnesium or
Mg-Si to aluminum. Furthermore, the emissivity of aluminum increases
to about 10% with additions of magnesium or Mg-Si when it is heat treated
at temperatures of 260 to 510 °C (500 to 950 OF), in wet or dry air or
helium.

The specular (mirrorlike) reflectance for visible radiation, as distin
guished from total reflectance for white light, can be increased by po
lishing and decreased by roughening treatments. The particular alloying
addition will determine the type of polishing required to provide a high
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specular reflectance of about 90%. All alloys can be mechanically po
lished, but chemical and electrochemical polishing are restricted to those
alloys that will not pit with such treatments. Magnesium in solid solution
strengthens aluminum while not impairing its high specular reflectance
(90%) on polishing. Thus, this alloying element widens the range of com
mercial use of aluminum as a reflector.

The commercial interest is in the specular reflectance of bright etched
and sulfuric acid anodized aluminum and aluminum alloy products. Soft
ness, large grain size, and cost limit the commercial applications of super
purity aluminum. Magnesium or magnesium and zinc are frequently used
to improve hardness and strength, because they have a minor effect on
specularity in the range up to 2 or 3%. Iron has the most harmful effect
(Ref 7). Loss of specularity is proportional to iron contents above 0.008%.
Commercial minimums are in the range of 0.10 to 0.12% iron, depending
on cost and availability. Manganese has little effect up to 0.30%, but
above 0.30% the loss in brightness is progressive. Magnesium and silicon
in 6063 extrusions can adversely affect brightness if the Mg2Si is per
mitted to agglomerate. Proper air quench at the press and lower aging
temperatures produce good specularity.

Surface Tension. The true surface tension of molten aluminum is dif
ficult to measure, because of the error introduced by the very thin oxide
film that forms on the surface of aluminum, even under carefully con
trolled conditions involving the use of high vacuum or inert atmosphere
(Ref 8). The oxide film and liquid-solid interfacial tension cause high
results with the dipping cylinder, capillary, and sessile drop methods.
Because of the problems of measurement, it is difficult to compare the
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values obtained by one investigator with those of another, as wide dis-
crepancies in results may occur when different methods or techniques are
used.

Alloying additions to aluminum may decrease, increase, or have vir
tually no influence on the results of tests intended to measure surface
tension. Figure 6 shows data obtained by the capillary method at 700 to
740°C (1290 to 1360 OF) in argon that indicate that bismuth, calcium,
lithium, magnesium, lead, antimony, and tin substantially reduce the sur
face tension of 99.99% aluminum, whereas silver, copper, iron, ger
manium, manganese, silicon, and zinc have little effect. Surface tension
decreases as the temperature increases.

Viscosity. Internal friction measurements in molten metal have been
used to predict the formation of solid-state phases. Maxima reportedly
(Ref 9) occur at limits of solid solubility, and minima are found at eutectic
compositions in aluminum-copper, aluminum-magnesium, aluminum
nickel, and aluminum-silicon systems.

Viscosity is also a measure of the effect of alloying additions on the
fluidity of aluminum. Figure 7 shows that at 700 °C (1290 OF), copper,
iron, and titanium increase viscosity. Additions of zinc have little influ
ence, whereas magnesium and silicon reduce internal friction of alumi
num. In all cases, the viscosity drops with an increase in temperature,
and the curves for various alloy compositions are essentially parallel.
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Specific Heat. Aluminum has a relatively high specific heat when com
pared with other metals on a weight basis. The differences between met
als are small on a volume basis, consequently, the measured effects of
small-to-moderate concentrations of other metals are not much different
from values calculated on the basis of the specific heats of the weight
fractions of atomic species present. Because the measurement of specific
heat is difficult, the values for alloys are often calculated, and the specific
heat of the alloy in the annealed condition is assumed to vary with com
position in a linear manner.

Specific heat of aluminum increases approximately linearly from room
temperature to its melting point (Chapter I in this Volume). Although
supporting data are limited, it appears that the effect of other elements
added to aluminum is to form a family of parallel curves, from which
the specific heat at any temperature may be calculated from the known
value for aluminum at that temperature (Ref 3).

The specific heat of aluminum containing additions that form insoluble
constituents would not be expected to be influenced appreciably by ther
mal condition. The apparent specific heats (which would include heats
of precipitation and solution of constituents) of solid solution aluminum
alloys, in particular those of aluminum-copper and AI-Mg 2Si, depend
upon the thermal condition in a nonlinear manner.

Modulus of Elasticity. Young's modulus of elasticity of aluminum
alloys, determined under static conditions, is dependent upon composition
to the extent that, in dilute alloys, the modulus can be calculated ap
proximately from the individual contributions of the metals present, on a
volume basis (with the exceptions of lithium and magnesium). If a second
phase is formed and it is essentially the terminal member of the equilib
rium system, as is the case with silicon and beryllium, the rule of mix
tures is still generally applicable at higher alloy contents. If the addition
to aluminum forms intermetallic compounds or other phases with alu-
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minum, the elastic properties of these phases exert their own influence
on the modulus of the alloy.

Figure 8 shows the increase in Young's modulus caused by additions
of beryllium, cobalt, manganese, nickel, silicon, and lithium (Ref 10).

Powder metallurgy techniques permit alloying aluminum with other
metals in higher concentrations than are obtainable by conventional
means. The modulus values for several powder metal alloys are shown
in Table 3.

Modulus of elasticity is determined not only under static conditions but
also under dynamic conditions. Results from static and dynamic mea
surements do not always coincide. It is reported (Ref 11) that magnesium,
zinc, silicon, and copper lower the dynamically determined elastic mod
ulus of aluminum decreasingly in the order listed, on an atomic percent
basis. Another source (Ref 12) reports that under dynamic conditions pure
aluminum retains a higher modulus to 370°C (700 OF) than do aluminum
copper, aluminum-magnesium, and aluminum-zinc alloys. Furthermore,
the higher concentrations of magnesium or zinc cause a slightly greater
reduction in modulus as temperature increases, compared to the more
dilute alloys of the same elements.

Table 3. Modulus of ElastIcity of Some Aluminum Powder
Metallurgy Alloy ExtrusIons (APM)

Alloying ~Modulus--,

constltuenl. % GPo 10' psi
6 AI,O, 73 10.6

11 AI,O, 77 11.1
14 AI,O, 79 11.5

Alloying r- Modulus --,
elernenls(o). % GPa 10' psi

10 Cr 93 13.5
13 Fe 88 12.7
16Mn 110 15.9
5.9 Fe, 6.2 Ni 88 12.8

12.6 Mn, 2.9 Si 96 13.9

(a) These alloys contain about 0.5% Al,O,.
Source: J.P. Lyle and H.G. Paris, Alcoa Laboratories.
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MECHANICAL PROPERTIES AND PROCESSING
Forming. The formability of a material is the extent to which it can

be deformed in a particular process before the onset of failure. Aluminum
sheet or aluminum shapes usually fail by localized necking or by ductile
fracture. Necking is governed largely by bulk material properties such as
work hardening and strain-rate hardening and depends critically on the
strain path followed by the forming process. In dilute alloys, the extent
of necking or limit strain is reduced by cold work, age hardening, gross
defects, a large grain size, and the presence of alloying elements in solid
solution. Ductile fracture occurs as a result of the nucleation and linking
of microscopic voids at particles and the concentration of strain in narrow
shear bands. Fracture usually occurs at larger strains than does localized
necking and therefore is usually important only when necking is sup
pressed. Common examples where fracture is encountered are at small
radius bends and at severe drawing, ironing, and stretching near notches
or sheared edges (Ref 13-15).

Considerable advances have been made in developing alloys with good
formability but, in general, an alloy cannot be optimized on this basis
alone. The function of the formed part must also be considered and im
provements in functional characteristics, such as strength and ease of ma
chining, often tend to reduce the formability of the alloy.

The principal alloys that are strengthened by alloying elements in solid
solution (often coupled with cold work) are those in the aluminum-mag
nesium (5XXX) series, ranging from 0.5 to 6 wt% magnesium. These
alloys often contain small additions of transition elements such as chro
mium or manganese, and less frequently zirconium to control the grain
or subgrain structure and iron and silicon impurities that usually are pres
ent in the form of intermetallic particles. Figure 9 illustrates the effect of
magnesium in solid solution on the yield strength and tensile elongation
for most of the common aluminum-magnesium commercial alloys. Note
the large initial reduction in the tensile elongation with the addition of
small amounts of magnesium.

The reductions in the forming limit produced by additions of magne
sium and copper appear to be related to the tendency of the solute atoms
to migrate to dislocations (strain age). This tends to increase work hard
ening at low strains, where dislocations are pinned by solute atoms, but
produces a decrease in work hardening at large strains. Small amounts
of magnesium or copper also reduce the strain-rate hardening, which will
reduce the amount of useful diffuse necking that occurs after the uniform
elongation. Zinc in dilute alloys has little effect on work hardening or
necking, and it does not cause strain aging.

Elements that have low solid solubilities at typical processing temper
atures, such as iron, silicon, and manganese, are present in the form of
second-phase particles and have little influence on either strain hardening
or strain-rate hardening and thus a relatively minor influence on necking
behavior. Second-phase particles do, however, have a large influence on
fracture, as is shown in Fig. 10 and 11. In these examples an increase
in the iron, nickel, or manganese content produces an increase in the
number of microscopic particles that promote fracture. The addition of
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magnesium promotes an additional reduction in fracture strain, because
the higher flow stresses aid in the formation and growth of voids at the
intermetallic particles. Magnesium in solid solution also promotes the lo
calization of strain into shear bands, which concentrates the voids in a
thin plane of highly localized strain.

Precipitation-strengthened alloys are usually formed in the naturally aged
(T4) condition or in the annealed (0) condition but only very rarely in
the peak strength (T6) condition where both the necking and fracture lim
its are low. In Fig. 12 the effect of a wide range of precipitate structures
on some of the forming properties is illustrated for alloy 2036 (2.5%
copper-0.5% magnesium). Curves similar in shape can be drawn for most
of the precipitation strengthened alloys in the 2XXX and 6XXX series.

The properties in Fig. 12 were obtained from sheet tensile specimens
first solution heat treated, then aged at temperatures ranging from room
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temperature to 350°C (660 OF). This produced a full range of structures
from solid solution (as-quenched) through T4 and T6 tempers to various
degrees of overaging and precipitate agglomeration.

Fracture Toughness and Fatigue Behavior. The application of high
strength aluminum alloys in the aerospace industry has resulted in in
creased performance requirements in the areas of fatigue and fracture. In
the development of aluminum alloys for these applications, it is necessary
to control the alloy composition to produce specific microstructures tai
lored for resistance to specific failure mechanisms.

The design of damage-tolerant aluminum alloys such as 7475, 7050,
or 2124 has been primarily based upon the control, through composition
and fabrication practice, of the alloy microstructure (Ref 16 and 17). Three
types of second-phase particles are known to influence fracture and fa
tigue behavior in high-strength aluminum alloys:

Typical examples
CU2FeAI7' CuAI2• FeAI6

ZrAI3 • CrMg2AI'2
Guinier-Preston zones

mil
0.08-2

0.0004-0.02
O.ססOO4-0.02

r--- 5118---,
Type ",m

Constituent particles. . . . . . . . . .. 2-50
Dispersoid particles 0.01-0.5
Strengthening precipitates 0.001-0.5

The effect of these particles on the fracture and fatigue behavior is dis
cussed below.
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Fracture Toughness. It is generally accepted that the fracture of brittle
constituent particles leads to preferential paths for crack advance and re
duced fracture toughness (Ref 18). Consequently, an often-used approach
to improve the toughness of high-strength aluminum alloys has been the
reduction of iron and silicon levels. The recent development of improved
alloys such as 7475, 7050, and 2124 has hinged, in large part, upon the
use of higher purity base metal than 7075 or 2024. Figure 13 illustrates
the influence of base metal purity on the fracture resistance of alloy 7050
sheet. The partially soluble constituents exert a similar effect on the frac
ture behavior of high-strength alloys. Figure 14 shows the reduction in
toughness experienced as the volume fraction of Al2CuMg is increased
in alloy 2024 plate.

For superior toughness, the amount of dispersoid-forming element should
be held to the minimum required for control of grain structure, mechan
ical properties, or resistance to stress-corrosioncracking. Results for 7XXX
alloy sheet (Fig. 15) show the marked decrease in unit propagation energy
as chromium is increased. Substitution of other elements, such as zir
conium or manganese, for chromium can also influence fracture tough
ness. However, the observed effects of the different dispersoids on frac
ture toughness can quite possibly be related to the particular toughness
parameter chosen and the influence of the dispersoid on the grain struc
ture of the wrought product.
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The primary effect of hardening precipitates on fracture toughness of
high-strength aluminum alloys is through the increase in yield strength
and depends upon the particular working and heat treatment practices ap
plied to the wrought products. However, composition changes, particu
larly magnesium level, can produce significant effects on toughness of
7XXXalloys. These variations in composition do not alter the basic char
acter of the hardening precipitates, but exert a subtle influence on the
overall precipitate structure.

Fatigue and Fatigue Crack Growth. Aluminum does not exhibit the
sharply defined fatigue limit typically shown by low-carbon steel in S-N
tests. For smooth or notched coupon tests, where lifetime is governed
primarily by crack initiation, the fatigue resistance is expressed as a fa
tigue strength (stress) for a given number of cycles. In tests where fatigue
crack growth is of interest, the performance of aluminum is measured by
recording the crack growth rate (daldN) as a function of stress intensity
range (M0. This type of fatigue crack growth (FCG) test is currently of
prime importance for alloys used in aerospace applications.
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It is generally known that alloying, processing, or heat treatment that
improve tensile strength tend to increase the fatigue strength of alumi
num. However, the design of aluminum alloys to resist failure by fatigue
mechanisms has not proceeded to the same extent as for fracture toughness.

The effect of large constituent particles on the fatigue behavior of high
strength aluminum alloys is highly dependent upon the type of fatigue
test or stress regime chosen for the evaluation. Reduced iron and silicon
contents do not always result in improved fatigue resistance commen
surate with the previously described improvements in fracture toughness.
Increased purity level does not, for instance, produce any appreciable
improvement in notched or smooth S-N fatigue strength (Ref 19 and 20).
No consistent differences in FCG rates have been observed for low- and
high-purity 7XXX alloy variants at low to intermediate M( levels. How
ever, at high stress-intensity ranges, FCG rates are notably reduced for
low iron and silicon alloys (Ref 20 and 21). The reason for the observed
improvement is undoubtedly related to the higher fracture toughness of
high-purity materials. At high stress-intensity ranges, where crack growth
per cycle (da/dN) values are large, localized fracture and void nucleation
at constituent particles become the dominant FCG mechanism. For sam
ples subjected to periodic spike overloads, low-purity alloys were shown
to exhibit slower overall FCG rates than higher purity materials. This
effect was attributed to localized crack deviation induced by the insoluble
constituents. Secondary cracks at these particles acted to lower crack tip
stress-intensity values and reduce measured FCG rates.

No clear-cut influence of dispersoid particles on the fatigue behavior
of aluminum alloys has emerged. Two separate studies have concluded
that dispersoid type has little effect on either FCG resistance (Ref 19) or
notched fatigue resistance (Ref 21) of 7XXX alloys. The only expected
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effect of dispersoid type on fatigue performance should occur for high
/::J( fatigue crack growth, where mechanisms similar to those for fracture
toughness predominate.

Within a given alloy system, slight changes in composition that influ
ence hardening precipitates have not been shown to influence the S-N
fatigue resistance of aluminum alloys. However, significant differences
have been observed in comparison of alloys of different systems. For
instance, 2024-T3 is known to outperform 7075-T6 at stresses where fa
tigue lives are short (_105 cycles). The superior fatigue performance of
alloy 2024-T3 in the 105 cycle range has led most aircraft designers to
specify it in preference to 7075-T6 in applications where tension-tension
loads are predominant.

Alloy 2024-T3 shows a similar advantage over 7075-T6 and other 7XXX
alloys in fatigue crack growth. The superior performance for 2024-T3
plate versus 7075-T6 extends over the entire da/dN-f1K range, as shown
in Fig. 16. Within the 7XXX alloy system, increasing copper content
improves FCG performance in high humidity. This result was attributed
to an increased resistance of the high-copper alloy to corrosion in the
moist environment (Ref 21).

Fatigue designers are currently beginning to use increasingly complex
"spectrum" FCG tests to predict the performance of materials in service.
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Early work in the area of spectrum fatigue showed that high-toughness
alloy 7475-T76 performed better than either 2024-T3 or 7075-T6
(Ref 22).

Forging. Aluminum of commercial and higher purity is readily forge
able into intricate shapes over a wide range of temperatures. While many
aluminum alloys are also readily forgeable, difficulty tends to increase
because the addition of alloying elements increases flow strength. The
formation of discrete phases that interrupt continuity of the structure also
adversely affects forgeability. The higher deformation strength increases
pressure requirements, while the discrete phases make flow less uniform
and increase the likelihood of cracking. Alloying additions that signifi
cantly increase solid solution strength are copper, magnesium, and sili
con. Chromium, manganese, titanium, vanadium, and zirconium form
insoluble phases. The presence of these elements strengthens the alumi
num at elevated temperature, but they have less effect than the higher
solid solubility elements. If the low-solubility elements are present in suf
ficient quantity, massive primary particles may form. These particles can
promote local cracking during forging or other hot working operations.
Figure 17 shows the effect of several common additions on forgeability
in the range of 370 to 455°C (700 to 850 OF).

This figure indicates that forgeability, as measured by deformation re
sistance, is nearly linear for the temperature and alloy range shown.
Forgeability as measured by freedom from cracking falls off abruptly near
or at the temperature where initial melting occurs in an alloy.

Sound aluminum direct chilled (D.C.) ingot with a low alloy content
can be forged as-cast. Where the alloying content is higher, it is usually
advantageous to homogenize the ingots before forging and, in the case
of some high-content alloys, heavy sections and intricate finished shapes,
it may be desirable to hot roll, extrude or preforge the stock to obtain a
uniform structure more suitable for forging. Thermal treatments should
be used to maximize solid solution and to spheroidize the remaining
constituents.

Machining. Pure, unalloyed aluminum is relatively soft and ductile
and tends to adhere to a cutting tool, forming a built-up edge and long
chips. It requires special machining techniques to avoid producing rough
surfaces and heavy burrs. Alloying aluminum improves its machinability.
Elements in solid solution that make an alloy heat treatable or work-hard
enable increase the hardness of the aluminum matrix and thereby reduce
the built-up edge on the cutting tool, formation of burrs, roughness, and
tearing of the machined surface, and the length of chips.

Elements out of solution can act as chip breakers, thereby reducing the
length of chips. Elements such as lead or bismuth form small insoluble
globules and are effective chip breakers. If present in sufficient quantity
(generally about 0.5% each), lead and bismuth permit increased machin
ing speeds and reduce the need for cutting fluids. Intermetallic constit
uents such as CuAlz or FeA13 similarly act as chip breakers without sig
nificantly reducing the life of cutting tools. However, the very hard
constituents, such as silicon or the complex intermetallics that contain
chromium or manganese, while effectively acting as chip breakers, no
ticeably decrease tool life. The presence of primary silicon in hypereu-
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tectic aluminum-silicon cast alloys is especially harmful in terms of tool
life, but at the same time, it produces very short chips, minimum tool
edge buildup and excellent machined surface finish. The elements so
dium, strontium, antimony, and phosphorus also affect machinability be
cause they affect the cast microstructure. Sodium, strontium, or antimony
modify the eutectic silicon morphology, changing it from acicular or needle
like to a very fine, lacy or spheroidized structure. Phosphorus refines
primary silicon in hypereutectic alloys, reducing its size by a factor of
approximately 10 to 1. Modification and refinement both tend to increase
tool life significantly.

In summary, the alloys having the poorest machining characteristics
are of low alloy content and are in the softest condition. Cold working,
increasing alloy concentration, and/or heat treatment all harden an alloy
and tend to reduce adherence to the cutting tool, improve surface finish,
reduce burrs, and reduce the built-up edge on the tool. Elements and con
stituents out of solution promote chip breaking. Hard constituents, es
pecially if large and unrefined, can significantly reduce tool life.
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Recycling. One of the major problems in recycling is the buildup of
impurities. These impurities originate from four main sources:

1. Mixed alloys due to poor scrap segregation, recovery of metal from
furnace dross, remelting of multi alloy products such as used beverage
cans and clad sheet

2. Contamination of the scrap by extraneous materials such as banding
iron, sand, painted sheet, and coatings on cans

3. Incorporation of nonmetallic inclusions, such as oxide films and alu
minum-magnesium spinel, into the metal during melting and casting

4. Contamination from furnace tools, refractories, and hydrogen from
furnace atmospheres

The mixing of alloys presents the most obvious problem, due to an
inability to meet alloy specifications such as those published by the Alu
minum Association (AA). An important example of this is the mixing of
can body material (3004) and can end material (5182) to produce a mixed
recycled alloy that has to be diluted or otherwise modified to meet the
alloy specification of one of the original alloys.

Most of the AA specifications permit the presence of 0.05% each (0.15%
total) of impurity elements. These general impurity limits are lower in
some alloys but are set higher for some specified elements, particularly
iron and silicon, in most alloys. Molten aluminum can reduce most oxides
and rapidly dissolves most elements so that it is quite common for re
cycled metal to pick up impurities, particularly iron and silicon, and while
these do not necessarily exceed the specified limits, they can produce
detectable changes in mechanical and physical properties.

The effect of a wide range of elements is summarized later in this chap
ter and the physical metallurgy of recycled aluminum alloys has been
covered in more detail by J.B. Hess (Ref 23). The following comments
on tolerances for various impurities and additions are abstracted from this
paper to illustrate the variety of problems that can be encountered in
recycling.

Melting and casting

• Explosion hazards: A major safety problem when the furnace charge
contains water, rust, or certain chemicals.

• Increased melt loss: An increase in melting dross results from organic
or anodic coatings on the scrap and from the presence of alloying or
impurity elements such as lithium, sodium, calcium, magnesium, bis
muth, and zinc.

• Inclusions: Potential inclusions include: aluminum oxide, MgAlz04
spinel, titanium and vanadium diboride, aluminum carbide, as well as
miscellaneous materials such as pieces of furnace refractory, flakes
from tool washes, and fragments of filter media. In alloys containing
relatively large amounts of magnesium or zinc, primary intermetallic
particles can crystallize from the melt if the level of transition metal
impurities is too high.

• Gas porosity: Hydrogen that is readily picked up by molten aluminum
from water vapor and from hydrogen-containing compounds such as
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in paints, can lead to gas porosity in ingots and castings if the melt is
not properly fluxed.

Fabrication

• Hot-shortness and embrittlement: In aluminum-magnesium (man
ganese) alloys such as 5182, a few ppm of sodium or calcium can lead
to cracking during hot rolling. Small amounts of low melting point
metals such as indium, tin, bismuth, cadmium, and lead can lead to
hot cracking in some alloys.

• Recovery and recrystallization: Small amounts of zirconium and chro
mium, and to a lesser extent vanadium and manganese, can reduce the
rate of recovery during annealing and increase the recrystallization
temperature and final grain size.

• Heat treatment: Increased amounts of chromium and manganese in
crease the quench sensitivity of precipitation-strengthened alloys. Small
amounts of cadmium, indium, or tin change the precipitation kinetics
of aluminum-copper alloys.

Physical and mechanical properties

• Reduced ductility, strength, and fracture toughness: Increasing amounts
of iron and silicon increase the volume fraction of insoluble interme
tallic phases, which in turn decrease the strain to fracture. Other ele
ments that can form intermetallic particles such as nickel, cobalt, or
combinations of iron with manganese or copper have similar detri
mental effects.

• Reduced electrical conductivity: All elements in solution will reduce
conductivity, but vanadium, chromium, titanium, and manganese are
particularly deleterious.

• Weld arc instability: As little as 10 ppm calcium or lithium in 5XXX
welding wire causes the weld arc to be unstable.

• Reduced vacuum brazeability: As little as 10 ppm lithium or calcium
in the cladding layer of brazing sheet can interfere with vacuum brazing
process.

Secondary fabrication

• Tool wear: Hard inclusions such as oxides, diborides, and some in
termetallic phases cause excessive tool wear.

• Crystallographic textures: The iron and silicon content and their ratio
affect both the rolling and recrystallization textures of aluminum sheet.
In the more dilute alloys, impurities such as copper, manganese, and
chromium also can be detrimental.

Chemical properties

• Toxicities: Welding wire and alloys to be welded should not contain
more than a few ppm beryllium to avoid exposure to toxic beryllium
oxide fumes. In alloys intended for food containment, the concentra
tion of toxic metals such as lead, arsenic, cadmium, and thallium are
also restricted to avoid possible contamination.
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• Corrosion: When 1145 foil contains more than about 3 ppm lithium,
the foil becomes susceptible to so-called "blue haze" corrosion, which
can limit storage life. Small amounts of nickel and most impurity ele
ments that form second-phase particles usually reduce corrosion resis
tance. Small amounts of gallium and mercury affect the corrosion rate
in seawater.

• Cladding: Small amounts of copper change the anodic potential of 7072
cladding alloy.

• Finishing: 6063 alloy extrusions that contain more than about 0.02%
zinc can develop an uneven "spangled" appearance during caustic
etching.

SPECIFIC ALLOYING ELEMENTS AND IMPURITIES
The important alloying elements and impurities are listed here alpha

betically as a concise review of major effects. Some of the effects, par
ticularly with respect to impurities, are not well documented and are spe
cific to particular alloys or conditions. More detailed information on
commercial alloys is given in other chapters.

Antimony is present in trace amounts (0.01 to 0.1 ppm) in primary
commercial-grade aluminum. Antimony has a very small solid solubility
in aluminum «0.01%). It has been added to aluminum-magnesium al
loys because it was claimed that by forming a protective film of antimony
oxychloride, it enhances corrosion resistance in salt water. Some bearing
alloys contain up to 4 to 6% antimony. Antimony can be used instead of
bismuth to counteract hot cracking in aluminum-magnesium alloys. In
hypereutectic aluminum-silicon casting alloys, antimony impedes the nu
cleation of the primary silicon. Antimony, in the range 0.05 to 0.2%, is
used to refine the eutectic silicon in casting alloys. The silicon modifi
cation is not as pronounced as with sodium or strontium additions, but
antimony is not "burned off" during holding or remelting (see Chapter 8
in this Volume).

Arsenic. The compound AsAI is a semiconductor. Arsenic is very toxic
(as As03) and must be controlled to very low limits where aluminum is
used as foil for food packaging.

Beryllium is used in aluminum alloys containing magnesium to reduce
oxidation at elevated temperatures. Oxidation and mold reaction are pre
vented by a beryllium content of 5 to 50 ppm, enabling the use of green
sand molds for casting aluminum-magnesium alloys. Beryllium is used
in small quantities (0.01 to 0.05%) in aluminum casting alloys to improve
fluidity and castability in production of engine parts such as pistons and
cylinder heads. In modified eutectic aluminum-silicon casting alloys, be
ryllium additions help retain sodium, the modifying agent.

Up to 0.1 % beryllium is used in aluminizing baths for steel to improve
adhesion of the aluminum film and restrict the formation of the delete
rious iron-aluminum complex. The mechanism of protection is attributed
to beryllium diffusion to the surface and the formation of a protective
layer.

Oxidation and discoloration of wrought aluminum-magnesium products
are greatly reduced by small amounts of beryllium, because of the dif-
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fusion of beryllium to the surface and the formation of an oxide of high
volume ratio. Beryllium does not affect the corrosion resistance of alu-
minum. Beryllium is generally held to <8 ppm in welding filler metal,
and its content should be limited in wrought alloys that may be welded.

Beryllium poisoning is an allergic disease, a problem of individual hy
persensitivity that is related to intensity and duration of exposure. Inhala
tion of dust containing beryllium compounds may lead to acute poisoning.
Beryllium is not used in aluminum alloys that may contact food or
beverages.

Bismuth. The low melting point metals such as bismuth, lead, tin, and
cadmium are added to aluminum to make free-machining alloys. These
elements have a restricted solubility in solid aluminum and form a soft,
low melting phase that promotes chip breaking and helps to lubricate the
cutting tool. An advantage of bismuth is that its expansion on solidifi
cation compensates for the shrinkage of lead. A l-to-I lead-bismuth ratio
is used in the aluminum-copper alloy, 2011, and in the aluminum-Mg-Si
alloy, 6262. Small additions of bismuth (20 to 200 ppm) can be added
to aluminum-magnesium alloys to counteract the detrimental effect of so
dium on hot cracking.

Boron is used in aluminum and its alloys as a grain refiner and to
improve conductivity by precipitating vanadium, titanium, chromium, and
molybdenum (all of which are harmful to electrical conductivity at their
usual impurity level in commercial-grade aluminum). Boron can be used
alone (at levels of 0.005 to 0.1 %) as a grain refiner during solidification,
but becomes more effective when used with an excess of titanium. Com
mercial grain refiners commonly contain titanium and boron in a 5-to-l
ratio. Boron has a high neutron capture cross section and is used in alu
minum alloys for certain atomic energy applications, but its content has
to be limited to very low levels in alloys used in reactor areas, where this
property is undesirable.

Cadmium is a relatively low melting element that finds limited use in
aluminum. Up to 0.3% cadmium may be added to aluminum-copper al
loys to accelerate the rate of age hardening, increase strength, and in
crease corrosion resistance. At levels of 0.005 to 0.5%, it has been used
to reduce the time of aging of aluminum-zinc-magnesium alloys. It has
been reported that traces of cadmium lower the corrosion resistance of
unalloyed aluminum. In excess of 0.1 %, cadmium causes hot shortness
in some alloys. Because of its high neutron absorption, cadmium has to
be kept very low for atomic energy use. Cadmium has been used to confer
free-cutting characteristics, particularly to aluminum-zinc-magnesium al
loys; it was preferred to bismuth and lead because of its higher melting
point. As little as 0.1 % provides an improvement in machinability. Cad
mium is used in bearing alloys along with silicon. The oral toxicity of
cadmium compounds is high. In melting, casting, and fluxing operations,
cadmium oxide fume can present hazards.

Calcium has very low solubility in aluminum and forms the interme
tallic CaAI4 • An interesting group of alloys containing about 5% calcium
and 5% zinc have superplastic properties. Calcium combines with silicon
to form CaSiz, which is almost insoluble in aluminum and therefore will
increase the conductivity of commercial-grade metal slightly. In alumi-
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num-magnesium-silicon alloys, calcium will decrease age hardening. Its
effect on aluminum-silicon alloys is to increase strength and decrease
elongation, but it does not make these alloys heat treatable. At the 0.2%
level, calcium alters the recrystallization characteristics of 3003. Very
small amounts of calcium (10 ppm) increase the tendency of molten alu
minum alloys to pick up hydrogen.

Carbon may occur infrequently as an impurity in aluminum in the form
of oxycarbides and carbides, of which the most common is A14C3 , but
carbide formation with other impurities such as titanium is possible. Al4C3

decomposes in the presence of water and water vapor, and this may lead
to surface pitting. Normal metal transfer and fluxing operations usually
reduce carbon to the ppm level.

Cerium, mostly in the form of mischmetal (rare earths with 50 to 60%
cerium), has been added experimentally to casting alloys to increase flu
idity and reduce die sticking. In alloys containing high iron (>0.7%), it
is reported to transform acicular FeAl3 into a nonacicular compound.

Chromium occurs as a minor impurity in commercial-purity aluminum
(5 to 50 ppm). It has a large effect on electrical resistivity (Table 2).
Chromium is a common addition to many alloys of the aluminum
magnesium, aluminum-magnesium-silicon, and aluminum-magnesium-zinc
groups, in which it is added in amounts generally not exceeding 0.35%.
In excess of these limits, it tends to form very coarse constituents with
other impurities or additions such as manganese, iron, and titanium. This
limit is decreased as the content of transition metals increases. In casting
alloys, excess chromium will produce a sludge by peritectic precipitation
on holding.

Chromium has a slow diffusion rate and forms fine dispersed phases
in wrought products. These dispersed phases inhibit nucleation and grain
growth. Chromium is used to control grain ,structure, to prevent grain
growth in aluminum-magnesium alloys, and to prevent recrystallization
in aluminum-magnesium-silicon or aluminum-magnesium-zinc alloys during
hot working or heat treatment. The fibrous structures that develop reduce
stress corrosion susceptibility and/or improve toughness. Chromium in
solid solution and as a finely dispersed phase increases the strength of
alloys slightly. The main drawback of chromium in heat treatable alloys
is the increase in quench sensitivity when the hardening phase tends to
precipitate on the pre-existing chromium phase particles. Chromium im
parts a yellow color to the anodic film.

Cobalt is not a common addition to aluminum alloys. It has been added
to some aluminum-silicon alloys containing iron, where it transforms the
acicular [3 (aluminum-iron-silicon) into a more rounded aluminum-cobalt
iron phase, thereby improving strength and elongation. Aluminum-zinc
magnesium-copper alloys containing 0.2 to 1.9% cobalt are produced by
powder metallurgy.

Copper. Aluminum-copper alloys containing 2 to 10% copper, gen
erally with other additions, form important families of alloys (Chapters
8 and 9 in this Volume). Both cast and wrought aluminum-copper alloys
respond to solution heat treatment and subsequent aging with an increase
in strength and hardness and a decrease in elongation. The strengthening
is maximum between 4 and 6% copper, depending upon the influence of
other constituents present.
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Fig. 18. Tensile properties of sand cast, high-purity, aluminum-copper alloys.
Specimens cast to size, 13 mm (0.5 in.) in diameter. F, as cast; T4, quenched
in water after solution treatment at high temperature; T6, precipitation hardened
after solution treatment. (E.H. Dix, Jr. and J.J. Bowman, in Metals Handbook,
American Society for Metals, 1948, p 804)

450

350 0
w (L

~

-- 250 ui'
T6 .s:

c»

-- c

0
150 ~

..... (j)

-- w
50-9

T4

2 3 4 5 6 7
Copper, %

(f) 50
.x:
ui' 40
.c;

g. 30f--++--I7......F--7"'I''-----+--t-''''-1

~
(j)

70 r----,-------,----,-------,-,------,------,

60

Fig. 19. Tensile properties of high-purity, wrought aluminum-copper alloys. Sheet
specimen was i3 mm (0.5 in.) wide and l .59 mm (0.0625 in.) thick. 0, annealed;
W, tested immediately after water quenching from a solution heat treatment; T4,
as in W, but aged at room temperature; T6, as in T4, followed by precipitation
treatment at elevated temperature.

The extent to which copper increases strength while lowering elonga
tion of sand cast aluminum is shown in Fig. 18. The properties of
aluminum-copper alloy sheet in a number of thermal conditions are as
sembled in Fig. 19. The aging characteristics of binary aluminum-copper
alloys have been studied in greater detail than any other system, but there
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are actually very few commercial binary aluminum-copper alloys. Most
commercial alloys contain other alloying elements.

Copper-Magnesium. The main benefit of adding magnesium to
aluminum-copper alloys is the increased strength possible following so
lution heat treatment and quenching. In wrought material of certain alloys
of this type, an increase in strength accompanied by high ductility occurs
on aging at room temperature. On artificial aging, a further increase in
strength, especially in yield strength, can be obtained, but at a substantial
sacrifice in tensile elongation. In castings, magnesium increases strength
but decreases ductility of aluminum-copper alloys. On both cast and wrought
aluminum-copper alloys, as little as about 0.05% magnesium is effective
in changing aging characteristics. The effect of magnesium on the cor
rosion resistance of aluminum-copper alloys depends on the type of prod
uct and the thermal treatment (Chapter 7 in this Volume).

Copper-Magnesium Plus Other Elements. The cast aluminum
copper-magnesium alloys containing iron are characterized by dimen
sional stability and improved bearing characteristics, as well as by high
strength and hardness at elevated temperatures. However, in a wrought
AI-4%Cu-0.5%Mg alloy, iron in concentrations as low as 0.5% lowers
the tensile properties in the heat treated condition, if the silicon content
is less than that required to tie up the iron as the aFeSi constituent. In
this event, the excess iron unites with copper to form the CUzFeAl7 con
stituent, thereby reducing the amount of copper available for heat treating
effects. When sufficient silicon is present to combine with the iron, the
properties are unaffected. Silicon also combines with magnesium to form
Mg.Si precipitate and contributes in the age-hardening process.

Silver substantially increases the strength of heat treated and aged
aluminum-copper-magnesium alloys. Nickel improves the strength and
hardness of cast and wrought aluminum-copper-magnesium alloys at el
evated temperatures. Addition of about 0.5% nickel lowers the tensile
properties of the heat treated, wrought AI-4%Cu-0.5%Mg alloy at room
temperature.

The alloys containing manganese form the most important and versa
tile system of commercial high-strength wrought aluminum-copper
magnesium alloys; the properties and characteristics of these alloys are
discussed in Chapter 9 in this Volume. The substantial effect exerted by
manganese on the tensile properties of aluminum-copper alloys contain
ing 0.5% magnesium is shown in Fig. 20. It is apparent that no one
composition offers both maximum strength and ductility. In general, ten
sile strength increases with separate or simultaneous increases in mag
nesium and manganese, and the yield strength also increases, but to a
lesser extent. Further increases in tensile and particularly yield strength
occur on cold working after heat treatment. Additions of manganese and
magnesium decrease the fabricating characteristics of the aluminum
copper alloys, and manganese also causes a loss in ductility; hence, the
concentration of this element does not exceed about 1% in commercial
alloys. Additions of cobalt, chromium, or molybdenum fo the wrought
AI-4%Cu-0.5%Mg type of alloy increase the tensile properties on heat
treatment, but none offers a distinct advantage over manganese.

Alloys with lower copper content than the conventional 2024 and 2014



c
c
a

/8 0
r»
c
0

W

c
26
~
E
E

22 5S

1.5I
Manganese, %

0.5

~ \ Tensile stre~gth -~
~

..---
V-

........-.-- ----- .I Elongation

V --r----
~

Yield strength, r-....

" :::---...
,..-

60

30
o

in
.x:

ui
350 '5, 50

c

300 ~
(f)

40
250

450

~ 400
:?:

EFFECTS OF ALLOYING ELEMENTS AND IMPURITIES ON PROPERTIES/229

70

Fig. 20. Relationship between tensile properties and manganese content of an AI-4%Cu
O.5%Mg alloy, heat treated at 525°C (980 OF).

type alloys were necessary to provide the formability required by the au
tomobile industry. Copper-magnesium alloys developed for this purpose
are 2002, AU2G, and 2036 variations. These have acceptable formabil
ity, good spot weldability, reasonable fusion weldability, good corrosion
resistance, and freedom from Liider lines. The paint baking cycle serves
as a precipitation treatment to give final mechanical properties.

Copper and Minor Additions. Casting alloys of this type are dis
cussed in Chapter 8 in this Volume. In the wrought form, an alloy family
of interest is the one containing small amounts of several metals known
to raise the recrystallization temperature of aluminum and its alloys, spe
cifically manganese, titanium, vanadium, or zirconium. An alloy of this
natureretains its properties well at elevated temperatures, fabricates readily,
and has good casting and welding characteristics. Figure 21 illustrates the
effect of 3 to 8% copper on an alloy of AI-0.3%Mn-0.2%Zr-0.l %V at
room temperature and after exposure at 315°C (600 OF) for two different
periods of time. The stability of the properties, as reflected in the small
reduction in strength with time at this temperature, should be noted.

Gallium is an impurity in aluminum and is usually present at levels of
0.001 to 0.02%. At these levels its effect on mechanical properties is
quite small. At the 0.2% level, gallium has been found to affect the cor
rosion characteristics and the response to etching and brightening of some
alloys. Liquid gallium metal penetrates very rapidly at aluminum grain
boundaries and can produce complete grain separation. In sacrificial an
odes, an addition of gallium (0.01 to 0.1%) keeps the anode from
passivating.

Hydrogen has a higher solubility in the liquid state at the melting point
than in the solid at the same temperature (Chapter 1 in this Volume).
Because of this, gas porosity can form during solidification. Hydrogen is
produced by the reduction of water vapor in the atmosphere by aluminum
and by the decomposition of hydrocarbons. Hydrogen pickup in both solid
and liquid aluminum is enhanced by the presence of certain impurities,
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such as sulfur compounds, on the surface and in the atmosphere. Hydride
forming elements in the metal increase the pickup of hydrogen in the
liquid. Other elements such as beryllium, copper, tin, and silicon de
crease hydrogen pickup.

In addition to causing primary porosity in casting, hydrogen causes
secondary porosity, blistering, and high-temperature deterioration (ad
vanced internal gas precipitation) during heat treating. It probably plays
a role in grain boundary decohesion during stress-corrosion cracking. Its
level in melts is controlled by fluxing with hydrogen-free gases or by
vacuum degassing.

Indium. Small amounts (0.05 to 0.2%) of indium have a marked in
fluence on the age hardening of aluminum-copper alloys, particularly at
low copper contents (2 to 3% copper). In this respect, indium acts very
much like cadmium in that it reduces room temperature aging but in
creases artificial aging. The addition of magnesium decreases the effect
of indium. Small amounts of indium (0.03 to 0.5%) are claimed to be
beneficial in aluminum-cadmium bearing alloys.

Iron is the most common impurity found in aluminum. It has a high
solubility in molten aluminum and is therefore easily dissolved at all mol
ten stages of production. The solubility of iron in the solid state is very
low (~0.04%) and therefore, most of the iron present in aluminum over
this amount appears as an intermetallic second phase in combination with
aluminum and often other elements. Because of its limited solubility, it
is used in electrical conductors in which it provides a slight increase in
strength (Fig. 22) and better creep characteristics at moderately elevated
temperatures. Although small amounts of iron in aluminum may reduce
soldering during die casting, its presence in aluminum-silicon casting al-
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loys is generally undesirable because it forms coarse iron-rich phases that
reduce ductility.

Iron reduces the grain size in wrought products. Alloys of iron and
manganese near the ternary eutectic content, such as 8006, can have use
ful combinations of strength and ductility at room temperature and retain
strength at elevated temperatures. The properties are due to the fine grain
size that is stabilized by the finely dispersed iron-rich second phase. Iron
is added to the aluminum-copper-nickel group of alloys to increase strength
at elevated temperatures.

Lead. Normally present only as a trace element in commercial-purity
aluminum, lead is added at about the 0.5% level with the same amount
of bismuth in some alloys (2011 and 6262) to improve machinability.
Additions of lead may be troublesome to the fabricator as it will tend to
segregate during casting and cause hot shortness in aluminum-copper
magnesium alloys. Lead compounds are toxic.

Lithium. The impurity level of lithium in aluminum is of the order of
a few ppm, but at a level of less than 5 ppm it can promote the discol
oration (blue corrosion) of aluminum foil under humid conditions. Traces
of lithium greatly increase the oxidation rate of molten aluminum and
alter the surface characteristics of wrought products. Binary aluminum
lithium alloys age harden but are not used commercially. Present interest
is in the aluminum-magnesium-lithium alloys, which can be heat treated
to strengths comparable to present aircraft alloys. In addition, the density
is decreased and the modulus is increased. This type of alloy has a high
volume fraction of coherent, ordered LiA13 precipitate. In addition to in
creasing the elastic modulus, the fatigue crack growth resistance is in
creased at intermediate levels of stress intensity.

Magnesium is the major alloying element in the 5XXX series of al
loys. Its maximum solid solubility in aluminum is 17.4%, but the mag
nesium content in current wrought alloys does not exceed 5.5%. Casting
alloys range from 4 to 10% magnesium. Precipitation of magnesium will
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occur even at room temperature in AI-lO% Mg casting alloys. Alloys
containing less than about 7% magnesium are substantially stable at room
temperature, but not at temperatures above ambient. Magnesium precip
itates preferentially at grain boundaries as a highly anodic phase (MgsA13

or MgsAIg) , which produces susceptibility to intergranular cracking and
to stress corrosion (see Chapter 7 in this Volume). Wrought alloys con
taining up to 5% magnesium properly fabricated are stable under normal
usage. The addition of magnesium markedly increases the strength of
aluminum without unduly decreasing the ductility. Corrosion resistance
and weldability are good. In the annealed condition, magnesium alloys
form Liiders lines during deformation.

Magnesium-Manganese. Additions of up to 0.75% manganese to alu
minum-magnesium casting alloys increases hardness, decreases ductility,
and has little effect on corrosion resistance. In wrought alloys this system
has high strength in the work-hardened condition, high resistance to cor
rosion, and good welding characteristics. Increasing amounts of either
magnesium or manganese intensify the difficulty of fabrication and in
crease the tendency toward cracking during hot rolling, particularly if
traces of sodium are present. The two main advantages of manganese
additions are that the precipitation of the magnesium phase is more gen
eral throughout the structure, and that for a given increase in strength,
manganese allows a lower magnesium content and ensures a greater de
gree of stability to the alloy.

The tensile properties of 13 mm (0.5 in.) plate at various magnesium
and manganese concentrations are shown in Fig. 23 for the 0 temper and
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in Fig. 24 for a work-hardened temper. Increasing magnesium raises the
tensile strength by about 34 MPa (5 ksi) for each 1% increment; man
ganese is about twice as effective as magnesium.

Magnesium-Silicide. Wrought alloys of the 6XXX group contain up
to 1.5% each of magnesium and silicon in the approximate ratio to form
Mg.Si, i.e., 1.73:1. The maximum solubility of Mg-Si is 1.85%, and this
decreases with temperature. Precipitation upon age hardening occurs by
formation of Guinier-Preston zones and a very fine precipitate. Both con
fer an increase in strength to these alloys, though not as great as in the
case of the 2XXX or the 7XXX alloys (see Chapter 2 in this Volume).

AI-MgzSi alloys can be divided into three groups. In the first group,
the total amount of magnesium and silicon does not exceed 1.5%. These
elements are in a nearly balanced ratio or with a slight excess of silicon.
Typical of this group is 6063, widely used for extruded architectural sec
tions. This easily extrudable alloy nominally contains 1.1% Mg-Si, Its
solution heat treating temperature of just over 500°C (930 OF) and its
low quench sensitivity are such that this alloy does not need a separate
solution treatment after extrusion but may be air quenched at the press
and artificially aged to achieve moderate strength, good ductility, and
excellent corrosion resistance.

The second group nominally contains 1.5% or more of magnesium +
silicon and other additions such as 0.3% copper, which increases strength
in the T6 temper. Elements such as manganese, chromium, and zirconium
are used for controlling grain structure. Alloys of this group, such as the
structural alloy 6061, achieve strengths about 70 MPa (l0 ksi) higher than
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the first group in the T6 temper. Alloys of the second group require a
higher solution treating temperature than the first and are quench sensi
tive. For these reasons, they generally require a separate solution treat
ment followed by rapid quenching and artificial aging.

The third group contains an amount of Mg-Si overlapping the first two
but with a substantial excess silicon. An excess of 0.2% silicon increases
the strength of an alloy containing 0.8% Mg-Si by about 70 MPa (10
ksi). Larger amounts of excess silicon are less beneficial. Excess mag
nesium, however, is of benefit only at low Mg-Si contents because mag
nesium lowers the solubility of Mg-Si. In excess silicon alloys, segre
gation of silicon to the boundary causes grain boundary fracture in
recrystallized structures. Additions of manganese, chromium, or zirconi
um counteract the effect of silicon by preventing recrystallization during
heat treatment. Common alloys of this group are 6351 and the more re
cently introduced alloys 6009 and 6010. Additions of lead and bismuth
to an alloy of this series (6262) improves machinability. This alloy has
a better corrosion resistance than 2011, which also is used as a free
machining alloy.

The addition of small amounts of magnesium to aluminum-silicon cast
ing alloys such as 356.0 (7% silicon, 0.3% magnesium) makes them heat
treatable and allows a substantial increase in strength without reducing
corrosion resistance.

Manganese is a common impurity in primary aluminum, in which its
concentration normally ranges from 5 to 50 ppm. It decreases resistivity
(Table 2). Manganese increases strength either in solid solution or as a
finely precipitated intermetallic phase. It has no adverse effect on cor
rosion resistance. Manganese has a very limited solid solubility in alu
minum in the presence of normal impurities, but remains in solution when
chill cast so that mO,st of the manganese added is substantially retained
in solution, even in large ingots. As an addition, it is used to increase
strength and to control the grain structure (Fig. 25). The effect of man
ganese is to increase the recrystallization temperature and to promote the
formation of fibrous structure upon hot working. As a dispersed precip
itate it is effective in slowing recovery and in preventing grain growth.
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The manganese precipitate increases the quench sensitivity of heat treat-
able alloys.

Manganese is also used to correct the shape of acicular or of platelike
iron constituents and decrease their embrittling effect. Up to the 1.25%
level, manganese is the main alloying addition of the 3XXX series of
alloys, in which it is added alone or with magnesium. This series of alloys
is used in large tonnages for beverage containers and general utility sheet.
Even after high degrees of work hardening, these alloys are used to pro
duce severely formed can bodies.

The combined content of manganese, iron, chromium and other tran
sition metals must be limited, otherwise large primary intermetallic crys
tals precipitate from the melt in the transfer system or in the ingot sump
during casting. In alloys 3003 and 3004 the iron plus manganese content
should be kept below about 2.0 and 1.7%, respectively, to prevent the
formation of primary (Fe,Mn)AI6 during casting.

Mercury has been used at the level of 0.05% in sacrificial anodes used
to protect steel structures. Other than for this use, mercury in aluminum
or in contact with it as a metal or a salt will cause rapid corrosion of
most aluminum alloys. The toxic properties of mercury must be kept in
mind when adding it to aluminum alloys.

Molybdenum is a very low level (0.1 to 1.0 ppm) impurity in alu
minum. It has been used at a concentration of 0.3% as a grain refiner,
because the aluminum end of the equilibrium diagram is peritectic, and
also as a modifier for the iron constituents, but it is not in current use
for these purposes.

Nickel. The solid solubility of nickel in aluminum does not exceed
0.04%. Over this amount, it is present as an insoluble intermetallic, usu
ally in combination with iron. Nickel (up to 2%) increases the strength
of high-purity aluminum but reduces ductility. Binary aluminum-nickel
alloys are no longer in use, but nickel is added to aluminum-copper and
to aluminum-silicon alloys to improve hardness and strength at elevated
temperatures and to reduce the coefficient of expansion. Nickel promotes
pitting corrosion in dilute alloys such as 1100. It is limited in alloys for
atomic reactor use, due to its high neutron absorption, but in other areas
it is a desirable addition along with iron to improve corrosion resistance
to high-pressure steam.

Niobium (Columbium). As with other elements forming a peritectic
reaction, niobium would be expected to have a grain refining effect on
casting. It has been used for this purpose, but the effect is not marked.

Phosphorus is a minor impurity (l to 10 ppm) in commercial-grade
aluminum. Its solubility in molten aluminum is very low (~O.01% at 660
°C or 1120 OF) and considerably smaller in the solid. Phosphorus is used
as a modifier for hypereutectic aluminum-silicon alloys where aluminum
phosphide acts as nucleus for primary silicon, thus refining silicon and
improving machinability (Chapter 8 in this Volume). Phosphorus in trace
amounts prevents modification by sodium in hypoeutectic aluminum
silicon casting alloys. The aluminum-phosphorus compound reacts with
water vapor to give phosphine (PH3) , but the level of phosphorus in alu
minum is sufficiently low that this does not constitute a health hazard if
adequate ventilation is used when machining phosphorus-nucleated cast-
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ings. Phosphine can be a problem in furnace teardowns where phosphate
bonded refractories are used.

Silicon, after iron, is the highest impurity level in electrolytic com
mercial aluminum (0.01 to 0.15%). It is also the most common addition
in casting alloys (see Chapter 8 in this Volume). In wrought alloys, sil
icon is used with magnesium at levels up to 1.5% to produce Mg-Si in
the 6XXX series of heat treatable alloys.

High-purity aluminum-silicon alloys are hot short up to 3% silicon, the
most critical range being 0.17 to 0.8% silicon, but additions of silicon
(0.5 to 4.0%) reduce the cracking tendency of a1uminum-copper
magnesium alloys. A whole series of aluminum casting alloys containing
silicon with copper and/or magnesium are in commercial use. Small
amounts of magnesium added to any silicon-containing alloy will render
it heat treatable, but the converse is not true as excess magnesium over
that required to form Mg-Si sharply reduces the solid solubility of this
compound. The mechanical properties of aluminum-silicon casting alloys
benefit by modification as shown in Fig. 26. Chill casting achieves the
same result of refining the silicon eutectic (Fig. 27). Modification of the
silicon can be achieved through the addition of sodium in eutectic and
hypoeutectic alloys and by phosphorus in hypereutectic alloys. Up to 12%
silicon is added in wrought alloys used as cladding for brazing sheet.
Alloys containing about 5% silicon acquire a black color when anodized
and are used for ornamental purposes.

Silver has an extremely high solid solubility in aluminum (up to 55%).
Because of cost, no binary aluminum-silver alloys are in use, but small
additions (0.1 to 0.6% silver) are effective in improving the strength and
stress corrosion resistance of aluminum-zinc-magnesium alloys.

Strontium. Traces of strontium (0.01 to 0.1 ppm) are found in com
mercial grade aluminum. Strontium is used with sodium for modifying
aluminum-silicon casting alloys (see Chapter 8 in this Volume).

Sulfur. As much as 0.2 to 20 ppm sulfur are present in commercial
grade aluminum. It has been reported that sulfur can be used to modify
both hypo- and hypereutectic aluminum-silicon alloys.

Tin is used as an alloying addition to aluminum-from concentrations
of 0.03 to several percent in wrought alloys, to concentrations of about
25% in casting alloys. Small amounts of tin (0.05%) greatly increase the
response of aluminum-copper alloys to artificial aging following a solu
tion heat treatment. The result is an increase in strength and an improve
ment in corrosion resistance. Higher concentrations oftin cause hot crack
ing in aluminum-copper alloys. If small amounts of magnesium are present,
the artificial aging characteristics are markedly reduced, probably because
magnesium and tin form a noncoherent second phase.

Tin improves the machinability of aluminum and its alloys, and it is
used for this purpose in aluminum-copper, aluminum-copper-silicon, and
aluminum-zinc casting alloys, in concentrations under 1% tin.

The aluminum-tin bearing alloys, with additions of other metals such
as copper, nickel, and silicon are used where bearings are required to
withstand high speeds, loads, and temperatures. The copper, nickel, and
silicon additions improve load-carrying capacity and wear resistance, and
the soft tin phase provides antiscoring properties.
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As little as 0.01% tin in commercial grade aluminum will cause surface
darkeningon annealing and increase the susceptibility to corrosion, which
appears to be due to migration of tin to the surface. This effect may be
reduced by small additions (0.2%) of copper. Aluminum-zinc alloys with
small additions of tin are used as sacrificial anodes in salt water.

Titanium. Amounts of 10 to 100 ppm titanium are found in commer
cial-purity aluminum. Titanium depresses the electrical conductivity of
aluminum, but its level can be reduced by the addition of boron to the
melt to form insoluble TiB2• Titanium is used primarily as a grain refiner
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of aluminum alloy castings and ingots. When used alone, the effect of
titanium decreases with time of holding in the molten state and with re
peated remelting. The grain-refining effect is enhanced if boron is present
in the melt or if it is added as a master alloy containing boron largely
combined as TiB2 • Titanium is a common addition to weld filler wire; it
refines the weld structure and prevents weld cracking. It is usually added
alone or with TiB2 during the casting of sheet or extrusion ingots to refine
the as-cast grain structure and to prevent cracking.

Vanadium. There is usually 10 to 200 ppm vanadium in commercial
grade aluminum, and because it lowers conductivity, it generally is pre
cipitated from electrical conductor alloys with boron. The aluminum end
of the equilibrium diagram is peritectic and therefore, the intermetallic
VAIn would be expected to have a grain-refining effect upon solidifi
cation, but it is less efficient than titanium and zirconium. The recrys
tallization temperature is raised by vanadium.

Zinc. The aluminum-zinc alloys have been known for many years, but
hot cracking of the casting alloys and the susceptibility to stress-corrosion
cracking of the wrought alloys curtailed their use. The addition of zinc
alone to aluminum does not result in improved cast alloys. In the wrought
condition, the improvement in strength is modest, as shown in Fig. 28.
On the other hand, the aluminum-zinc alloys containing other elements
offer outstanding advantages in strength as-cast, and the highest combi
nation of tensile properties in wrought aluminum alloys. Efforts to over
come the aforementioned limitations have been successful, and these alu
minum-zinc based alloys, cast and wrought, are being used commercially
to an increasing extent. The presence of zinc in aluminum increases its
solution potential, hence its use in protective cladding (7072) and in sac
rificial anodes.

Zinc-Magnesium. The addition of magnesium to the aluminum-zinc
alloys develops the strength potential of this alloy system, especially in
the range of 3 to 7.5% zinc. Magnesium and zinc form MgZn2 , which
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produces a far greater response to heat treatment than occurs in the binary
aluminum-zinc system. Although aluminum-zinc-magnesium alloys have
casting characteristics inferior to those of the aluminum-silicon alloys,
their tensile properties in the as-cast condition are high, and several are
used commercially (Chapter 8 in this Volume).

The strength of the wrought aluminum-zinc alloys also are substantially
improved by the addition of magnesium. Increasing the MgZnz concen
tration from 0.5 to 12% in cold water quenched 1.6-mm (0.062-in.) sheet
continuously increases the tensile and yield strengths. The addition of
magnesium in excess (100 and 200%) of that required to form MgZnz
further increases tensile strength, as shown in Fig. 29.

On the negative side, increasing additions of both zinc and magnesium
decreases the overall corrosion resistance of aluminum to the extent that
close control over the microstructure, heat treatment, and composition are
often necessary to maintain adequate resistance to stress corrosion and to
exfoliatory attack. For example, depending upon the alloy, stress cor
rosion is controlled by some or all of the following:

• Overaging
• Cooling rate after solution treatment
• Maintaining a nonrecrystallized structure through the use of additions

such as zirconium
• Copper or chromium additions (see zinc-magnesium-copper alloys)
• Adjusting the zinc-magnesium ratio closer to 3: I

Zinc-Magnesium-Copper. The addition of copper to the aluminum
zinc-magnesium system, together with small but important amounts of
chromium and manganese, results in the highest strength aluminum-based
alloys commercially available. The properties of a representative group
of these compositions, after one of several solution and aging treatments
to which they respond, are shown in Fig. 30.

In this alloy system, zinc and magnesium control the aging process.
The effect of copper is to increase the aging rate by increasing the degree
of supersaturation and perhaps through nucleation of the CuMgAlz phase.
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Copper also increases quench sensitivity upon heat treatment. In general,
copper reduces the resistance to general corrosion of aluminum-zinc
magnesium alloys, but increases the resistance to stress corrosion. The
minor alloy additions, such as chromium and zirconium, have a marked
effect on mechanical properties and corrosion resistance (see Chapters 5
and 7 in this Volume).

Zirconium additions in the range 0.1 to 0.3% are used to form a fine
precipitate of intermetallic particles that inhibit recovery and recrystalli
zation. An increasing number of alloys, particularly in the aluminum
zinc-magnesium family, use zirconium additions to increase the recrys
tallization temperature and to control the grain structure in wrought prod
ucts. Zirconium additions leave this family of alloys less quench sensitive
than similar chromium additions. Higher levels of zirconium are em
ployed in some superplastic alloys to retain the required fine substructure
during elevated-temperature forming. Zirconium additions have been used
to reduce the as-cast grain size, but its effect is less than that of titanium.
In addition, zirconium tends to reduce the grain-refining effect of titanium
plus boron additions so that it is necessary to use more titanium and boron
to grain refine zirconium-containing alloys.
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CHAPTER 7

CORROSION BEHAVIOR*

Most aluminum alloys have good corrosion resistance in natural at
mospheres, fresh waters, seawater, many soils and chemicals, and most
foods, although thin-walled aluminum food containers are coated to resist
perforation (Ref 1 and 2). A distinction must be made between durability
and aesthetics. An aluminum surface may become unattractive through
roughening by shallow pitting and may become dull or even black by dirt
retention, but this mild surface attack has no effect on durability of the
product, for example, roofing or siding.

While this chapter is devoted almost exclusively to wrought aluminum
alloys, some information has been included on aluminum casting alloys.
There is a paucity of published information on the corrosion of aluminum
castings, and the authors of this chapter have only limited data. This is
probably because the corrosion of aluminum castings is usually less of a
problem than with the wrought products because their cross section is
thicker, and more surface corrosion can be tolerated without loss of func
tion. Further, aesthetics are less of a consideration in the applications of
aluminum castings. Alloy composition and temper influence corrosion
behavior. Differences in casting practice have only a minor influence on
corrosion.

Surface Oxide Film on Aluminum. According to thermodynamics,
aluminum should be a reactive metal, with low corrosion resistance. The
resistance of aluminum to many environments depends on the presence
of a thin, compact film of adherent aluminum oxide on the surface.
Whenever a fresh aluminum surface is created and exposed to either air
or water, a surface film of aluminum oxide forms at once and grows
rapidly. The normal surface film present in air is about 5 nm (50 A) thick.
The film thickness increases at elevated temperature. Protective film growth
is much more rapid in water, with much thicker films formed in the ab
sence of oxygen.

Aluminum oxide dissolves in some chemicals, notably strong acids and
alkalis. When the film is removed, the metal corrodes rapidly by uniform
dissolution. Generally, the oxide film is stable over a pH range of about
4.0 to 9.0, but there are exceptions, such as stability in concentrated nitric
acid (pH 1) and concentrated ammonium hydroxide (pH 13). The effect
of pH is discussed in greater detail later in this chapter.

Complexity of the Corrosion Process. The definition of corrosion in
volves both the environment and the metal. Accordingly, the corrosion
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resistance of an aluminum alloy depends on the environment as well as
the alloy. Both chemical and physical environmental variables affect cor-
rosion. The chemical influence of the environment depends on its com-
position and the presence of impurities, such as heavy metal ions. Phys-
ical variables are temperature, degree of movement and agitation, and
pressure. Another physical variable that can cause corrosion of aluminum
is the presence of stray electrical currents (ac or de).

Alloy variables that affect corrosion are composition and fabrication
practice. These determine the microstructure, which decides whether lo
calized corrosion occurs and the method of attack. The design of an alu
minum structure can also have an important influence on its corrosion
behavior. The design of the joints and the presence of other metals are
important factors.

Because of the many variables that influence corrosion, the suitability
of aluminum cannot be considered solely on the basis of a specific prod
uct or environment. A detailed knowledge of traces of impurities, con
ditions of operation, design of a piece of equipment, and alloy micro
structure is essential. Experience gained from previously successful service
applications is most valuable. The remainder of this chapter deals with
the following specific aspects of the corrosion behavior of aluminum:

• Behavior in specific environments
• Types of corrosion
• Influence of microstructure on corrosion
• Influence of environmental factors on corrosion
• Means of corrosion prevention

GENERAL CORROSION BEHAVIOR

Atmospheres

Relative Corrosivity of Natural Atmospheres. Atmospheres are usu
ally classified as rural, industrial, marine, or industrial-marine, although
these are generic types only, and there are wide variations in corrosivity
within anyone kind. From atmospheric tests on aluminum in various
locations around the world, weight loss corrosion rates of 0.03 to 4.1
um/yr (0.001 to 0.16 millyr), a variation of 160-to-l, have been reported
(Ref 3). The relative corrosivity of an atmosphere is greatly dependent
on the metal being considered. In a 5-year test of five metals (aluminum,
copper, lead, zinc, and iron) at 21 locations, Lagos, Nigeria was the most
corrosive site to steel, but was only one-eighth as corrosive to aluminum
as Stratford, a suburb of London.

The relative corrosivity of atmospheres also varies from one aluminum
alloy to another. The spread is greater for the less resistant alloys, as
shown by the data of Dix and Mears (Ref 4) for three marine atmospheres:
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Fig. 1. Relative severity of atmospheric conditions at exposure stations at New
Kensington (industrial), Point Judith (seacoast), and nine ASTM stations. Dif
ferent thicknesses of material were used at the Alcoa (1.6 mm or 0.064 in.) and
ASTM (0.9 mm or 0.035 in.) stations, but comparison was made possible by
conversion of the percentage losses in tensile strength for 1.6 mm (0.064 in.)
thickness to the equivalent percentage loss for 0.9 (0.035 in.) thickness. Curves
representing Point Judith and New Kensington are shown as broken lines to in
dicate that these were calculated from data obtained on the 1.6 mm (0.064 in.)
specimens.
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The corrosivity of a marine atmosphere at a particular location depends
on the amount of air-borne salt, the period of wetness of the exposed
metal surface, and the temperature. The distance air-borne salt is carried
inland depends on the direction, velocity, and frequency of the prevailing
wind, the topography of the coast, and the expanse of sea over which the
wind has come. At all locations, the salt content drops rapidly with dis
tance from the sea (Ref 5 and 6), and at most of them it is negligible
only a few miles inland.

Nature of Weathering of Aluminum Surfaces. Aluminum alloys cor
rode in weather by mild roughening of the surface as a result of shallow
pitting. No general thinning of the metal occurs. Thus, the maximum pit
depth at a given time is a more meaningful measure of the extent of
corrosion than weight loss. However, weight loss is a measure of the
amount of roughening.

Rate of Atmospheric Corrosion. Typical corrosion rate curves for
aluminum in weather are shown in Fig. 1. The shape of the curve is
similar, whether the amount of corrosion is measured by weight loss,
depth of pitting, or loss of mechanical strength. The steepness of the
initial portion of the curve and the time needed for leveling off depend
on the corrosivity of the atmosphere. Leveling off usually occurs in 6
months to 2 years, after which the rate is approximately linear, with a
very flat slope. In rural atmospheres, the weight loss rate is less than 0.03
um/yr (0.001 mil/yr). In a number of industrial locations, the rate is in
the order of 0.8 to 2.8 um/yr (0.03 to 0.11 mil/yr) (Ref 7). In a few
especially polluted industrial atmospheres, somewhat higher rates of up
to 13 um/yr (0.5 millyr) have been encountered, based on maximum pit
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depth. Other atmospheric data on aluminum have been published (Ref 8
and 9).

Typical aluminum-magnesium casting alloys are 514.0 and 520.0-T4.
Both suffer negligible weight loss corrosion on exposure to all types of
atmospheres, but 520.0-T4 is subject to stress-corrosion cracking (SCC)
in marine environments, especially after aging. Small cast specimens of
76 by 102 by 8 mm (3 by 4 by 5/r6 in.) of 514 alloy lost only 0.1 g (0.004
oz) after 20 years of exposure to an urban atmosphere in Kingston, On
tario, and to a marine atmosphere at Kure Beach, NC (240 m or 800 ft).

Aluminum-silicon casting alloys such as B443.0, 356.0-T6, and 413.0
have good resistance to atmospheric corrosion. Small specimens of 76 by
102 by 8 mm (3 by 4 by 5/r6 in.) lost only 0.2 g (0.007 oz) after 20 years
of atmospheric exposure at Kingston, Ontario, and Kure Beach, NC (240
m or 800 ft.). A large, painted, cast steam whistle installed on a mine
sweeper was examined after 30 years of service. After removal of the
paint, the casting was found to be unaffected and was suitable for re-use
on another vessel.

Aluminum-copper casting alloys such as 295.0-T6 and 333.0-F require
surface protection in corrosive marine and industrial atmospheres. Small
specimens of 76 by 102 by 8 mm (3 by 4 by 5/r6 in.) of a 10% Cu-2%
Si casting alloy lost 0.8 g (0.03 oz) after 20 years in the atmosphere in
Kingston, Ontario, and 13 g (0.5 oz, or 8% of original weight) at Kure
Beach, NC. The underside of the Kure Beach specimen (exposed at 30°
to the horizontal) had large, crater-like pits with a maximum depth of 508
IJ.m (20 mils). Harper (Ref 10) has reported lO-year weight loss data on
12 aluminum casting alloys exposed to an English marine atmosphere 90
m (100 yd) from the ocean. Aluminum-silicon-copper casting alloys such
as 355.0-T6 and 380.0-F also require protection under corrosive condi
tions because of their copper content.

Some aluminum-zinc-magnesium casting alloys are subject to SCC in
the atmosphere. In one case, an appreciable number of A712.0-type alloy
cast awning clamps (7.5% Zn-0.5% Mg) that were stressed in service
failed by SCC. An investigation showed that a 6.5% Zn-0.7% Mg-O.4%
Cu alloy, which has equivalent strength, was appreciably more resistant
to SCC. Lowering the zinc content from 6.5 to 6.0% caused only a small
drop in mechanical properties and was found to triple the SCC life in a
laboratory test.

Influence of Type of Atmosphere

Rural. In rural atmospheres, the corrosion of aluminum sheet is hardly
detectable. In time, the surface becomes gray in color.

Marine. In marine atmospheres, the original shiny surface dulls to a
non-aluminum-looking gray color. Commercial purity aluminum-man
ganese, aluminum-magnesium, and aluminum-magnesium-silicon alloys
exhibit good corrosion resistance, and some have been widely used for
ship superstructures. The aluminum-copper and aluminum-zinc-magne
sium alloys have poorer resistance to marine atmospheres and should be
protected by painting or cladding.
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Industrial. In industrial atmospheres, the aluminum surface darkens
rapidly and may become jet black in only 1 year. Vertical surfaces dis
color at a slower rate than inclined surfaces. Sheltered surfaces not washed
by rain discolor more rapidly. Over very long periods (25 to 50 years),
surface roughening is pronounced and a gradual loss of strength of thin
sheet, for example 0.8 mm (0.032 in.), occurs. A commercial-purity alu
minum sheet flashing on a building in downtown Montreal pitted to a
depth of only 152 urn (6 mils) after 52 years. In severe locations, such
as tunnels and stations that accommodate steam locomotives, the rate of
corrosion can become appreciable.

Fresh Waters

Aluminum alloys have good resistance to most natural fresh waters. If
corrosion does occur, it takes the form of pitting, which follows a de
creasing rate curve.

Influence of Water Composition. Soft waters have the least pitting
tendency to aluminum, and the lowest rates of penetration, in contrast to
their effect on black iron, galvanized iron, and copper. Soft waters, es
pecially if acidic, tend to dissolve copper, which causes deposition cor
rosion of aluminum. Distilled and deionized water and steam condensate
are handled in aluminum equipment (Ref 11).

The main components of natural waters that cause pitting of aluminum
are copper, bicarbonate, chloride, sulfate, and oxygen. Harder waters (more
bicarbonate) have a higher pitting tendency. Studies on the influence of
water composition on pitting have been published by Porter and Hadden
(Ref 12), Sverepa (Ref 13), Davies (Ref 14), and Rowe and Walker (Ref
15). Pathak and Godard (Ref 16) have published an equation to predict
the pitting tendency of a natural water from its composition, but it must
be regarded only as an approximate first step.

Extreme Value Pitting Statistics. The most practical aspect of pitting
of aluminum in fresh waters is the maximum pit depth. Aziz (Ref 17)
showed that the pit depths can be treated by extreme value statistics. A
pitted surface (the larger the better) is divided into 10 to 20 equal portions
for examination purposes, and the deepest pit is found on each portion.
These are plotted on extreme value graph paper and fall on a straight line
that can be extrapolated to predict the true maximum pit depth somewhere
on the total area of interest.

An extreme value plot has a further advantage of revealing spurious
data. The deepest pit found on a given sample may have had an abnormal
special cause (for example, adjacent to a speck of rolled-in copper) and
not be typical of the main population of pits. Such a pit would probably
fall well above the straight line plot and thus be revealed as not part of
the general pit population. The deepest pit found may possibly be shal
lower than that typical for the rest of the pit population.

Pitting Rate Curves. Godard (Ref 18) has shown that the pitting of
aluminum in fresh waters (several hundred waters tested) follows a cube
root curve. Thus:

EqI
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where d, is the maximum pit depth at time t l • The time to perforation (t2)

can be calculated if the wall thickness is d-: It follows that:

(
d2

)

3

t2 = t, :i Eq 2

A rather obvious consequence of the cube root rate curve is that doubling
the wall thickness increases the time to perforation by a factor of 8.

seawater

Aluminum alloy structures are frequently used in seawater. Navigation
buoys, life boats, motor launches, cabin cruisers, patrol boats, barges,
and larger vessels have been built since 1930. Today, aluminum-hulled
craft up to 61 m (200 £1) in length are built. The hulls are painted to
prevent fouling by marine growth, and the superstructures are painted for
aesthetic reasons. The painted aluminum superstructure on an ocean-going
ship requires repainting only half as frequently as the painted steel por
tions of the same ship. By providing a marked contrast, the painted alu
minum superstructures often induce repainting of the steel section of the
ship more frequently than would otherwise occur.

Early Experience With Aluminum Marine Craft. An account of the
early history of marine applications of aluminum has been provided by
MacIntyre (Ref 19). In 1960, Rogers (Ref 20) summarized the extensive
marine corrosion experience of the Canadian Navy in part as follows:

"It cannot be emphasized too strongly that aluminum as a new
shipbuilding material needs treating as such. It has its own design
problems, its own maintenance problems, and its own repair prob
lems.It cannot be used everywhere as a substitute for steel or any
other alloy, but if the constructors, naval architects, shipwrights and
shipbuilders, and of course the suppliers will treat it as something
that requires a new approach they will find they have a very fine
metal for use in seawater and marine atmospheres."

In 1964, Leveau (Ref 21) described a number of American-built, all
aluminum craft from the 17-m (55-ft) tug Sumter (1958, still in service)
to a 59-m (195-£1) tank barge (1963) and a new class of U.S. Navy 50
m (165-£1) gunboats. More recently, Holtyn et al (Ref 22 and 23) de
scribed the performance of a 91-m (300-£1) aluminum trailer ship and a
17-year-old 30-m (100-£1) aluminum barge.

Pitting Rate Curves. If corrosion occurs, it takes the form of pitting,
which follows a cube root curve as for fresh waters. Wright, Godard, and
Jenks (Ref 24) published such a curve for 6061-T6 sheet in seawater for
14 months. In a later test program, a cube root curve was also found for
6061-T6 sheet over a 5-year immersion period. Southwell, Hummer, and
Alexander (Ref 25) published 16-year pitting data on 1100 and 606l-T6
aluminum sheet immersed in Canal Zone Pacific seawater. For each al
loy, the maximum pit depths followed a cube root plot. An exception is
the pitting of alclad aluminum, in which the maximum pit depth does not
exceed the thickness of cladding until a large area of cladding is removed.
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Published Corrosion Data. In 1944, Mears and Brown (Ref 26) re
ported seawater immersion data on aluminum alloys, including the 8-year
performance of a l724-kg (3800-lb) aluminum ship section model chris
tened the Alumette. In 1949, Walton and Englehart (Ref 27) extended
the description of Alcoa's marine experience. In 1952, Wanderer and
Sprowls (Ref 28) described the performance of a 37-km (23-mile) bare
aluminum submarine pipeline immersed in the Gulf of Mexico. In 1956,
Summerson et at (Ref 29) published a statistical treatment of pitting data
obtained on four aluminum alloys immersed in seawater for 2 years. In
1961, Sutton (Ref 30) reported the results of 7-year seawater immersion
tests on four commercial and eight experimental aluminum-magnesium
alloys. From 1952 to 1963, Guildhaulis (Ref 31) published several papers
(in French) on aluminum specimens immersed in the sea (up to 10 years).
In 1964, Ailor and Reinhart (Ref 32) presented the results of 3-year sea
water tests on several aluminum alloys. In 1965, Godard and Booth (Ref
33) presented both English and Canadian marine immersion test data on
aluminum plate and extrusion alloys for periods up to 10 years. In 1974,
Ailor (Ref 34) reported 1O-year seawater test results for eight aluminum
alloys.

Aluminum-magnesium cast alloy placques of 102 by 127 by 8 mm (4
by 5 by 5116 in.) of AI-4% Mg and Al-7% Mg lost only 0.2 g (0.007 oz)
after 10 years of immersion in seawater. Similar specimens of aluminum
silicon casting alloys containing 5 to 12% silicon lost about 5 g (0.2 oz)
after 20 years of immersion in seawater, compared to 0.3 g (0.01 oz) for
pure cast aluminum, and 0.2 g (0.007 oz) for an AI-4% Mg alloy. Alloy
413.0 pits extensively in seawater. Specimens of 6 mm (l/4 in.) in thick
ness lost 10% of their original weight and perforated in only 2 years. The
710.0 aluminum-zinc casting alloy suffers appreciable corrosion in salt
peroxide solution (and probably also in seawater). For example, l3-mm
(liz-in.) diam test bars were reduced to 6 mm (l/4 in.) in only 40 to 60
days.

Aluminum-magnesium wrought alloys are the most resistant to sea
water. A pit depth of 1270 urn (50 mils) is rarely found, even after 10
years of immersion. Aluminum-magnesium-silicon alloys are somewhat
less resistant, although structural members can be used in seawater with
out protection. These alloys also suffer pitting and may undergo some
intergranular corrosion.

Aluminum-copper and high-strength aluminum-zinc-magnesium
copper alloys are less resistant and should not be immersed in seawater
unless protected or clad.

Solis

Published information on the corrosion of aluminum alloys in soil is
limited. However, the test results available suggest that with the excep
tion of the aluminum-copper (and probably also the aluminum-zinc
magnesium-copper family), aluminum alloys are resistant to many soils.
No general thinning of the metal occurs unless the soil is contaminated
by cinders or corrosive chemicals, including some aggressive oilfield brines.
If corrosion does occur, it takes the form of pitting, and the rate of pen
etration decreases with time. Not enough pitting data has been established
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for soils to prove that a cube root pitting curve holds for unclad aluminum
in soil as it does for fresh waters and seawater, although it seems logical
to expect it will occur in soils as well.

Experience. In 1951, a 2.9 km (1.8 mile) 6061-T6 aluminum pipe
buried for 30 years near Listerhill, AL in sandy soil showed no corrosion
in unprotected or cathodically protected sections of the pipeline (Ref 35).
In 1957, 29 km (18 miles) of unprotected 3003 alloy pipe were laid in
the Pembina oilfield near Edmonton, Alberta with a minimum wall thick
ness of 4.78 mm (0.188 in.) (Ref 36). The system was later extended to
48 km (30 miles). No leaks have been reported to 1981 (24 years).

In 1961, Whiting and Wright (Ref 37) described the perforation and
subsequent cathodic protection of a 1O-km (6-mile) pipeline of 3003 alloy
near Cantaur, Saskatchewan. The same authors reviewed Canadian ex
perience with buried aluminum pipe (Ref 38). Short specimens from bare
aluminum pipelines buried in Canadian soils for periods of 5 to 11 years
have been examined (Ref 39). Four of these were 6063 alloy and the fifth
was 3003. The maximum pit depth found was on the aluminum-manganese
alloy (2032 J.Lm or 80 mils) after 10 years. Dalrymple (Ref 40 and 41)
has reported on American experience.

Some 20,000 alclad 3004 alloy culverts were installed throughout the
United States over the period of 1959 to 1963 (Ref 42). When 500 of
these were inspected after 1 to 3 years, only slight pitting was found, and
this was confined to the cladding layer. Subsequent examinations have
been made by several state highway authorities since that time. Perfor
mance has been good and most states now specify alclad aluminum cul
vert and drainage pipe for a 50-year design life criterion. More recently,
the Federal Highway Administration (FHWA) has reported on these tests
(Ref 43).

Soil Burial Test Data. In 1965, Godard (Ref 44) reviewed the avail
able published data on aluminum soil corrosion tests. After tests lasting
up to 5 years in which aluminum specimens were buried in 26 soils (6
American, 12 Canadian, and 8 British), the corrosion of those al
loys that are considered for use underground (aluminum-manganese,
aluminum-magnesium, and aluminum-magnesium-silicon) was apprecia
ble in only three cases. One was a salt marsh recovered from the sea,
another a cinder embankment, and the third an acid New Orleans muck
that had previously been found to be the most corrosive to steel, of 47
American soils tested by the National Bureau of Standards (NBS).

A special problem in soil, seawater, and concrete is the possible pres
ence of stray currents that may leak onto some points of a buried alu
minum metallic structure and go into the ground at other points. If buried
aluminum is in electrical contact with other metals, the possibility of gal
vanic corrosion exists. This decreases as the resistivity of the soil in
creases. Connecting to copper ground mats has caused appreciable cor
rosion of buried aluminum.

Foods

Aluminum is resistant to most foods, and as a result commands a sub
stantial share of the domestic cooking utensil market. Items such as corn
and potatoes tend to produce a superficial dark stain on aluminum pots
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that can be removed by an abrasive scouring pad. Rhubarb, which con
tains oxalic acid, has a brightening action on aluminum utensils and dis
solves anodic films if present. Much information on the performance of
aluminum with specific foods has been presented by Bryan (Ref 45). For
more recent information, see the Aluminum Association publication en
titled Guidelinesfor use ofAluminum with Food and Chemicals (Ref 46).
Aluminum containers are used for many foods, usually with a protective
film to prevent pitting. Coated aluminum foil domestic food packages and
coated aluminum beverage cans are produced in great numbers.

Chemicals

Aluminum is completely resistant to many chemicals, while in others
it dissolves uniformly and rapidly. In some chemicals, such as methanol
or phenol, a trace of water (0.1 %) prevents corrosion, especially at high
temperatures. In others, such as liquid S02, a trace of water promotes
corrosion. Much information is available on aluminum in the chemical
industry (Ref 47-50). Applications of aluminum in the chemical process
industries are described in Aluminum, Vol II, published by the American
Society for Metals, 1967. In addition, aluminum suppliers have much
accumulated experience. While the dictionaries cited are of considerable
value because they describe actual experience, many essential details are
usually lacking. For example, complicating factors such as may be caused
by dissimilar metals may be a factor, either in direct contact with alu
minum, or as a contaminant from prior contact of the product with other
metals. For example, glacial acetic acid is innocuous to aluminum, but
traces of mercury may cause deposition corrosion of aluminum upon di
lution. Temperature and degree of agitation may have an influence. For
a major application of aluminum with a new product, a corrosion test in
the actual product should be run. The testing of metals for corrosion re
sistance has been discussed at length by LaQue (Ref 51), Champion (Ref
52), and Ailor (Ref 53). A listing of chemicals that have been handled
in aluminum, along with the conditions of these applications, can be found
in Ref 46.

Halogenated Hydracarbons

Aluminum alloys usually are resistant to pure halogenated hydrocar
bons and other organic chemicals containing halogens under most con
ditions, particularly at and below room temperature. Some hydrocarbons
may produce a rapid rate of aluminum corrosion or a violent reaction.
Service conditions to ensure safety should be recognized or established
before aluminum alloys are used with any halogenated hydrocarbon.

Halogenated hydrocarbons may decompose by hydrolysis if water is
present, or by other processes, to yield mineral acids such as hydrochloric
acid. These acids corrode aluminum alloys by destroying the natural pro
tective surface oxide film that provides inherent corrosion resistance. Cor
rosion of aluminum alloys by these acids may also promote reactions of
the hydrocarbons themselves, because aluminum halides formed by cor
rosion are catalysts for reactions such as AlC13 for a Friedel-Crafts re-
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action. In some instances, aluminum alkyls may be produced. Because
of the rapid heating rate, corrosion of aluminum and reaction of a haloge-
nated hydrocarbon, once initiated, may tend to become autocatalytic.

The reactivity of aluminum alloys with halogenated hydrocarbons gen
erally decreases in the order of increasing chemical stability of these hy
drocarbons, which may be established precisely by thermodynamic data
or qualitatively by the structural formulas of the hydrocarbons and by the
halogens they contain. Thus, aluminum is most resistant to hydrocarbons
halogenated with fluorine, followed in order of decreasing resistance to
those with chlorine, bromine, and iodine. Aluminum also is resistant to
highly polymerized halogenated hydrocarbons, reflecting the high degree
of chemical stability of these materials.

The behavior of aluminum alloys in a mixture of halogenated hydro
carbons, or mixtures of these hydrocarbons with other organic com
pounds, cannot be predicted from their behavior with each of the com
ponents. Methyl alcohol and carbon tetrachloride mixtures, for example,
produce rapid corrosion of some aluminum alloys at ambient temperature
even though the components alone do not.

The resistance of aluminum alloys to halogenated hydrocarbons tends
to decrease as the temperature is raised. The rate of corrosion in many
liquid halogenated hydrocarbons remains low until the boiling point is
reached; in some, it is low or nonexistent even at this temperature. Other
factors that affect resistance include the presence of an inhibitor and the
purity of a halogenated hydrocarbon; amines or various heterocyclic com
pounds have been effectively used as inhibitors in certain cases.

Aluminum in a finely divided form, such as in a powder, should not
be exposed to a halogenated hydrocarbon. The possibility of creating a
violent reaction that may lead to an explosion is increased when alumi
num with a large surface area is exposed to a small volume of a halo
genated hydrocarbon, and even more so when this operation is carried
out under pressure. Specific sources (Ref 46) that discuss fluorinated hy
drocarbons, such as Freons, and inhibited halogenated hydrocarbons, such
as solvents for degreasing, illustrate applications with halogenated
hydrocarbons.

Aluminum tubing is used to handle Freon refrigerants. Trichloroethyl
ene degreasing baths are used for cleaning wrought aluminum products.
These baths have proven satisfactory, providing that a stabilized solvent
is used, the accumulation of aluminum fines and water is prevented, and
the bath is discarded when acid is detected.

BUilding Materials

A large amount of aluminum is used in commercial buildings in the
form of facades, doors, windows, and electrical conduits, and in private
dwellings in the form of windows, screen doors, siding, gutters, and sof
fits. The performance of aluminum embedded in, or in contact with,
building materials such as concrete, plaster, brick mortar, and wood is
important in these applications.

Contrary to popular belief, aluminum alloys are not seriously corroded
by long-timeembedment in portland cement concrete, standard brick mortar,
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lime brick mortar, hardwall plaster, or stucco (Ref 55-59). Slight super
ficial etching of the aluminum takes place while these products are set
ting, but unless there is frequent intermittent wetting and drying, no ap
preciable corrosion takes place. Aluminum can corrode when embedded
in chloride-containing concrete and in contact with dissimilar metal, such
as reinforcing steel.

Absorbent material such as paper, asbestos, or wood refuse wall board
that is in contact with aluminum under conditions where it may become
wet, because of condensation or water from another source, tends to cor
rode aluminum. Composite-bonded insulated aluminum panels are made
with a moisture barrier on the inside to prevent the insulation from be
coming wet. Some insulating materials such as magnesia are alkaline and
quite aggressive to aluminum. Magnesium oxychloride, a flooring com
pound sometimes used for subway cars, passenger cars, and ship decks,
is very corrosive to aluminum and should not be used with it, regardless
what preventive measures are provided.

While few woods cause appreciable corrosion of aluminum in contact
with them (Ref 60), a risk of corrosion develops if the moisture content
of the wood exceeds 18 to 20%, a condition reached when the relative
humidity of the environment exceeds 85% (Ref 61). If the wood may
become moist in service, aluminum in contact with it should be protected
by an impermeable membrane or a bituminous paint coating.

Farmer (Ref 62) has called attention to a possible cause of corrosion
of metals by wood-absorbed salt from logs having floated in seawater.
The British Forest Products Laboratory (Ref 63) has proposed general
recommendations to prevent the corrosion of metals (including alumi
num) by wood.

Little published information exists on the corrosion behavior of alu
minum embedded in or in contact with wood that has been impregnated
with a wood preservative. Coal tar creosote, a common wood preser
vative, has an inhibitive effect on the corrosion of aluminum. Certain
chromate-containing preservatives are innocuous to aluminum, as is pen
tachlorophenol, another common preservative. In general, preservatives
containing copper have a detrimental effect on aluminum corrosion be
havior. Those containing mercury should definitely not be used where
aluminum is involved.

TYPES OF CORROSION
Uniform Surface Attack. If the surface oxide film is soluble in the

environment, as in phosphoric acid or sodium hydroxide, aluminum dis
solves uniformly at a steady rate. If heat is evolved, as with dissolution
in sodium hydroxide, the temperature of the solution and the rate of attack
increases. Depending on the specific ions present, and their concentration
and temperature, the attack may range from superficial etching to rapid
dissolution. Uniform attack can be assessed by measurement of weight
loss or loss of thickness.

Localized Corrosion. In environments in which the surface film is
insoluble, corrosion is localized at weak spots in the oxide film, and takes
one of the forms described in the following sections, if it occurs at all.
Localized corrosion has an electrochemical mechanism and is caused by
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a difference in corrosion potential in a local cell formed by differences
in or on the metal surface. The difference is usually in the surface layer
because of the presence of cathodic microconstituents that can be insol-
uble intermetallic compounds or single elements. Most common are CuAl2 ,

FeAh, and silicon. However, the difference may be on the surface be-
cause of local differences in the environment. A common example of the
latter is a differential aeration cell. Another is particles of heavy metal
plated out on the surface. Less frequent is the presence of a tramp im-
purity such as iron or copper embedded in the surface. Other causes of
local cell formation have been listed by Mears and Brown (Ref 64). The
severity of local cell corrosion tends to increase with the conductivity of
the environment.

Another electrochemical cause of localized corrosion is the result of a
stray electric current leaving the surface of aluminum to enter the envi
ronment. The only type of localized corrosion that does not have an elec
trochemical mechanism is fretting corrosion, which is a form of dry ox
idation. In almost all cases of localized corrosion, the process is a reaction
with water:

2Al + 6H20 --+ Al20, . 3H20 + 3H2 Eq 3

The corrosion product is almost always aluminum oxide trihydrate
(Bayerite). Localized corrosion does not usually occur in extremely pure
water at ambient temperature or in the absence of oxygen, but may occur
in more conductive solutions because of the presence of ions such as
chloride or sulfate. An examination of the corrosion product may identify
the offending ion and thus the cause of corrosion (Ref 65 and 66). Lo
calized corrosion frequently can be controlled or prevented, as the fol
lowing sections show.

Pitting Corrosion. Pitting is the removal of metal at localized sites on
the surface, resulting in the development of cavities. For pitting to occur,
an electrolyte must be present. This may be a bulk liquid, a moist solid,
a film of condensed moisture, or droplets of water standing on the sur
face. Oxygen must also be present for pit initiation.

While the shape of pits in aluminum can vary from shallow, saucer
like depressions to cylindrical holes, the mouth is usually more or less
round, and the pit cavity is roughly hemispherical. This distinguishes pit
ting from intergranular corrosion, in which attack is confined to subsur
face tunnels along grain boundaries, usually visible only on metallo
graphic examination of cross sections. Intergranular corrosion may occur
along with pitting, in which case intergranular fissures advance into the
metal laterally and inwardly from the pit cavity. The primary cause of
pitting in aluminum is the presence of local cells at the metal surface, as
described in the previous section on localized corrosion.

In the early stages of pit growth, the rate is autocatalytic (Ref 67 and
68). Initiation occurs by breaking down a spot in the surface oxide film
adjacent to a cathodic particle. If a copper ion is present, it plates out on
the cathodic site and increases the driving potential. As the pit cavity
(anode) develops, the environment in it becomes acidic (pH 3 to 4), and
the environment over the cathode surface becomes slightly alkaline. These
local environmental changes increase the driving potential of the local
cell, and also the pit current. Once a steady state is reached, the pit cur-
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rent remains steady and is controlled by the external cathode, the area of
which is influenced by the conductivity of the electrolyte. Nearby pits
interact by competing for available cathode area. Generally, the greater
the number of pits, the shallower the deepest pit. In deep pits that have
become capped with corrosion product, the role of the external cathode
area is probably less, and the pH of the liquid in the pit cavity is probably
more important.

The composition of the electrolyte has a strong influence on the ini
tiation and growth rate of pits in aluminum. The influence of the many
anions and cations possible is complex and not fully understood. The
work of Sotovdeh et al is relevant (Ref 69).

In all cases, the rate of penetration slows appreciably with time. This
aspect was discussed previously under individual environments. The var
ious stages of pitting-initiation, propagation, termination, and reinitia
tion-have been discussed by Godard (Ref 70).

Doubly refined, very high-purity aluminum (1099) has excellent resis
tance to pitting and is much superior to any of the commercial alloys.
Alloy 3003, made with a very high-purity base for experimental cooking
utensils, was also found to be very resistant to pitting. Of the commercial
alloys, the aluminum-magnesium family (5XXX) have the lowest pitting
probability and penetration rates. With a low (::50.04%) copper content,
aluminum-manganese (3XXX) alloys have comparable pitting behavior,
but at 0.15% copper, they pit more extensively, especially in seawater.
In commercial-purity aluminum (lXXX), pitting behavior improves with
purity and is better at low iron and copper contents. In aluminum
magnesium-silicon alloys (6XXX), pitting is combined with intergranular
corrosion. For example, 6351 extrusions may develop mild surface blis
tering in severe industrial atmospheres and in seawater. In sheet form,
the aluminum-copper (2XXX) and aluminum-zinc-magnesium-copper
(7XXX) alloys are normally clad to protect against pitting.

Crevice Corrosion

If an electrolyte is present in a crevice formed between two faying
aluminum surfaces, or between an aluminum surface and a nonmetallic
material such as a gasket, localized corrosion in the form of pits or etch
patches may occur. The oxygen content of the liquid in the crevice is
consumed by the film formation reaction with the aluminum surface, and
corrosion stops because the replenishment of oxygen by diffusion into the
crevice is slow. At the mouth of the crevice, whether it is submerged or
exposed to air, oxygen is more plentiful. This creates a local cell: water
with oxygen versus water without oxygen, and the corrosion potentials
are such that localized corrosion occurs in the oxygen-depleted zone (an
ode) immediately adjacent to the oxygen-rich (cathode) near the mouth
of the crevice. This is sometimes called a concentration cell or a differ
ential aeration cell. Once the crevice attack has initiated, the anode area
becomes acidic and the cathode area becomes alkaline. These changes
further enhance local cell action.

An important variable in crevice corrosion is the width of the crevice
opening, because this determines the ease of oxygen diffusion into the
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crevice, and also affects the resistivity of the liquid in the crevice. Crevice
corrosion of aluminum is negligible in fresh waters.

Submerged Crevices. Rosenfeld (Ref 71) has shown that with sub
merged crevices, another important variable is the ratio of the actively
corroding surface area in the crevice to the effective external cathode
area. The rate of aluminum crevice corrosion increases as the crevice
mouth narrows and as the external cathode area increases.

Rosenfeld also studied the influence of aluminum alloy on the rate of
crevice corrosion and obtained the results plotted in Fig. 2. Aluminum
copper and aluminum-zinc-magnesium-copper alloys corroded many times
faster than 1100, 3XXX, or 5XXX alloys. Again, crevice width is im
portant, because corrosion rates are low for crevice openings greater than
254 urn (10 mils).

Atmospheric Crevices. In the design of aluminum structures for ma
rine service, no provision need be made for crevice corrosion to obtain
a service life of 5 years, except where the cross section is less than 1016
urn (40 mils) (Ref 72). For longer life, the faying surfaces should be
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Fig. 2. Dependence of crevice corrosion of aluminum alloys on the width of the
crevice in O.5N NaCl. Duration of experiment 54 days. No outside contact. (a)
Aluminum. (b) Clad Duralumin (D16). (c) Aluminum-manganese (AMc). (d)
Aluminum-magnesium. (e) Aluminum-zinc-magnesium-copper unclad. if) Dur
alumin (D16) unclad. (Ref 71)
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coated with an inhibitive paint system, and where possible the crevice
should be filled with a resilient, moisture-excluding sealant. On thicker
sections no provision need be made.

Crevices in Waters. In most fresh waters crevice corrosion of alu
minum is negligible. In seawater, crevice corrosion takes the form of
pitting, and the rate is low. Resistance to crevice corrosion has been found
to parallel resistance to pitting corrosion in seawater, and is higher for
aluminum-magnesium alloys than for aluminum-magnesium-silicon al
loys (Ref 73).

Water Staining. The most common case of aluminum crevice corro
sion occurs when water is present in the restricted space between layers
of aluminum in close contact, as in packages of sheet or circles, or wraps
of coil or foil. This may occur during storage or transit because of in
adequate protection from the ingress of rain, or be caused by conden
sation within the crevice when the metal surface temperature falls below
the dew point. Matching irregular stain patterns of corrosion product are
produced on the contacting surfaces, which can vary from gray to brown
to black. In severe cases, the corrosion product cements the two surfaces
together and makes separation difficult.

In some cases, the stain pattern shows a series of irregular rings, like
the lines on a contour map. These are believed to represent the outlines
of a receding water pool at various stages of evaporation. The stain patches
mar the shiny surface and impair the use of the sheet where surface ap
pearance is important, though corrosion is shallow, and perforation rarely
occurs, even on thin sheet. The stained areas are not more susceptible to
subsequent corrosion; they are more resistant, because they are covered
with a thickened oxide film. Water staining can be prevented by avoiding
the ingress of rain and condensation conditions. The metal temperature
must be maintained above the dew point, either by providing a low rel
ative humidity or preventing cooling of the metal.

Filiform corrosion is another special case of crevice corrosion that
may occur on an aluminum surface under an organic coating. It takes the
form of randomly distributed thread-like filaments, and is sometimes called
vermiform or worm track corrosion. The corrosion products formed raise
a bulge in the surface coating, much like molehills in a lawn. The tracks
proceed from one or several points where the coating is breached. The
surface film itself is not involved in the process, except in the role of
providing inadequate zones of poor adhesion that form the crevices in
which the corrosion occurs, upon access of moisture with restricted access
of oxygen. Filiform corrosion has occurred on lacquered aluminum sur
faces in aircraft exposed to marine and other high-humidity environments.
This has been controlled by the use of chemical conversion coatings, an
odizing, and the use of chromate-inhibited primers prior to painting.

The amount of aluminum consumed by crevice corrosion is small, and
is of practical importance only when the metal is of thin cross section,
or in cases where surface appearance is important. More serious is the
disruptive force of corrosion products produced in a confmed space. These
are about five times as bulky as the metal from which they were produced
(about twice as bulky as rust on steel) and can distort even heavy sections
of metal.
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Galvanic Corrosion. Accelerated corrosion of a metal because of elec
trical contact with a more noble metal or a nonmetallic conductor such
as graphite in a conductive environment is called galvanic corrosion (Ref
74). The most common examples of galvanic corrosion of aluminum al
loys in service occur when they are joined to steel or copper and exposed
to a wet saline environment. The aluminum alloy corrodes more rapidly
than it does in the absence of the contacting dissimilar metal.

For each environment, a galvanic series can be constructed in which
metals are arranged in order of their corrosion potential, with the most
active metals at the top, and the most inactive metals at the bottom. These
series usually are similar to, but are not exactly the same, as the well
known electromotive series. The best defined, and the most commonly
used galvanic series is that based on corrosion potentials in salt solution
(Ref 75), which is reproduced in Table 1. The corrosion potentials of the
most common aluminum casting alloys are given in Table 2.

The rate of attack depends on (l) the difference in corrosion potentials
between the two metals, (2) the electrical resistance between the two met
als, (3) the conductivity of the electrolyte, (4) the cathode-anode area
ratio, and (5) the polarization characteristics of the two metals. Although
Table 1 can be used to predict which metal suffers galvanic attack when
compared with another, the extent of attack cannot be predicted because
of polarization. For example, the potential difference between aluminum
and stainless steel is greater than that between aluminum and copper, yet
the galvanic influence of stainless steel on aluminum is much less because
of polarization, while the aluminum-copper couple shows little polari
zation. In the common case, the two metals are in direct physical contact,
as in a riveted joint. Galvanic corrosion can also occur if the metals are

Table 1. Corrosion Potentials of Various Metals In salt Solution
(Galvanic series)

Metal Corrosion poten"al, V(a)
Magnesium -1.65
Zinc -1.02
Aluminum alloys 7072 -0.88
Aluminum alloys 5XXX -0.77 to -0.79
Aluminum alloy 7075-T3 -0.76
Aluminum alloys lXXX, 3XXX, 6XXX -0.72 to -0.75
Cadmium , -0.74
Aluminum alloys 2024-T6 -0.73
Low-carbon steel, cast and wrought iron -0.50
Lead -0.47
Tin -0.41
Lead-tin solder (60-40) -0.37
Brass (60-40) . . . .. -0.20
Copper ' -0.12
Inconel -0.04
Stainless steel (18-8, passive) -0.01
Bronze (95-5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. +0.00
Nickel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. +0.01
Monel +0.02

(a) With reference to a saturated calomel electrode. values calculated from those measured in
53 giL (6 oz/gal) NaCl plus 3 giL (0.3 oz/gal) H,O, at 25°C (77 OF). using a O.IN calomel electrode.
(Metals Handbook. Vol 2, 9th ed., American Society for Metals)
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Table 2. Corrosion Potentials of Aluminum casting Alloys In san
Solution

AA designation Old designation
710.0 A712.0
520.0-T4 220-T4
514.0 214
518.0 218
413.0 13
B443.0 43
356.O-T6 356-T6
360.0 360
355.0-T6 355-T6
850.O-T4 750-T4
208.0-F 108-F
380.0-F 380-F
319.0-F 319-F
333.0-F 333-F
295.O-T6 195-T6
296.O-T6 B295.0-T6

ColToslon potential, V(a)
-0.91
-0.84
-0.79
-0.79
-0.74
-0.74
-0.73
-0.73
-0.71
-0.70
-0.69
-0.67
-0.67
-0.67
-0.65
-0.64

(a) With reference to a saturated calomel electrode. values calculated from those measured in
53 giL (6 oz/gal) NaCl plus 3 giL (0.3 oz/gal) H,O, at 25°C (77 OF). using a O.lN calomel electrode.
(Alcoa Laboratories)

separated, but both are exposed to a common electrolyte and joined by
an external electrical connection.

The galvanic corrosion of aluminum is usually mild, except in highly
conductive media such as seawater, wind-blown sea spray, and salted
slush from road de-icing salts, when corrosion can be appreciable. In
natural surface waters and nonsaline atmospheres, the galvanic corrosion
of aluminum is rarely significant, although rain runoff from copper and
its alloys pit aluminum appreciably.

In natural environments, including saline conditions, zinc is anodic to
aluminum and corrodes preferentially, giving protection to aluminum.
Magnesium is similarly protective, although in severe marine environ
ments it causes cathodic corrosion of aluminum because of an alkaline
condition produced on the aluminum surface. Cadmium is neutral to alu
minum and can safely be used in contact with it. The other structural
metals are cathodic to and promote galvanic corrosion of aluminum. Of
the metals, copper (and its alloys: brass, bronze, and Monel) are the most
aggressive to aluminum, followed closely by steel (in saline environments
only). In normal atmospheres and natural waters, stainless steels can be
safely coupled with aluminum. Nickel is less aggressive than copper, ap
proaching stainless steel in its action on aluminum. In severe marine at
mospheres, stainless steel corrodes aluminum. In seawater, the action de
pends on the cathode-anode area ratio. Chromium electroplate has about
the same action as stainless steel. Lead may be used with aluminum ex
cept in severe marine atmospheres. For example, lead washers can be
used on aluminum nails to secure aluminum sheet in all but the most
corrosive atmospheres.

In unusual environments aluminum is anodic to zinc, while in others
it is cathodic to steel (Ref 75 and 76). The galvanic behavior of aluminum
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has been described by several authors (Ref 77-81). The galvanic corro-
sion performance of the different aluminum alloys is quite similar, so that
a problem cannot be solved by changing alloys.

In structural applications, especially where salt may be encountered,
the crevice between the metal pair should be filled with a high-quality,
resilient, nonhardening sealant. For more complete instructions for the
prevention of galvanic corrosion of aluminum, see the section on pre
vention of galvanic corrosion in this chapter.

Deposition corrosion is a special case of galvanic corrosion that takes
the form of pitting. It occurs when particles of a more cathodic metal in
solution plate out on an aluminum surface to set up local galvanic cells.
The ions aggressive to aluminum are copper, lead, mercury, nickel, and
tin, often referred to as heavy metals. The effect of heavy metals is greater
in acidic solutions. In alkaline solutions, their solubility is much lower,
resulting in less severe effects (Ref 82).

Copper ion is the most common cause of this type of corrosion in ap
plications for aluminum. A common example is rain runoff from copper
roof flashing, causing corrosion of aluminum gutters. Very small amounts
of copper can be detrimental (as low as 0.05 ppm), depending upon other
conditions of exposure (Ref 82 and 83). For example, copper presents a
much greater problem in aerated halide solutions than in aerated nonhal
ide solutions.

Mercury is the most aggressive ion to aluminum, and even traces can
be serious (Ref 84). Fortunately, mercury is rarely present in natural waters
or commercial aqueous solutions, but occasionally it is found in unex
pected places, such as from a broken thermometer, or where tramp mer
cury has contaminated the structure.

Liquid mercury does not wet an aluminum surface, and mercury has
been handled in anodized aluminum bottles. However, if the natural oxide
film on the aluminum surface is broken (the presence of halides greatly
assists this), aluminum dissolves in the mercury to form an amalgam and
the corrosion reaction becomes catastrophic. The dissolved aluminum ox
idizes immediately in the presence of moisture, and further aluminum
dissolves to form an aggressive cycle. Very high corrosion rates ensue
(up to 1270 mm/yr or 50 in.lyr). The safe level of mercury that can be
tolerated in a solution or environment is difficult to determine, because
of the uncertainty of initiation of amalgamation. However, in corrosive
solutions any concentration of >0.01 ppm should be cause for concern,
and in an environment where attack is initiated less readily, any concen
tration exceeding that permitted by EPA regulations is suspect.

Stray Current Corrosion. Whenever an electric current (ac or de),
leaves an aluminum surface to enter an environment such as water, soil,
or concrete, aluminum is corroded at the area of current passage in pro
portion to the amount of current passed. This is known as stray current
corrosion or electrolysis (a poorly chosen, ambiguous term, but one frrmly
entrenched in pipeline and shipping technology).

At low current densities corrosion may take the form of pitting, while
at higher current densities considerable destruction of the metal can occur.
The rate does not diminish with time. Other than uniform dissolution in



260/PROPERTIES AND PHYSICAL METALLURGY

an active chemical, this is one of the two main causes of unexpected,
very rapid corrosion of aluminum (an uncommon event). The other is the
presence of mercury ions in the environment.

Since the aluminum surface from which the current leaves functions as
an anode, oxidation (corrosion) occurs, and the area becomes acidic. The
presence of acidity on the surface often provides the clue that reveals
unexpected stray current activity. Local acidity can develop even in an
alkaline environment such as concrete.

Stray currents encountered in practice are usually direct current (for
example, from a welding generator), but may also be alternating current.
For most metals, ac corrosion is negligible, but with aluminum it can be
appreciable (Ref 85). Below a critical small ac current density, no cor
rosion of aluminum occurs. This value has been reported variously at 0.5,
1.0 (Ref 86), and 5.7 ma/cm" (Ref 87) or 0.003, 0.006 (Ref 86), and
0.04 mA/in. 2 (Ref 87). See also Williams (Ref 88), and French (Ref 89).

Examples of stray current corrosion of aluminum have been reported
in concrete (electrical conduit), in seawater (boat hulls), and in soils
(pipelines and drainage systems). Usually, stray current corrosion can be
prevented by appropriate design and protection measures. For example,
corrosion of aluminum conduit in concrete is prevented by not allowing
the conduit to serve as a neutral ground under any circumstances, es
pecially during welding. Chloride content of concrete and avoidance of
contact with reinforcing bars also is important in avoiding corrosion. The
welding generator must be provided with a separate ground.

A special case of stray current corrosion can develop when an
aluminum-hulled boat is moored to a steel dock, and the electrical system
of the boat is plugged into 110 V ac power on the dock to save the boat
batteries. The aluminum hull can become coupled to the steel dock through
the shore electrical grounding system. Currents as high as 160 rnA have
been measured on a 13-m (44-ft) aluminum hull. The galvanic current
concentrates at breaks in the paint, and perforation of the hull can be
rapid. The external aluminum drive unit of an inboard-outboard motor in
a nonaluminum hull can become coupled to the steel dock in the same
way, and galvanic currents of 18 rnA have been measured. To interrupt
the galvanic couple yet permit passage of the shore ac, a capacitor is
placed in the boat ground wire leading to the plug that receives the shore
power supply (Ref 90).

In soils, stray current corrosion can be caused by close proximity to
other buried metal systems that are being protected by an impressed cur
rent cathodic protection system. These stray currents may leak. onto a
buried aluminum structure at one point, then off at another (where cor
rosion occurs), taking a low-resistance path between the driven buried
anode and the nearby structure being protected. Common bonding of all
buried metal systems in close proximity is the usual way to avoid such
attack (Ref 91 and 92).

Intergranular corrosion is selective attack of the grain boundary zone,
with no appreciable attack of the grain body or matrix (Fig. 3). The mech
anism is electrochemical and is the result of local cell action in the grain
boundaries. Cells are formed between second-phase microconstituents and
the depleted aluminum solid solution from which the constituents formed.
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Fig. 3. Various types of intergranular corrosion attack. (a) Interdendritic (ID)
corrosion in a.caststructure, (b) Interfragmentary (IF) corrosion in a wrought
structure, unrecrystallized. (c) Intergranular (lor IG) corrosion in a recrystal
lized wrought structure. Keller's etch. (500X)

These constituents have a different corrosion potential than the adjacent
depleted solid solution. In some alloys, such as the aluminum-magnesium
and aluminum-zinc-magnesium-copper families, the precipitates (MgzAl3,

MgZnz, and Alx-Znx-Mg) are more anodic than the adjacent solid solu-
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tion. In other alloys, such as aluminum-copper, the precipitates (CnAl,
and Al.Cu.Mg) are cathodic to the depleted solid solution. In either case,
selective attack of the grain boundary region occurs.

The degree of intergranular susceptibility is controlled by fabrication
practices that can affect the amount, size, and distribution of second
phase intermetallic precipitates. Discussion of precipitation and heat treat
ment can be found in Chapter 5 in this Volume. Resistance to intergran
ular corrosion is obtained by use of heat treatments that cause precipi
tation to be more general throughout the grain structure, or by restricting
the amount of alloying elements that cause the problem.

Alloys that do not form second-phase microconstituents at grain bound
aries, or those in which the constituents have corrosion potentials similar
to the matrix (MnAI6) , are not susceptible to intergranular corrosion. Ex
amples of alloys of this type are 1100, 3003, and 3004.

Aluminum-magnesium alloys (5XXX) containing less than 3% mag
nesium are quite resistant to intergranular corrosion. In unusual instances,
intergranular attack has occurred in the heat-affected zone of weldments
after months or years of exposure at moderately elevated temperatures of
=100 °C (=212 "F), in hot, acidified ammonium nitrate solutions of =150
°C (=300 OF), or hot, potable water at 80°C (175 OF). At higher mag
nesium concentrations, intergranular corrosion does not occur when these
alloys are properly fabricated and used at ambient temperatures. Alloys
can become susceptible to intergranular corrosion, however, after pro
longed exposure to elevated temperatures above 27°C (80 OF). This is
commonly referred to as sensitization. The degree of susceptibility in
creases with magnesium content, time at temperature, and amount of cold
work.

Aluminum-magnesium-silicon wrought alloys (6XXX) usually show
some susceptibility to intergranular corrosion. With a balanced
magnesium-silicon composition that results in the formation of Mg-Si
constituent, intergranular attack is minor, and less than that observed with
aluminum-copper (2XXX) and aluminum-zinc-magnesium-copper (7XXX)
alloys. When the 6XXX alloy contains an excessive amount of silicon
(more than that needed to form Mg-Si), intergranular corrosion increases
because of the strong cathodic nature of the insoluble silicon constituent.

In aluminum-copper-magnesium alloys (2XXX), thermal treatments that
cause selective grain boundary precipitation lead to intergranular corro
sion susceptibility. Many studies have shown fast cooling on quenching
during heat treatment, and subsequent aging to peak or slightly overaged
strength, results in high resistance to intergranular corrosion. Conversely,
slow cooling results in intergranular susceptibility.

Intergranular corrosion in aluminum-zinc-magnesium-copper (7XXX)
alloys can also be affected by thermal treatments. Heat treatment, some
times in combination with strain hardening, is used to provide good re
sistance to intergranular corrosion. Testing for intergranular susceptibility
varies with the alloy family. Metallographic examination after exposure
to an NaCI-HzOz corrosive solution (see MIL-H-6088F) is used primar
ily for aluminum-copper-magnesium (2XXX) alloys. It has also been
used with aluminum-magnesium-silicon (6XXX) and aluminum-zinc
magnesium-copper (7XXX) alloys. For aluminum-magnesium alloys, a
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weight loss test method (NAWLT) has recently been established (ASTM
069-80). With aluminum-copper-magnesium (2XXX) and aluminum-zinc
magnesium-copper (7XXX) alloys, limited use has been made of elec-
trochemical methods (corrosion potential, potentiostatic, and galvanostat-
ic) for predicting intergranular corrosion susceptibility. However, confir-
mation by metallographic examination is still considered necessary.

Exfoliation Corrosion. Exfoliation, also called layer corrosion or la
mellar corrosion, is a type of selective subsurface attack that proceeds
along multiple narrow paths parallel to the surface of the metal. The at
tack is usually along grain boundaries (intergranular corrosion), but it has
also been observed along striations of insoluble constituents that have
strung out in parallel planes in the direction of working. Exfoliation oc
curs predominantly in relatively thin products with highly worked, elon
gated grain structures. The intensity of exfoliation increases in slightly
acidic environments and when the aluminum is coupled to a cathodic
dissimilar metal.

Exfoliation is characterized by leafing, or alternate layers of thin, rel
atively uncorroded metal and thicker layers of corrosion product that are
more bulky than the metal from which they came. The layers of corrosion
products cause the metal to swell. In an extreme case, a 1.3-mm (0.050
in.) thick sheet was observed to swell to a 25-mm (l-in.) thickness-an
amazing 20 times!

Exfoliation usually proceeds inwards laterally from a sheared edge, rather
than inward from a rolled or extruded surface. In mild cases, it takes the
form of blisters that resemble volcanoes, with corrosion product welling
up in the center. In this case, pits occur first and proceed inward until
the susceptible layer is encountered. The attack then changes to lateral
penetration with generation of bulky corrosion products that cause the
blisters to develop. Exfoliation is not accelerated by stress and does not
lead to stress-corrosion cracking.

The commercial-purity (lXXX) and aluminum-manganese (3XXX) al
loys are quite resistant to exfoliation corrosion in all tempers. Exfoliation
has been encountered in some highly cold worked aluminum-magnesium
(5XXX) materials such as 5456-H32l boat hull plates. These developed
a highly elongated grain structure and selective grain boundary precipi
tation. This exfoliation problem led to the establishment of a special boat
hull plate temper (Hl16) that has high resistance to exfoliation corrosion.

In the heat treatable aluminum-copper-magnesium (2XXX) and
aluminum-zinc-magnesium-copper (7XXX) alloys, exfoliation corrosion
has usually been confined to relatively thin sections of highly worked
products with an elongated grain structure. In 2124-T35l plate, for ex
ample, 13-mm (0.5-in.) plate was quite susceptible in laboratory and at
mospheric tests, while 50-mm (2-in.) and 100-mm (4-in.) plate, with less
directional structures, did not exfoliate. In extrusions, the surface is often
quite resistant to exfoliation because of its recrystallized grain structure.
Subsurface grains are unrecrystallized, elongated, and vulnerable to ex
foliation. In aluminum-zinc-magnesium alloys containing copper, such as
7075, resistance to exfoliation can be improved markedly by overaging.
This is designated by the temper designations of T7XXX for wrought
products. While a 5 to 10% loss in strength occurs, improved resistance
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to exfoliation is provided. In copper-free or low-copper 7XXX alloys,
exfoliation corrosion resistance can be controlled by overaging or by re
crystallizing heat treatments and can also be controlled to some extent by
changes in alloying elements. In aluminum-copper-magnesium (2XXX)
alloys, artificial aging to the T6 or T8 condition provides improved
resistance.

Several laboratory methods have been developed to test for exfoliation
corrosion susceptibility in aluminum alloys. These include metallographic
examination, visual rating, and weight loss measurements after exposure
to corrosive environments (solutions and sprays) at ambient and elevated
temperatures. Some of the methods and tests are described in ASTM
Standards G34 (EXeO), G43 (SWAAT), and G66 (ASSET).

Stress-Corrosion Cracking

Under the combined action of a continuous tensile stress and a specific
corrosive environment, rupture of some aluminum alloy members may
occur by stress-corrosion cracking (SeC). In cases of extreme suscepti
bility, the rupture of thick sections of 13 mm (0.5 in.) can occur in a short
time (days). Stress-corrosion cracking is limited to aluminum-copper
magnesium alloys (2XXX) and aluminum-magnesium alloys (5XXX) that
contain more than 3% magnesium, and aluminum-zinc-magnesium
copper alloys (7XXX series). On very rare occasions, see occurs in
the aluminum-magnesium-silicon alloys (6XXX). It does not occur in
commercial-purity alloys (lXXX), aluminum-manganese alloys (3XXX),
or aluminum-magnesium alloys (5XXX) containing less than 3% mag
nesium. Table 3 presents a summary of see ratings of the different alloy
families.

When stressed in the longitudinal or transverse directions, see may
occur when stresses in the order of the yield stress are present. However,
when stressed in the short transverse direction, for example across the
flash line of a forging, see can occur at low stresses. Usually a chloride
containing aggressive environment must be present, but in cases of ex
treme susceptibility, see can occur in humid air.

The susceptibility of aluminum alloys to see depends on microstruc
ture, and the resistance of susceptible alloys can be greatly influenced by
metallurgical treatment. The attack is usually intergranular and involves
the presence of an active constituent in the grain boundaries. Recently,
hydrogen embrittlement caused by grain boundary local cell corrosion
reactions has been shown to play an important role, especially for
aluminum-zinc-magnesium-copper and aluminum-magnesium alloys.

Historical. The first failures of aluminum alloys by see were noted
in the early 1930' s (Ref 93)*. Most of these early failures occurred in
aluminum-copper-magnesium (2XXX) aircraft alloys. A number of pa
pers have discussed these failures over the years. These alloys were gen
erally susceptible to intergranular corrosion in the peak strength tempers,

*For the pre-1970 period, only review articles have been referenced. These reviews contain
extensive citations, to which the reader should refer if more specific or detailed information
is desired.
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Table 3. Ratings of Resistance to Stress Corrosion Cracking
(SCC) of Wrougl1t Commercial Aluminum Alloys (Ref 121)

Alloy strengthening T....I.. strength sec
..,Ies Type of alloy method MPa Icsl rating
IXXX .. Al Cold working 69-172 10-25 (a)
2XXX.. AI-Cu-Mg-Si (3-6% Cu) Heat treatment 379-517 55-75 (b)
3XXX .. AI-Mn-Mg Cold working 138-276 20-40 (a)
5XXX .. AI-Mg (1-2.5% Mg) Cold working 138-290 20-42 (a)
5XXX .. AI-Mg-Mn (3-6% Mg) Cold working 290-379 42-55 (b)
6XXX .. AI-Mg-Si Heat treatment 152-379 22-55 (a)
7XXX .. AI-Zn-Mg Heat treatment 379-503 55-73 (b)
7XXX .. AI-Zn-Mg-Cu Heat treatment 517-621 75-90 (b)

(a) No known instance of see in service or in laboratory tests. (b) see has occurred in service with
certain alloys and tempers; service failures can be avoided by careful design and assembly and proper
selection of alloy and temper.

and were quite susceptible to see as well. Generally, they have been
replaced by more resistant alloys such as 2014, 2024, and 2124.

Today, the most widely used high-strength aluminum alloys are gen
erally resistant to see in service when in the proper temper, but can still
be made susceptible under highly specific circumstances. In particular,
applied stresses in the short transverse direction should be minimized.
However, these circumstances can usually be avoided, so that see fail
ures of aluminum alloys can be prevented by design of the structure. A
number of books and review articles have been published in recent years
that outline in detail the required design principles (Ref 94-99). The fol
lowing paragraphs describe the most important metallurgical and engi
neeringprinciplesthat determine the see susceptibilityof aluminum alloys.

Mechanism of Stress-Corrosion Cracking. Because see failures in
aluminum alloys are generally intergranular, the microstructure along the
grain boundaries plays a primary role in determining see susceptibility.
In heat treatable alloys, selective grain boundary precipitation can result
from a too-slow quench or from inadequate artificial aging. In non-heat
treatable aluminum-magnesium alloys, grain boundary precipitation can
occur at modestly elevated temperatures. In all wrought alloys, see sus
ceptibility is greatest in the plane where the most continuous grain bound
ary path is available. Figure 4 shows such an intergranular stress corro
sion crack following the directional grain structure. For flat rolled products
(sheet and plate), this situation occurs when stress is applied in the short
transverse direction (normal to the rolling plane) and crack growth occurs
in the rolling plane. For forgings and extrusions, the grain patterns are
more complex, but maximum susceptibility occurs when stress is applied
normal to the two principal grain flow directions, with crack growth oc
curring in the plane of metal flow.

Because of the orientation dependence of see in aluminum alloys,
stresses in the most susceptible direction must be avoided. In addition to
operating stresses, see can result from residual forming stresses, stresses
introduced by machining operations, and stresses from misfit of parts being
assembled. It is these residual stresses, rather than operating stresses, that
are most often responsible for see failure, because they may be over
looked during the design process. Reducing stresses in the short trans-
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Fig. 4. Typical intergranular stress corrosion crack in 6.4-mm (0.25-in.) 7075
T651 plate stressed in short transverse direction. (Courtesy ofAlcoa Laboratories)

verse direction to a minimum greatly reduces the likelihood of see fail
ure in susceptible alloys.

For years, the mechanism of see in aluminum alloys was believed to
be mainly electrochemical (Ref 93-95). In the 1960's, hydrogen embrit
tlement (HE) of grain boundaries was found to playa major role in the
see of high-strength steels and titanium. As late as 1969, no such mech
anism appeared to playa role in the see of aluminum alloys (Ref 94).
However, in 1974, reports (Ref 100 and 101) showed that while hydrogen
is unable to enter 7075 alloy cathodically protected at -1.5 V saturated
calomel electrode (SeE) at a sufficient rate to cause HE, at -2.0 V SeE
the hydrogen permeation rate rises substantially, and at such a potential
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see occurred. Later, it was found that atomic hydrogen is absorbed by
aluminum and causes embrittlement of certain aluminum alloys (Ref 102).
Others (Ref 103 and 104) have confirmed the role of hydrogen in the
sec of aluminum-zinc-magnesium-copper alloys. In 1980, it was found
(Ref 105) that magnesium hydride formation can occur in an a1uminum
magnesium alloy during exposure to moist air. Others (Ref 106) have
shown that the change in see susceptibility of aluminum-zinc-magnesium
alloys may be related to the magnesium content of the surface oxide
film, which can affect the ease of hydrogen entry into the metal. While
the see of aluminum-copper-magnesium alloys is believed to proceed
by simple stress-assisted grain boundary local cell dissolution, recent
research suggests that cracking in aluminum-magnesium and aluminum
zinc-magnesium-copper alloys may in fact be because of hydrogen em
brittlement, as a result of hydrogen generated at the crack tip.

Aluminum-Copper-Magnesium Alloys (2XXX). The 2XXX series
alloys are strengthened primarily by solution heat treatment and age hard
ening, with silicon and manganese often added for increased strength.
Maximum strengthening is obtained when the copper content is between
4 and 6%, depending on the influence of other elements present. After
solution heat treatment and quenching, these alloys can be strengthened
either by natural aging (at room temperature) to the T3 or T4 tempers,
or by artificial aging (at elevated temperature) to the T6 or T8 tempers.
The strengthening sequence involves the formation of transition precip
itates in the grain bodies. During this sequence, the equilibrium Cu.Al,
or Al2CuMg precipitates also form at the grain boundaries, creating a
copper-depleted zone at the boundaries. The susceptibility of the alloy to

Average cooling rate, °CIs

Average cooling rate, °F/s

Fig. 5. Effect of cooling rate during quenching between 400 to 315°C (750 to
600 OF) on susceptibility to intergranular corrosion and stress corrosion crack
ing. (a) Darkened area is susceptible to intergranular corrosion in NaCI-HzOz
solution. SCC tests in 3.5% NaCI alternate immersion (10150 min cycle). (b)
Ketchamr-C-rings from 32-mm (1.25 -in.) forged bar. (c) Lifka-Preformed sheet
specimens.
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both intergranular corrosion and see depends on the magnitude of the
corrosion potential differences between the grain boundary precipitates,
the depleted zone, and the grain matrix.

The most commonly used aluminum-copper-magnesium alloys are 2014
and 2024. Both alloys contain both magnesium and manganese, with sil
icon added to 2014 to enhance aging response. Other widely used alloys
include 2011, an aluminum-copper-bismuth-lead alloy noted for its ma
chinability, and 2219, an aluminum-copper-manganese-zirconium-vana-
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dium alloy with good weldability. In all these alloys in naturally aged
tempers, see resistance shows a strong dependence on quenching rate.
Figure 5 shows how both see and intergranular corrosion resistance of
the as-quenched tempers increase with quenching rate (Ref 94). Although
in naturally aged material, moderate intergranular corrosion susceptibility
does indicate see susceptibility, in artificially aged material intergran-
ular corrosion can occur in aged material possessing good see resistance.
In the naturally aged condition, aluminum-copper-magnesium alloys have
moderate see resistance. They are often used in this condition because
of their relatively high ductility and fracture toughness. While see re-
sistance initially decreases substantially with short artificial aging times,
it increases to a level equal to or better than naturally aged material, as
full aging is approached (Fig. 6). This effect occurs as precipitation in
the grain bodies become more complete, and the amount of copper in
solid solution diminishes, reducing the corrosion potential difference
between the grain bodies and the copper-depleted zone at the grain
boundaries.

Aluminum-Magnesium Alloys (5XXX). Unlike aluminum-copper
magnesium alloys, aluminum-magnesium alloys do not gain significant
strength because of precipitation hardening. These alloys are used in strain
hardened (H) tempers. However, in the work-hardened condition, selec
tive grain boundary precipitation may occur during long-term ambient
temperature or short-term elevated temperature exposure and cause see
susceptibility. Normally, this effect is restricted to alloys 5182, 5083,
5086, 5154, 5356, and 5456, which contain more than about 3% mag
nesium. The precipitation reaction is slow at room temperature, but prior
cold work or exposure to elevated temperatures accelerates precipitation
significantly. The beta-phase (MgzA13) precipitate that forms is highly
anodic to the aluminum-magnesium matrix, and the formation of a con
tinuous grain boundary network of beta-phase precipitate produces sus
ceptibility to see.

In general, the most detrimental precipitate structures form at room
temperature in heavily cold worked material over a number of years, or
after prolonged exposure to slightly elevated temperatures of 66 to 180
"C (150 to 350 OF), as shown in Fig. 7. Exposure to higher temperatures
results in a coarsening of the precipitates, producing a discontinuous
grain boundary precipitate structure and reducing or eliminating see
susceptibility.

Aluminum-magnesium-silicon alloys (6XXX) are medium-strength,
heat treatable alloys that generally possess excellent see resistance. They
are strengthened primarily by the aging precipitate Mg-Si. The most com
monly used alloy, 6061, contains a stoichiometric balance of magnesium
and silicon to form Mg-Si, Excess silicon is added to other alloys for
increased strength, but the excess silicon alloys can be rendered more
susceptible to see by improper heat treatments. Confirmed service see
failures of 6XXX-series alloys are rare, despite the fact that these alloys
may be susceptible to intergranular corrosion in the T4 and T6 tempers.
However, laboratory see tests on naturally aged 6061-T4 samples that
had been exposed to abnormally high solution heat treat temperatures,
followed by a slow quench, did produce failure. This sensitivity can be
eliminated by aging to T6 temper. As a rule, see can be prevented by
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Fig. 7. Approximate time required to sensitize strain hardened X5356-type alloys
to stress corrosion cracking. Composition: 5.15% magnesium, 0.03% copper,
0.22% iron, 0.11% silicon, 0.11% manganese, 0.10% chromium, and 0.10%
titanium.

avoiding both higher-than-recommended solution heat treat temperatures
and slow quenches.

Alumlnum-Zinc-Magneslum and Aluminum-Zlnc-Magnestum
Copper Alloys (7XXX). The three classes of 7XXX series alloys are the
binary aluminum-zinc cladding alloys, the medium-strength aluminum
zinc-magnesium alloys that contain less than 1% copper, and the high
strength aluminum-zinc-magnesium-copper alloys that are used in the
aerospace industry. The medium- and high-strength 7XXX series alloys
gain strength by solution heat treatment, quenching, and artificial aging
through a complex sequence of reactions that finally produce the stable
precipitates MgZn2 and Mg3Zn3Al2 (Ref 94 and 107-109). Up to 3% cop
per is added in some alloys for higher strength, however, such additions
of copper must be limited if weldability and general corrosion resistance
are desired. Small amounts of manganese, chromium, and zirconium are
usually added to control recrystallization and preserve the highly direc
tional wrought grain structure in wrought alloys. This effect is highly
desirable for SCC resistance, because it is extremely difficult to propa
gate intergranular SCC cracks perpendicular to a highly elongated grain
structure.

The higher strength, copper-containing alloys (such as 7049, 7050, 7178,
and 7075) are quite susceptible to short transverse see in the underaged
(W) and peak-aged (T6) temper. This generally limits the application of
T6 temper alloys to structures in which there is no conceivable source of
short transverse stress. To minimize see susceptibility, overaging treat
ments are utilized at some sacrifice of tensile strength. Various overaged
(T7) tempers are available that offer a range of combinations of see
resistance and tensile strength, as shown in Fig. 8. For alloys in the peak
aged temper, a rapid quench following solution heat treatment provides
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increased see resistance. Among these alloys, see resistance varies with
copper content and zinc-magnesium ratio, and also with the zirconium,
chromium, and manganese content. Slow quenching 7075, the most widely
used alloy, causes poor resistance to see. Improvements in thick-section
see have been realized with alloys 7049 and 7050, through increased
zinc-magnesium ratio and through zirconium additions to reduce suscep
tibility of 7050 to see caused by slow quenching. However, increasing
the zinc-magnesium ratio above 3 can be detrimental to see resistance
(Ref 110).

Medium-strength, low-copper, and copper-free 7XXX alloys have been
developed for a variety of engineering properties. Armor plate alloy 7039,
a higher strength copper-free weldable alloy, suffers from poor see re
sistance in the short transverse direction. Its successful use is predicated
on controlling short transverse stresses and through the use of weld over
lays. Alloy 7021 (with <0.25% copper), offers improved see resistance
in sheet form, because zirconium additions prevent recrystallization. For
these medium-strength 7XXX alloys, a zinc-magnesium ratio of around
2.7 provides maximum see resistance (Ref 110). Alloys 7016 and 7029,
with a higher copper content (=0.5 to 1.0%), have good formability and
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Fig. 9. Typical fatigue and corrosion fatigue curves.

finishing properties in extruded forms for automotive applications. Max
imum see resistance is obtained by forming in the freshly quenched (W)
temper followed by a two-step aging treatment, but because these alloys
recrystallize during extrusion, they may be still susceptible to Sec.

Aluminum alloys are commonly tested for resistance to see by stan
dard laboratory tests (Ref 111). The literature contains the results of many
studies (Ref 96, 112, and 113). Recently, a new rapid testing method has
been proposed (Ref 114).

Corrosion Fatigue. To explain corrosion fatigue, the fatigue failure of
metals must first be introduced. Fatigue is the rupture of metal by a purely
physical mechanism, as a result of the repeated application of a cyclic
stress. As the magnitude of the stress increases, the time to failure is
reduced. A stress life curve (SIN) is conventionally plotted for a metal
such as that shown in curve A of Fig. 9, with stress plotted against the
logarithm of the number of cycles of stress (Ref 115). The curve levels
off and the stress level below which failure does not occur for a specified
large number of cycles is called the fatigue endurance strength.

In the presence of a corrosive environment, the SIN curve (now called
a corrosion fatigue curve) is lowered. Thus, corrosion fatigue is defined
as failure of metal under the combined action of cyclic stress and a cor
rosive environment. In this case, the slope of the SIN curve lessens, but
does not level off, as shown in curve B of Fig. 9. A maximum stress
that a metal can withstand without failure for a specific number of stress
cycles of defined frequency and amplitude in a specific corrosive envi
ronment must be determined. The damage caused is greater than might
occur from the separate actions of fatigue and corrosion (Ref 116).
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Fig. 10. Oyster shell markings on fatigue failure fractured surface from a 2024
alloy shaft, from a spool used to coil papers. Fatigue checks initiated from each
of the shallow reference holes used to position flanges on the shaft. (Courtesy
ofAlcan International, Kingston Laboratory)

Fatigue (and corrosion fatigue) failures can be recognized by a char
acteristic oyster shell pattern on the fractured surfaces (Fig. 10) and by
evidence of brittle fracture (lack of metal flow adjacent to the fracture).
It is usually not possible to distinguish between corrosion fatigue and
normal fatigue by examination of the fractured surfaces.
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Fatigue tests are carried out in ambient air with laboratory apparatus
that subjects a selected shape of metal specimen to cyclic stress. The
cyclic stress may be axial, torsional, or reverse bending. When testing
polished cylindrical specimens rotating under flex in a Moore machine,
the stress that just does not cause failure at 500 x 106 cycles is taken.
For sheet specimens subjected to reverse bending in a Krouse machine,
the value is usually taken for survival at 50 x 106 cycles.

Corrosion fatigue tests are carried out with the same apparatus, with
provisions made to subject the specimen to a corrosive environment by
spraying or dripping a solution onto the specimen, creating a mist in an
enclosure about the specimen, or immersing the specimen in a solution.
The corrosive environments used most frequently are distilled or deminer
alized water, tap water, and brines (including natural or synthetic sea
water). Because of the complexity of service environments, a good cor
relation of normal laboratory corrosion fatigue data with actual service
performance is difficult (Ref 116). When fail-safe service is desired, cor
rosion fatigue tests should be made under cyclic loading conditions that
replicate service (spectrum loading), in a corrosive environment that is
representative of service conditions before the alloys are placed into service.

Aluminum alloys, like many steels, have relatively low corrosion fa
tigue strengths-about half the fatigue strength in air and a quarter of the
original ultimate strength of the material. Surprisingly, the corrosion fa
tigue strength of an alloy is not greatly affected by variations in heat
treatment, even in the case of aluminum-copper-magnesium (2XXX),
aluminum-magnesium-silicon (6XXX), and aluminum-zinc-magnesium
copper (7XXX) alloys. Corrosion fatigue failures of aluminum alloys are
characteristically transgranular, and thus differ from SCC failures, which
are normally intergranular. Localized corrosion of an aluminum surface,
such as pitting or intergranular corrosion, provides stress risers and greatly
lowers fatigue life (Ref 117-119).

In air, relative humidity has a small effect on the corrosion fatigue life
of aluminum alloys. At very low values «5% relative humidity), how
ever, fatigue life increases modestly. Laboratory corrosion fatigue tests
indicate that the presence of water on the cycling specimen surface mark
edly lowers the fatigue life obtained. The fatigue strength obtained in
demineralized water, hard tap water, or brine solutions show little real
difference. This is surprising because the normal corrosivity of these waters
to aluminum varies considerably.

Little work has been done on the role of metallurgical variables on
corrosion fatigue resistance. It cannot be assumed that alloys and tempers
with good SCC resistance show good resistance to corrosion fatigue.
However, the beneficial effect of copper in SCC of 7XXX series alloys
is known, and increased copper content in these alloys also increases cor
rosion fatigue resistance (Ref 120). Also, although 7075-T6 has longer
fatigue lifetimes in air than 7075-T73, lifetimes are almost identical in
0.5N NaCI solution (Ref 121). This result indicates a slightly greater en
vironmental sensitivity in the T6 temper; however, the environmental
contribution is quite large in either case.

Peening the metal surface increases fatigue life (Ref 122 and 123) and
probably increases corrosion fatigue life as well. Care must be taken not
to overpeen the surface to the extent where excessive plastic deformation
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may cause susceptibility to exfoliation or SCC. Protective surface coat
ings are also beneficial (Ref 118 and 124). Welding lowers both fatigue
and corrosion fatigue life, but peening after welding increases the cor
rosion fatigue life. Paint coating also increases the corrosion fatigue life,
and the highest corrosion fatigue life for welded specimens is achieved
by peening followed by coating. These relationships are shown in
Fig. 11.

Corrosion fatigue data have been reported by Takeuchi (Ref 119 and
125) on aluminum-magnesium, aluminum-magnesium-silicon, and 7075
T6 alloys. Other reports have been made by Cole and Payne (Ref 124),
Lorkovic et at (Ref 126) on 2XXX and 7XXX, Biefer (Ref 127) on
6061-T6 alloy, and Stoltz and Pelloux (Ref 128) on aluminum-zinc
magnesium-copper alloy. Stoltz and Pelloux (Ref 128) and LeBeau (Ref
129) have studied the influence of cathodic protection on corrosion fa
tigue life. Khobaib et at (Ref 130) have reported on the development of
an inhibitor for corrosion fatigue of high-strength aluminum alloys. Some
guidelines for selecting aluminum alloys to minimize failure problems
have been outlined by Bucci (Ref 131).

cavitation, Impingement, and Erosion-Corrosion

Cavitation damage to aluminum can occur in the presence of a tur
bulent liquid. It takes the form of pitting, which can be sufficiently dense
to cause roughening of the surface. During turbulence, voids form and
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collapse, releasing bursts of energy. If these are released at the metal
surface, they may break the protective surface oxide film and initiate a
pit. In time, the bursts of energy may work harden the surface to the
point where corrosion fatigue occurs, and bits of metal may be knocked
from the surface by mechanical action. Thus, cavitation damage may be
the result of corrosion or of mechanical action, or the two acting together.
In mild cases of cavitation, chemical action probably predominates and
can be prevented by cathodic protection. In more severe cases, mechan
ical action probably predominates and cannot be prevented by cathodic
protection. When mechanical action predominates, damage can be pre
vented only by eliminating the cavitation condition through altering the
design of the equipment. A review of the subject has been published by
Wheeler (Ref 132). Mousson (Ref 133) has reported a limited amount of
data on the cavitation of aluminum alloys.

An ASTM test (Ref 134) measures the combined effects of cavitation
and erosion on automotive water pumps. This test can be used either to
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evaluate pump materials, or the ability of a coolant formulation to prevent
metal loss. Chance (Ref 135) has studied cavitation of 319 cast aluminum
alloy in both inhibited and noninhibited coolants. In a poorly-inhibited
coolant (Fig. 12), the metal loss was three times that calculated from the
measured current output, which suggests mechanical removal of metal.
In contrast, in a well-inhibited coolant the weight loss and metal loss
calculated from the measured current output agreed fairly closely.

Impingement attack, which is related to cavitation damage and may
occur with it, takes the form of pitting and is caused by a stream of
moving liquid striking a metal surface at an angle. The impinging stream
may exist submerged in a liquid system. Entrained air bubbles accelerate
this action. There are few data in the literature on the impingement re
sistance of aluminum, but it is probably low compared to that of other
metals.

A stream of high-pressure steam striking an aluminum surface, for ex
ample at a "tee" in an aluminum piping system, erodes a hole at the point
of impingement. Impinging streams of liquids in heat exchangers have
been known to erode holes in aluminum baffle plates and heat exchange
tubing.

Brazed aluminum automobile radiators can fail by impingement, be
cause of high coolant velocity in the passages. Figure 13 shows erosion
corrosion channeling in a brazed 6951 aluminum radiator tube that per
forated after 19,312 km (12,000 miles) of service. Anthony and Pop
plewell (Ref 136) have studied impingement corrosion of aluminum ra
diator alloys at velocities up to 40 m/s (130 ft/s). After the test, the area
of impingement was shiny and surrounded by a black filmed area con-

Fig. 13. Failure of a 6951 alloy automotive radiator tube by erosion corrosion
channeling. (Ref 135)
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taining particles of metallic copper. A local cell was created that depos
ited metallic copper (from traces in the coolant) at the cathode, around
the impinged area that acted as the anode.

The damage to aluminum surfaces caused by the impingement of high
velocity water droplets has been studied (Ref 137 and 138), as a result
of damage to military aircraft in rain squalls. At velocities of 90 to 148
mls (295 to 486 ft/s); or 322 to 530 kmlh (200 to 330 mph), failure can
occur by ductile rupture of small particles or by removal of whole grains
by intergranular fracture. Aircraft skin surfaces, vulnerable to rain im
pingement damage, are coated with protective coatings.

Erosion-Corrosion. When a liquid passing over an aluminum surface
exceeds a certain velocity, grooves may be worn in the surface, the prob
able result of mechanical and chemical action. This phenomena does not
usually occur on aluminum at velocities below 3 mls 00 ftls).

Gehring (Ref 139) studied attack on aluminum by high-velocity sea
water, using the polarization resistance technique to estimate metal re
moval as well as weight loss. Typical data for 5456 alloy show that fol
lowing a plateau of calculated, constant metal removal rate from 3 to 10
mls 00 to 33 ft/s), the removal rate climbed rapidly at higher velocities.
Weight losses were an order of magnitude higher than those calculated
from the polarization resistance measurements, suggesting a mechanical
influence, as found by Chance (Ref 135) in poorly-inhibited automotive
coolant.

The foregoing paragraphs indicate that all three forms of attack are
similar and may occur together. They have a common mecha
nism-damage to the surface oxide film by mechanical action, followed
by localized corrosion. The loss of metal by corrosion may be accom
panied by mechanical property loss by either fatigue or erosion.

The adverse effects of cavitation, impingement, and erosion-corrosion
can be minimized in various ways. Cavitation in automotive water pumps
is minimized if the coolant contains an adequate inhibitor system. Scale
lodgement in aluminum radiators that causes perforation by corrosion
channeling can be minimized by improved radiator design and an ade
quate inhibitor system. For example, circular cross-sectional tubes are not
subject to scale lodgement. Aluminum hulls of high-speed surface effect
ships require cathodic protection. Impressed current systems that avoid
overprotection have been developed by the U.S. Navy (Ref 140 and 141)
and others.

Fretting corrosion is a wear process that produces small abraded spots
on mating aluminum surfaces in pressure contact that slip relative to one
another under the influence of vibratory motion. Fretting can develop
even in the complete absence of foreign matter or grit. The mating sur
faces show a matching pattern of abraded spots with similar contours.
The spots resemble shallow pits that contain a black powder and resemble
cinders embedded in the surface. The black powder is finely divided alu
minum oxide, such as corundum, which is produced only at very high
temperatures (Ref 142) by dry oxidation during the rubbing.

Fretting corrosion occurs most frequently during shipment of packages
of sheet or circles by truck, and is sometimes called traffic damage or
traffic marking. Fretting corrosion has also been observed on loosely packed
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tubing after shipment. Susceptibility increases with the degree of polish
of the surface. The damage is minimized by pressure packaging, which
prevents relative movement within the package. Oiling and paper inter-
leaving are also beneficial. Anodizing the aluminum also greatly reduces
fretting damage.

Fretting corrosion has been observed on heat exchanger tubes at tube
supports and at bolted or riveted joints in structures such as truck bodies.
The condition appears to be more likely to develop when aluminum con
tacts aluminum rather than when aluminum contacts a dissimilar metal.
In service, this type of damage has been controlled by changes in design.
For example, in heat exchangers, the baffle supports can be relocated,
the hole size enlarged, the baffles increased in thickness, or the tube bent
or sprung into position to prevent or minimize vibration. In riveted lap
joints, precautions should be taken to ensure that the pressure between
the components is sufficient to prevent slippage. In pinned connections,
an effort should be made to displace the fretted area away from the region
of maximum stress. The abraded spots reduce the fatigue properties of
the affected parts.

Measurement of fretting corrosion can be carried out by a push-pull
type of fatigue machine to which a device is attached to produce simul
taneous fretting wear. An excellent treatise of this subject has been pro
vided by Waterhouse (Ref 143).

INFLUENCE OF MICROSTRUCTURE ON CORROSION
The microstructure of an aluminum product determines whether local

ized corrosion will occur because of metallurgical causes (as opposed to
environmental causes). Microstructure is affected by alloy composition,
the practices used in the plant to produce the alloy, and also by subse
quent mechanical and thermal treatments used to fabricate the final prod
uct. The following paragraphs point out the more important metallurgical
factors that influence microstructure and susceptiblity to localized corrosion.

Alloy Constituents. The composition of microconstituents, their size,
quantity, location, continuity, and corrosion potential relative to that of
the adjacent aluminum solid solution matrix, are the important aspects of
microstructure that affect corrosion behavior (Ref 144).

Iron and silicon are present as normal impurities in aluminum alloys.
They form constituents (FeAI3 , aAIMnSi, silicon, and others) that are
cathodic to the aluminum matrix. When these are present in the surface,
the oxide film over them is thin or nonexistent. The local cells produced
by these impurities promote pitting attack of the surface in a conductive
liquid. The fact that high-purity aluminum (l095) contains only a small
number of these consitutents, and that they are small in size, explains in
part the high resistance to localized corrosion of high-purity metal (Ref
144 and 145). The effects of alloying elements on the corrosion resistance
of commercial alloys are varied, depending on whether they are in solid
solution, or present as second-phase precipitates distributed throughout
the matrix, or segregated at grain boundaries.

Copper reduces the corrosion resistance of aluminum to a greater extent
than any other alloying element. The influence of copper is highly de
pendent upon its amount, form, and distribution throughout the micro-
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structure. In solid solution, copper shifts the corrosion potential of alu
minum in the cathodic direction, the value depending on the amount present.
The corrosion potential is independent of the heat treating temperature if
all the copper is in solid solution at the heat treating temperature. The
amount of copper in an aluminum-copper solid solution can be deter
mined by standard electrode potential measurements.

Manganese and aluminum form a compound (MnAI6) that has almost
the same electrode potential as aluminum; the aluminum-manganese al
loys have good corrosion resistance and were the earliest to be used for
cooking utensils, chemical equipment, and architectural products requir
ing high resistance to corrosion. Chromium in solid solution has little
effect on the corrosion potential of aluminum. Although used only as a
minor alloying element, chromium is particularly valuable in improving
the resistance to SCC of several types of aluminum alloys. Aluminum
silicon alloys are corrosion resistant. Silicon in solid solution has little
effect on the corrosion potential of aluminum. However, the elemental
silicon constituent is cathodic to aluminum.

In aluminum-magnesium alloys, the solid solution is more anodic than
aluminum. The magnesium in excess of that in solid solution forms a
constituent (Mg2AI3) that is anodic to the aluminum-magnesium solid so
lution. Under some conditions, this constituent may precipitate in gen
erally continuous zones either at grain boundaries or along slip planes
caused by plastic deformation. In a corrosive environment, the anodic
constituent corrodes electrochemically, producing a highly selective at
tack that can be predicted qualitatively by potential measurements (Ref
146) and by weight loss (ASTM-G-67). Extensive, random precipitation
throughout the grain body, achieved by metallurgical control, decreases
the rate of localized attack on the constituents at grain boundaries and
slip planes. As a result, alloys in this condition are generally as resistant
as commercially pure aluminum and even more resistant to salt water and
some alkaline solutions, such as sodium carbonates and amines.

In aluminum alloys, magnesium in solid solution tends to make the
corrosion potential more anodic, while silicon in solid solution is more
cathodic. When both are in solid solution in the ratio of Mg2Si, the cor
rosion potential is essentially the same as that of aluminum. In solid so
lution, zinc shifts the corrosion potential of aluminum in the anodic di
rection. As a result, aluminum-zinc alloys are widely used as alclad coatings
on aluminum alloys and as galvanic anodes in seawater for cathodic pro
tection of steel ship hulls, ballast tanks, and off-shore oilfield structures.

Nickel and aluminum form a strongly cathodic constituent (NiAh) that
usually has an adverse effect on the corrosion resistance of aluminum
alloys. Nickel is used mainly in alloys that require high strength and hard
ness at elevated temperatures; in these applications, for example, pistons,
corrosion resistance is of minor importance.

Titanium forms a constituent TiAI3 , that although cathodic to alumi
num, does not have a detrimental effect on corrosion resistance in the
small amounts used in aluminum alloys. Tin, bismuth, and lead do not
form intermetallic compounds, but are cathodic in aluminum alloys. Bis
muth and lead are used in free-cutting alloys such as the aluminum-copper
and magnesium-silicide types. Tin is an important element in aluminum
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bearing alloys; these alloys resist the action of the breakdown products
of lubricating oils.

Grain Size and Orientation. Variations in grain structure, such as
differences in grain size and orientation, have only minor effects upon
the corrosion resistance of aluminum, except in relatively thick sections,
when grain orientation is a major factor in resistance to sec. However,
experiments on single crystals have shown that the difference in corrosion
potential among faces of widely different orientation is extremely small.

In certain products, such as extrusions and die forgings of high-strength
aluminum alloys, potential differences can exist between recrystallized
and unrecrystallized portions of the grain structure. The large recrystal
lized grains forming the skin (surface layer) on these products usually are
slightly cathodic (5 to 20 mV) to the underlying fragmented (unrecrys
tallized) grain stucture. Thus, evidence of preferential attack of the more
anodic layer may be observed on machined surfaces and on edges.

The sec susceptibility of wrought aluminum alloy products with highly
directional grain structures is dependent on the orientation of the stress
(Ref 147). These directional differences are most apparent in the more
susceptible tempers, but are usually much lower in tempers produced by
extended precipitation treatments (Ref 146, 148, and 149). Highly direc
tional grain structures may be susceptible to exfoliation.

Metallurgical and Thermal Treatments. Metallurgical treatment of
aluminum alloys to develop desired mechanical properties can also influ
ence corrosion resistance. Thermal treatment and cold work determine
the quantity and distribution of the constituents and the magnitude of re
sidual stresses and are important influences on the type and rate of cor
rosion. The effect of commercial tempering procedures is described
subsequently.

Variations in thermal treatments such as heat treating, quenching, and
aging can have a marked effect on the localized corrosion resistance of
aluminum alloys, particularly the higher strength alloys. Variations in
thermal treatment from one portion of an alloy surface to another can
result in differences in corrosion potentials between these areas and affect
corrosion behavior. For example, fusion welding not only introduces a
region of metal with a cast grain structure, but also creates a number of
metallurgical and mechanical property changes in the parent metal in the
heat-affected zone. Thermal treatments may produce residual stresses in
a product. In some alloys and tempers, these stresses can cause sec (Ref
150). In practice, most high-strength alloy products are stress-relieved to
avoid such problems.

Effect of Cold Work. Cold work can influence the distribution of alloy
constituents and the magnitude of residual stresses in some alloys. As a
result, the type and rate of localized corrosion of an alloy can be greatly
affected by the degree of cold work. The residual stress produced by cold
working can lead to sec of some strong alloys, as illustrated in Fig. 14.
As another example, the resistance to sec of aluminum-magnesium al
loys (5XXX) can be changed significantly by the effect of cold work, in
combination with natural aging, on the microstructure. Aluminum
magnesium alloy rivets should contain less than 3.0% magnesium, other
wise the heavily cold worked heads suffer sec (Ref 150-152).
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Fig. 14. Effects ofcold working on the resistance ofdifferent alloys to SCC. Both
drawn tubes were cold swaged and exposed for 3 months to intermittent 3.5%
NaCl spray at ambient temperature. Stress-corrosion cracking occurred on the
7075-T6 samples, but not on 2024-T81 samples. (Courtesy ofAlcoa Laboratories
and the American Society for Metals)
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Fabrication Effects. Fabrication procedures that produce tom, rough
edges with attached metal fragments that have a large surface area-to
volume ratio may lead to increased corrosion. Because it is difficult for
a continuous protective film to form over sharp edges, localized corrosion
may develop in some environments. However, a greater danger associ
ated with fabricating procedures such as shearing, punching, and forming
is the possibility of creating high residual stresses leading to accelerated
corosion; particularly to see in high-strength alloys. These potential
problems should be given careful consideration before selection of any
fabricating procedure. In many cases, the potential hazard can be avoided
either by modification of the fabricating procedure, or by the use of the
proper alloy and temper for the application intended (Ref 152).

Corrosion of Aluminum Joints. Methods of joining that do not in
volve heat, such as bolts, screws, threaded connections, cold riveting,
pressure bonding, and adhesive bonding do not affect corrosion resis
tance, although attention may have to be paid to crevice corrosion of the
assembly. Misalignment of stress-corrosion susceptible alloys must be
avoided to prevent the introduction of assembly stresses. Methods that
involve heat welding, brazing, and soldering can affect corrosion resis
tance. In brazing and soldering, alloy composition of the joint is changed
appreciably and reduces corrosion resistance.

Fusion Welding. A variation in microstructure across the weld exists
in fusion-welded aluminum. The central melted zone has a cast structure.
On each side of this, there is a heat-affected zone, the width of which
depends on the thickness of the material, the speed of welding, and the
heat input from the arc. Gas (argon) shielded processes (such as MIG and
TlG) are preferred to eliminate oxidation during the molten stage. A filler
wire may be used (as in the MIG process), or the two parts may be melted
together using an inert electrode (as in the TlG process). The filler wire
may be the same alloy as the parts being joined, or may be specially
selected.

The variation in microstructure and of corrosion potentials across a weld
are shown in Fig. 15 for alloys 5456,2219, and 7039. These differences
can lead to localized corrosion under certain circumstances and in some
environments, as demonstrated by corrosion of the HAZ of an as-welded
structural member of 7005 alloy (Fig. 16). In general, the welding pro
cedure that puts the least amount of heat into the metal has the least
influence on microstructure and the least chance of reducing corrosion
behavior of the weld (Ref 153).

Some alloy tempers are more suitable for welding than others. Further,
some filler alloys are better than others from the standpoint of weldability
and resistance to localized corrosion. Tables 4(a), (b), and (c) summarize
the standard filler alloys recommended for welding various combinations
of parent alloys to obtain maximum properties, including corrosion re
sistance. Tables 4(a) and (b) should be used together, while Table 4(c)
can be used independently. With certain alloys, particularly those of the
heat treatable 7XXX series, thermal treatment after welding is sometimes
used to obtain maximum corrosion resistance, as shown in Fig. 16 (Ref
154 and 155).
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Fig. 15. Effect ofthe heat ofwelding on microstructure. hardness, and corrosion
potential of welded assemblies of three alloys. The differences in corrosion po
tential between the HAZ and the parent alloy can lead to selective corrosion.
(Courtesy ofAlcoa Laboratories and the American Society for Metals)

If localized weld corrosion does occur, it may take the form of the
preferential dissolution of the weld bead, or of preferential attack in the
HAZ, depending on microstructure and the corrosion potentials of the
constituents and matrices involved. Residual stresses are also developed
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As welded Postweld aged

Fig. 16. Welded assemblies of 7075 alloy with 5356 filler material exposed to
seawater for 1 year. (a) Exposed in the as-welded condition, shows severe lo
calized corrosion of the HAZ. (b) Shows the beneficial effects ofpostweld aging.
The corrosion potentials of the different areas of each are indicated where mea
sured. They were measured in 53 giL (6 ozlgal) NaCI plus 3 giL (0.3 ozlgal)
H20 2 at 25°C (77 OF), with a O.lN calomel reference electrode and recalculated
to a saturated calomel electrode. (Courtesy of Alcoa Laboratories)

in welded structures by restraint of the metal while local regions are being
heated and cooled during welding. However, SCC of aluminum alloy
weldments from this cause is rare and can be avoided through design.

Resistance spot welding has been used in aircraft and other applica
tions (Ref 154), including more recently the automotive industry (Ref
156). Generally, the resistance to corrosion of resistance spot-welded alu
minum is high, but in the case of high-strength 2XXX and 7XXX alloys,
selective attack of the welds may develop in corrosive service, as a result
of changes in microstructure that occur during welding. Protection to al
loys of this type should be provided when they are used under severe
environmental conditions.

Crevice corrosion may occur in spot-welded assemblies. One approach
used to solve this problem is a procedure called weld bond (Ref 157-159)
that combines adhesive bonding with resistance spot welding. Usually,
the pieces to be joined are first bonded by adhesives that seal the crevices,
followed by resistance spot welding.

A more recent development in resistance spot welding involves joining
aluminum to dissimilar metals by the use of transition joints. In this case,
aluminum is first spot welded to a compatible metal that in tum is joined
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Table 4a. Aluminum Filler Alloy Chart
1060 2014,
1310 1100 2036 2219

a-allclys FI..... allclys W $ D C T M W S D C T M W $ D C T M W S D C T M

319.0, 333.0 2319 BAAAAA BAAAAA
354.0, 355.0 4043 BAAAAA BAAAAA CCBCAA CCBCAA

C355.0, 380.0 4145 AABAAA AABAAA ABCBAA ABCBAA

413.0, 443.0 4043 AAAAAA AAAAAA BBAAAA BBAAAA
444.0, 356.0

A356.0, A357.0 4145 A A B B A A A B B A A A B A A AABBAA
359.0

5356

7005,7021, 4043 AACAA AACAA B B AAA B B A A A
7039,7046, 4145 AB AA A A B A A
7146, 710.0, 5183 B A B A A B A B A A

711.0 5356 B AAA A B AAA A
5554
5556 B A B A A B A B A A
5654

6061 4043 AACAA AACAA B B A A A B B A A A
6070 4145 AADB A AADB A A A B A A A A B A A

5183 B A B A B A B A
5356 B A A A B A A A
5554
5556 B AB A B A B A
5654

6005 4043 AACAA AACAA B B A A A B B A A A
6063 4145 A A DBA A A DBA AABAA A A B A A
6101 5183 B A B A B A B A
6151 5356 B A A A B AA A
6201 5554
6351 5556 B A B A B A B A
6951 5654

5454 4043 A B C C A A B C C A AAAAA
5183 B A B B A B A B B A
5356 B AAB A B A A B A
5554 CAAAAA CAAAAA
5556 B A B B A B A B B A
5654

514.0 4043 ABC C A B C C AAAA
513.0 5183 b A B B A B A B B A
512.0 5356 AAB A B A A B A
511.0 5554 C AAA A C A A A A
5154 5556 B A B B A B A B B A
5154 5654 C AAA B CAAA B

5086 4043 ABC B ABC B AAAA
5356 5183 AA B A A A A B A A

5356 AA AA A AAAA A
5554
5556 A A B A A A A B A A
5654

How to Use the FUler Alloy Chart

First select the base alloys to be joined. one from the column on the left side and the other from the row at the top. Then, from the base alloys
in the left column, move to the right until the block directly under the base alloy in the top row is reached. Or, from the base alloy in the top
row, move down until the block directly across from the base alloy in the left column is reached.

This intersecting block contains horizontal lines of letters (A through D) that represent the filler alloys directly across from them in the box at the
ends of each row. Theletters in each line give the A to D rating of the characteristics listed at the top of each column-W, S, D, C, T and M.

By choosing the different filler alloys in each block, the characteristics of the weld can be varied. Trade off one characteristic for another until
the most suitable filler is found.

to the dissimilar metal. This procedure improves resistance to galvanic
corrosion by minimizing dissimilar metal contact (Ref 160 and 161).

Brazing. Brazed aluminum is used extensively in heat exchanger ap
plications. There are two general types of brazing: one uses a flux and
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Table 40. AlumInum Filler Alloy Chart (ContInued)
3003, 5005, 5052,

AIclad 3003 3004 A1clad 3004 5050 5652
W S D C T M W S D C T M W S D C T M W S D C T M W S D C T M

2319
BBAAAA B B A A A A BBAAAA B B A AA A A A A AAA 4043
AABAAA A A B A A A AABAAA A A B A A A 4145

AAAA AA A A A A A A AAAAAA AAAAAA A B A A A A 4043

AABBA 4145

B A B B A 5356

ABCAA A D C B A AD C B A ABC B A B DC B A 4043
4145

B A B A A B A B A A B A B A A B A B A A A A B A A 5183
B AAA A B B A A A B B A A A B AAA A A B A A A 5356

C C A A A A C C A AA A C AAAA A B C A A A A 5554
B A B A A B A B A A B A B A A B A B A A A A B A A 5556

C C A A B C C A A B C AAA A B C A A A 5654

ABCAA A D C A A ADC A A ABC A A A DCA A 4043
A A DBA B C D B A BCD B A A B DBA 4145
B A B A B A B A B A B A B A B A B ABC B 5183
B A A A B B A A B B A A B A A A B B A C A 5356

C CAB A B 5554
B A B A B A B A B A B A B A B A B ABC B 5556

C CAB A 5654

ABCAA A D C A A ADCAA ABC A A A DCA A 4043
AADBA B C D B A B C DBA A B DBA 4145
B A B A B A B A B A B A B A B A B ABC B 5183
B A A A B B A A B A B A B A A A B B A C A 5356

C CAB A B 5554
B A B A B A B A B A B A B A B A B ABC B 5556

C CAB A 5654

ABCC A A D C C A ADC C A ABC C A ADCC A 4043
B A B B A B A B B A B A B B A B A B B A A A A B B 5183
BAAB A B B A B A B B A B A B AAB A A B A B A 5356
CAAAAA C C A A A A C C A A A A C A A A AA C C A A AA 5554
B A B B A B A B B A B A B B A B A B B A A A B B A 5556

B CAB B 5654

ABCC A D C C ADC C ABC C AD C C 4043
B A B B A B A B B A B A B B A B A B B A A A B B B 5183
B A A B A B B A B A B B A B A B A A B A A B A B A 5356
C A A A A C C A A A C C A A A C AAA A C C A A B 5554
B A B B A B A B B A B A B B A B A B B A A A B B B 5556
C A A A B C C A A B C C A A B C A A A B B C A A B 5654

ABC B A C C B A C C B ABC B 4043
A A B A A A A B A A AABA AABA A A A B A A 5183
AAAA A A B A A A A B A A A AAAA A A B A A A 5356

C C A A A 5554
A A B A A A A B A A A A B A A A A B A A A A B A A 5556

B C A A B 5654

Legend
Filler alloys arerated on the followingcharacteristics:

Symbol
W Ease of welding (relative freedom from cracking)
S Strength of welded joint (as-welded condition). (Rating applies particularly to fillet welds. All rods and electrodes rated develop

presently specified minimum strengths for butt welds)
D Ductility (Rating is based upon free bend elongation of the weld)
C Corrosion resistance in continuous or alternate immersion in freshor salt water
T Recommended for service at sustained temperatures above 66 DC (150 OF)
M Color match after anodizing

• A. a, C andD arerelative ratings in decreasing order of merit.The ratings have relative meaning only withina given block
• Combinations having no rating arenot usually recommended
• Ratings do not cover these alloys when heat-treated after welding

(Tables 4a, b, and c are courtesy of Alcoa Laboratories)
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Table 4b. Aluminum Filler Alloy Chart

514'00A514.0,
5013, 5016, 1514. , F514.0,
5456 5356 5154,5254 5454

IIaM alloya FIII.r allays W S D C T M W S D C T M WSDCTM W S D C T M

319.0. 333.0. 2319
354.0. 355.0 4043 AAAA A AAAA A AAAA A AAAAAA

C355.0. 380.0 4145

413.0. 443.0 4043 A B B A A A B B A A A B B A A ABBAAA
444.0. 356.0

A356.0. A357.0 4145
359.0

5356 AAAA A AAAA A AAAB A AAAB A

7005.7021. 4043
7039, 7046. 4145
7146, 710.0, 5183 AABA A A A B A A A A B A A A A B A A

711.0 5356 ABAA A ABAA A A B A A A A B A A A
5554 B C A A A BCAAAA
5556 A A B A A A A B A A AABA A A A B A A
5654 B C A A A B C A A A

6061 4043 ADC A ADCA ADCA AD C B A
6070 4145

5183 AABA A AABA A B ABC B B ABC A
5356 A B A A A ABAA A B B A C A B B A C A
5554 B C A A A B C A A A C CAB B CCAAAA
5556 AABA A AABA A B ABC B B ABC A
5654 B C A A B B C A A B C CAB A C CAB B

6005 4043 ABC A ABC A ABC A ABC B A
6063 4145
6101 5183 AABA A A A B A A B ABC A B ABC A
6151 5356 AAAA A AAAA A B A A C A B A A C A
6201 5554 B A A A A BAAA A CAAB A CAAAAA
6351 5556 A A B A A A A B A A B ABC A B ABC A
6951 5654 BAAA B BAAA B C A A B B C A A B B

5454 4043
5183 A A B B A A A B B A AABB A AABB A
5356 A B A B A A B A B A ABAB A A B A B A
5554 BCAA A B C A A A B C A A A BCAAAA
5556 A A B B A A A B B A A A B B A A A B B A
5654 B C A A B B CAB B

514.0 4043 4043
513.0 5183 AABA A AABA A AABB B 5183
512.0 5356 ABAA A A B A A A A B A B A 5356
511.0 5554 B C A A A B C A A A B C A A B 5554
5154 5556 A A B A A AABA A A A B B B 5556
5154 5654 B C A A B B C A A B B C A A A 5654

5086 4043 4043
5356 5183 AABA A A A B A A 5183

5356 ABAA A A B A A A 5356
5554 5554
5556 AABA A A A B A A 5556
5654 5654

the other is fluxless (Ref 162 and 163). Many fluxes are corrosive. and
must be completely removed after joining. or severe corrosion may occur
in service (Ref 164). Cleaning procedures for this have been established
(Ref 165 and 166). In recent years. relatively noncorrosive fluxes have
been developed that minimize the necessity of their removal (Ref 167 and
168).

Assemblies joined by vacuum brazing generally have improved cor
rosion resistance over those brazed with flux, because the possibility of
incomplete flux removal is eliminated (Ref 169). Assemblies brazed in
this manner have recently been introduced to the automotive industry.
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Table 4b. Aluminum Filler Alloy Chart (Continued)
6005,6063, 7075,7021, 413.0, 443.0,
6101,6151, 7039,7046, 444Jsr6'O, 319.0, 333.0,
6~9::51, 6061, 7146, 710.0, .0, 354.0, 311.0,

6070 711.0 A357.0, 359.0 C311.0, 380.0

W S D C T M W S D C T M W S D C T MWSDCTM WSDCTM

BAAAAA 2319
BBAAAA B B A A A A BBAAAA BBAAAA 4043
AABAAA A A B A A A AABAAA AABAAA A B B B AA 4145

ABAAAA A B A A A AABBAAA ABAAAA 4043

A A B B A A A B B A A A B B A A A B B A 4145

AAAA B 5356

ADCBA A 0 C B A B 0 C B A 4043
4145

AABA A A A B A A A A B A A 5183
ABAA A A B A A A ABAAAA 5356
BCAAAA B C A A A A B C A A A 5554
A A B A A A A B A A A A B A A 5556
B C A A A B C A A A B C A A A 5654

A C B A A A C B A A 4043
4145

B A A C A B A A C B 5183
B A A C A B B A C A 5356
C B A B B A C B A B B B 5554
B A A C A B A A C B 5556
C B A B B C B A B B 5654

ACBAA 4043
4145

B A A C A 5183
B A A C A 5156
C B A B B A 5554
B A A C A 5556
C B A B B 5654

Soldering. Aluminum has been soldered for many years with relative
ease. Surface preparation, fluxes, and design of the joint are important
(Ref 157-161). Three types of solders are used with aluminum: (1) low
temperature lead-tin types, (2) intermediate temperature zinc-cadmium or
zinc-tin types, and (3) high-temperature zinc or zinc-aluminum types (Ref
170 and 171). Characteristics of several solders for aluminum are shown
in Table 5. The corrosion resistance of soldered aluminum joints varies
with the type of solder used. The low-temperature lead-tin solders exhibit
the lowest corrosion resistance. The high-temperature zinc solders have
the highest resistance (Ref 172 and 173). The corrosion performance of
the various types of soldered joints is related to the corrosion potentials
existing at the solder-aluminum interface, as shown in Fig. 17 (Ref 170).
Removal of fluxes from joints after soldering is essential to maximize
corrosion performance. This is particularly true when fluxes containing
chlorides and fluorides are used (Ref 174). More recently, noncorrosive
fluxes have been developed. The removal of these fluxes by cleaning is
less essential. In addition, soldering by ultrasonic methods, in which no
flux is involved, has gained acceptance (Ref 175). Absence of flux elim
inates the need for cleaning and greatly improves corrosion resistance.

Protection must be considered for best performance of soldered alu
minumjoints. Joints using the low- and medium-temperature solders must
be protected (usually by painting) in all but the very mildest environ-
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Table 4c. Aluminum Filler Alloy Chart
1060, 2014,
1350 1100 2036 2219

'-alloyl Filler allays W S D C T M W S D C T M W S D C T M W S D C T M

5083 4083 ABC B ABC B AAAA
5456 5183 A A B A A A A B A A

5356 A A A A A AAAA A
5554
5556 A A B A A A A B A A
5654

5052 4083 ABC A A ABC A A AAAAA AAAAA
5652 5183 B A B A B A B A

5356 B A A A B A A A
5554
5556 B A B A B AB A
5654

5005 1100 CBAAAA CBAAAA
5050 4043 A A C A A A A C A A B B A A A B B A A A

4145 BADBA BAD B A A A B A A A A B A A
5183 CAB B CAB B
5356 CAB B CAB B
5556 CAB B CAB B

Alclad 3004 1100 DBAAAA DBAAAA
4043 AACAA A A C A A B B A A A B B A A A
4145 BAD B A BAD B A AADAA AABAA
5183 CAB C B CAB C B
5356 CAB C B CAB C B
5554
5556 CAB C B CAB C B

3004 1100 DBAAAA DBAAAA
4043 A A C A A A A C A A B B A A A BBAAA
4145 BAD B A BAD B A AABAA A A B A A
5183 CAB B CAB B
5356 CAB B CAB B
5554
5556 CAB B CAB B

3003 1100 BBAAAA BBAAAA
Alclad 3003 4043 A A B A A A A B A A B A A A A BAAAA

4145 AACBA AACBA AABAA AABAA

2219 2319 BAAAAA AAAAAA
4043 B A A A A B A A A A B C B C A B C B C A
4145 AABAA A A B A A ABC B A ABC B A

2014 2319 CAAAAA 2319
2036 4043 BAAAA B A A A A B C B C A 4043

4145 A A B A A AABAA ABC B A 4145

1100 1100 BBAAAA B B A A A 1100
4043 AABAA A A B A A 4043
5356 5356

1060 1100 BBAAAB 1100
1350 1060 CCAAAA 1060

4043 A A B A A 4043

ments. High-temperature soldered joints usually require protection only
in more severe environments.

Riveting. Historically, riveting has been a common method of joining
aluminum to aluminum and to other materials (Ref 176-178). Generally,
with proper selection of alloy and temper, high corrosion resistance can
be anticipated with aluminum-to-aluminum joints, although higher strength
aluminum-copper-magnesium and aluminum-zinc-magnesium-copper al
loys should be given protection in such assemblies (Ref 179). In highly
conductive environments such as seawater, careful selection of the rivet
material is required. If aluminum rivets cannot be used in these environ-
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Table 4c. Aluminum Filler Alloy Chart (Continued)
3003, 5005, 5052, 5083,

AIclad 3003 3004 A1clad 3004 5050 5652 5456

WSDCTM WSDCTM WSDCTM WSDCTM WSDCTM WSDCTM

ABCB ACCB ACCB ABCB 4043
AABA A AABA A AABA A AABA A AABA A AABA A 5183
AAAA A ABAA A ABAA A AAAA A ABAA A A AA A 5356

CCAA A 5554
AABA A A A B A A A A B A A A A B A A A A B A A AABA A 5556

BCAA B 5654

ABCAA ABCAA ACCAA ABCAA ADCBA 4043
BAB A BAB A BAB A BAB A AABC B 5183
BAA A BAA A BBA A BAA A ABAC A 5356

CCAAAB 5554
BAB A B A B A B A B A B A B A A ABC B 5556

BCAB A 5654

CCAAAA B AAAA 1100
ABCAA ABCAA ABCAA ABDAA 4043
BBDBA 4145
CABC B BAB A BABB A BAC B 5183
CABC B BAA A BAAB A BAB B 5356
CABC B BAB A BABB A BAC B 5556

CCAAAA 1100
ABCAA ADDAA ADDAA 4043
BBDBA 4145
CABC A BACC A BACC A 5183
CABC A BBBC A B B B C A 5356

CCABAA CCABAA 5554
CABC A BACC A BACC A 5556

CCAAAA 1100
ABCAA ABDAA 4043
BBDBA 4145
C BC A BACC A 5183
CABC A BBBC A 5356

CCABAA 5554
C BC A BACC A 5556

BBAAAA 1100
AABAA 4043
AACBA 4145

2319
4043
4145

ments, consideration should be given to the use of protected metal rivets,
such as galvanized steel or aluminized steel. Protected metal rivets are
also preferred for riveting aluminum to dissimilar metals. In any case,
the base metal in the rivet should be cathodic to aluminum. In addition,
protective measures should be applied to avoid galvanic corrosion. Riv
eted joints of aluminum alloys may be subject to crevice-type corrosion.
Depending upon the environment, protective measures should be consid
ered. Adhesive bonding before riveting has been used to overcome this
type of corrosion.

Adhesive Bonding. Adhesive bond joining of aluminum has been ex
panding steadily in recent years. It has been used extensively for the fab
rication of laminates in building product applications (Ref 180) and for
many aircraft, aerospace, and boat applications (Ref 181). More recently,
adhesive-bonded aluminum has been considered for some automotive ap
plications (Ref 182 and 183). The corrosion performance of adhesive
bonded aluminum is governed by the alloy, design of the joint, surface
preparation, and choice of adhesive (Ref 184 and 185). Generally, the
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Fig. 17. Potential values across an aluminum-aluminum soft soldered joint.
(Courtesy of Alcoa Laboratories)

performance of such assemblies is good, although the application of stress
can have deleterious effects (Ref 186 and 187). One major advantage is
that the use of an adhesive eliminates corrosion-susceptible crevices. The
overall performance of these joints can be improved by the use of organic
coatings and sealants.

Most adhesives are compatible with aluminum. However, there are ex
ceptions, including the alkaline water-based latex adhesives, acetic an
hydride adhesives, and adhesives that have been made electrically con
ductive by the addition of copper, silver, or carbon. Such adhesives should
be used only with caution and with the recognition that corrosion prob
lems could develop.

ENVIRONMENTAL FACTORS
Effect of Water. Except in cases of high-temperature oxidation, gas

metal reactions, fretting, and certain hot, anhydrous organic chemicals
such as phenol and methanol, aluminum does not corrode unless water
is present on the surface. The water may appear in the form of isolated
droplets, as a thin film of moisture condensed on an aluminum surface
that is below the dew point, or as an aqueous solution. Water in contact
with air contains dissolved oxygen, which must be present for corrosion
of aluminum to occur. De-aeration usually stops the corrosion reaction.
The protective surface film on aluminum thickens on exposure to water.
This reaction is more rapid in the absence of oxygen.

Purity of the water is another critical factor. Aluminum is highly re
sistant to high-purity water (distilled or demineralized) at ambient tem
peratures (Ref 188-190). A slight reaction occurs initially, but ceases within
a few days, as the result of the development of a protective oxide film.
After this conditioning period, the effect of the water on aluminum be
comes negligible (Ref 189 and 191). This is demonstrated by the curves
on aluminum pickup in deionized water shown in Fig. 18.

At elevated temperatures, high-purity water can have an adverse effect
on many aluminum alloys. At 200°C (390 OF), high-purity aluminum
sheet disintegrates within a few days with the formation of aluminum
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I • Sample from discharge of systemt (0.18 ppm)
o Sample directly from deionizer
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Fig. 18. Aluminum pickup in deionized water. Note steep decline after first week.
(Courtesy of Alcoa Laboratories)

oxide powder. Contrary to what occurs at lower temperatures, alloying
elements such as nickel and iron that usually decrease corrosion resistance
result in improved corrosion resistance of alloys exposed to high-purity
water at elevated temperatures. Aluminum-nickel-iron alloys have good
resistance to corrosion by high-purity water at temperatures as high as
315°C (600 OF) (Ref 192 and 193).

Aluminum resists steam condensate (Ref 194 and 195). Steam con
densate is relatively pure water that is usually saturated with oxygen and
carbon dioxide, making it corrosive to steel. The corrosion resistance of
aluminum alloys is not decreased significantly by these dissolved gases,
or by the additives used to provide the required compatibility with steel.

In some organic compounds such as phenol and methanol, the presence
of a small amount of water (=0.1 %) prevents severe corrosion that might
otherwise occur at elevated temperature. The corrosion behavior of alu
minum in natural surface waters is covered in a previous section on fresh
water pitting. Behavior in seawater is also discussed in an earlier section
of this chapter.

Effect of pH. As a general rule, the protective oxide film is stable in
aqueous solutions in the pH range of 4.0 to 9.0. Usually, the oxide film
is readily soluble in strong acids and alkalis, and as a consequence these
attack aluminum. However, there are certain acid and alkaline solutions
in which aluminum is highly resistant to attack (Fig. 19). A few examples
are glacial acetic acid, concentrated nitric acid, sodium disilicate, and
concentrated ammonium hydroxide. For this reason, the corrosivity of an
environment cannot be determined solely by pH, because the nature of
the individual ions in the solution may be the controlling factor.

However, the Pourbaix potential-pH diagram for aluminum (Ref 196)
shown in Fig. 20, which is based solely on theoretical thermodynamic
considerations and does not provide information on corrosion rates, pre
dicts oxide film stability and thus resistance to general dissolution in the
pH range 4 to 9. Aluminum alloys have become a standard material of
construction for storage and handling of hot, 83% ammonium nitrate.
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Under operating conditions where an excess of ammonia is present, alloys
1100,3003,5052, 5454, 6061, and 6063 (including welded joints) have
excellent corrosion resistance.

Occasional difficulties that have arisen in ammonium nitrate service
have been traceable to an acidic condition. Under hot storage conditions,
excess ammonia is readily lost, lowering the pH and causing attack in
the HAZ of welded 5052 alloy. The HAZ of welded 3003 alloy is not
susceptible to this attack. Attack by acidic ammonium nitrate solutions
is stopped by adjusting the product with ammonia to neutralize the free
nitric acid.

To demonstrate the effect of pH, couples between welded 5052 and
stainless steel were exposed at 88°C (190 OF) for 83% ammonium nitrate
solutions having pH values of 3 to 6. The stainless steel merely supplied
a large cathodic area to the 5052. Measurements indicated the galvanic
current was dependent on the pH of the solution (Fig. 21). Above a pH
of 4.5, the galvanic current was insignificant. Similar measurements be
tween couples of 5052 and other more anodic aluminum-magnesium al
loys, containing higher amounts of magnesium, also indicated that the
galvanic current was dependent on pH of the solution (Fig. 21). Fur
thermore, the addition of ammonia immediately stifled the galvanic
corrosion.

Effect of Purity: Trace Elements. There are cases where aluminum
has been established as suitable for use with a specific product, but the
metal has corroded because of contamination of that product with trace
amounts of heavy metal ions. These impurities may have virtually no
effect on the product, but may cause significant pitting of aluminum al
loys. An actual example was the pitting of an aluminum tank truck used
to transport molasses. While molasses does not normally corrode alu
minum, this particular batch had been produced in a copper kettle and
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contained enough copper ions (>10 ppm) to cause deposition corrosion
of the aluminum. Another similar case of pitting occurs when small amounts
of copper from copper plumbing enter upstream from an aluminum sys
tem. Even smaller amounts of mercury (>0.01 ppm) entering an alu
minum system, such as from a broken thermometer or mercury contact
switch, can cause substantial and rapid corrosion. With respect to at
mospheric corrosion, the usual good performance of aluminum alloys in
saline environments can be altered by the presence of nitrogen and sulfur
oxides working in combination with air-borne salt. Investigations have
been made to evaluate such atmospheric effects, including their relation
ship to acid rain (Ref 190, 197, and 199).

Effect of Temperature. The effect of temperature on the corrosion of
aluminum by high-purity water has already been mentioned. In general,
an increase in temperature leads to a higher corrosion rate in many chem
icals such as mineral acids, organic acids, and alkaline solutions. How
ever, the relationship may not be simple, as shown in Fig. 22 for sulfuric
acid. In other chemicals and in waters, the accelerating effect may be
counteracted by the formation of a protective film. For example, in mono
ethanolamine (MEA), increasing the temperature reduces the rate of cor
rosion, as a result of surface film formation.

In the case of atmospheric exposure, elevated temperature can be ben
eficial by speeding up drying, reducing the length of time the surface is
wet. As an example, aluminum conductors operating at temperatures slightly
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of Alcoa Laboratories)
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above ambient usually suffer very little corrosion, because the elevated
operating temperature keeps them dry and does not permit corrosion to
occur (Ref 199).

Although very little supporting data has been published, temperature
affects galvanic corrosion (Ref 200). The corrosion potential difference
between 7072 and 3003 and between 7072 and 6061 alloys change with
temperature, and potential reversals can occur in waters at 71°C (160 OF)
similar to the zinc-iron reversals that can occur in some waters at similar
temperatures. As the temperature of a pitting-type water increases, the
number of pits increases and the rate of penetration decreases (Fig. 23).

Effect of Fluid Movement. Movement of a corrosive fluid or gas (in
cluding steam) over an aluminum surface can accelerate the rate of cor
rosion. In some natural waters, velocities greater than 0.04 m/s (0.13 ftf
s) are beneficial and may prevent pitting that might otherwise occur (Ref
201). However, at higher velocities-in the range of 5 to 6 m/s (15 to
20 ftfs)-turbulence at protrusions, such as at bends or fittings, may cause
impingement or cavitation conditions that cause pitting. Corrosion caused
by velocity effects is influenced by the hardness of the metal, flow rate,
composition of the fluid, temperature, and pH (Ref 201 and 202). The
presence of suspended solids in a moving liquid may accelerate attack by
eroding away an otherwise protective film.

Effect of Surface Area-to-Metal Volume Ratio. The ratio of surface
area-to-metal volume has a marked influence on the corrosion life of an
aluminum product in a given environment. This is illustrated by the rate
of loss of tensile strength of 1050 aluminum wires of varying diameter
exposed for 5 years under shelter to an industrial-marine atmosphere in
Halifax, Nova Scotia. The influence of wire diameter on corrosion life
is shown in Fig. 24.
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The loss of a given thickness of metal is a larger percentage of the
original thickness for fine wires than for wires of larger diameter, and
the reduction of breaking load for a given amount of corrosion is greater.
In addition, the influence of a pit of given depth is greater, the finer the
wire.

Effect of Surface Area-to-Liquid Volume Ratio. Under some con
ditions of exposure, the rate of corrosion of aluminum alloys varies widely,
as the ratio between the metal surface area and the volume of corrodant
changes (Ref 203), as illustrated graphically in Fig. 25. Under other con
ditions and with different solutions, the rate of corrosion is not affected
significantly by changes in the area-to-volume ratio. In chemical solutions
such as sulfuric acid solutions, the changes are insignificant.

An extreme case is seen in a new type of container that has been de
veloped for inflammable and explosive fluids such as gasoline, in which
the container is tightly packed with aluminum foil ribbon, about 12 m2

(130 ff) surface per cubic foot of container volume. Thus, for a theo
retical aluminum container cube 0.03 m" (1 fr') per side, the amount of
aluminum corroded (and the amount of hydrogen produced) at a particular
corrosion rate would be 13% or 22 times as much for the foil-filled con
tainer as for the sample cube.

Effect of Pressure. Generally, pressure has not been found to signif
icantly alter the corrosion resistance of aluminum alloys. An increase in
pressure can minimize cavitation damage in special cases. The exposure
of aluminum at great depths in seawater under high pressure has not shown
consistent trends.
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Laboratories)
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PREVENTIVE MEASURES

A number of corrosion preventive measures, special to a specific type
of aluminum corrosion, have already been described. This section deals
with the seven main methods of preventing the corrosion of aluminum
equipment:

• Alloy and temper selection
• Design of equipment
• Organic coatings (and sealants)
• Inhibitors
• Cathodic protection
• Thickened surface oxide films (proprietary,

conversion coatings, anodizing)
• Modification of the environment

An interest.ing treatise on the prevention of corrosion of metals, much of
which applies to aluminum, was published by the SAE in 1964 (Ref 204).
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Alloy and Temper selection

The choice of an aluminum alloy for a given use is often based on
strength, formability, ease of welding, or product availability. However,
corrosion resistance must be included when making the choice.

In general, aluminum-magnesium alloys (5XXX) have the best
corrosion resistance, followed by commercial-purity alloys (lXXX) ,
aluminum-manganese alloys (3XXX), and aluminum-magnesium-silicon
alloys (6XXX) in that order, with only small differences between fami
lies. These alloy families are normally used without protection, although
for aesthetic reasons they are sometimes painted (house or building sid
ing) or anodized (window frames). The aluminum-copper-magnesium
alloys (2XXX) and the medium- and high-strength aluminum-zinc
magnesium-copper alloys (7XXX) are usually given a protective measure
such as cladding or painting.

The importance of temper was mentioned previously in the case of
exfoliation corrosion of aluminum-magnesium .and aluminum-zinc
magnesium-copper alloys. The H1l6 temper for 5083, 5086, and 5456
gives better resistance to intergranular and exfoliation corrosion (Ref 205).
In 7XXX alloys, the T-7X temper provides improved resistance to SCC,
for example, the T73 and T76 tempers of 7075 alloy. These tempers are
a compromise, because strength is somewhat lower than that for the T6
temper. The lower strength of these tempers in 7075 has been offset by
the development of stress-corrosion resistant tempers in 7049, 7050, and
7010 alloys.

Alclad Alloys. Alclad aluminum (see Chapter 9 in this Volume) is a
duplex product in which a thin surface layer of one aluminum alloy (usu
ally 5 to 10% of the total thickness) is metallurgically bonded to the main
core alloy (selected to provide the desired strength). With the exception
of clad brazing alloys, the cladding layer is selected to be at least 100
mV anodic to the core, and it provides built-in cathodic protection. The
surface layer is normally lXXX (for 2XXX cores), or 7072 (for 3XXX,
5XXX, 6XXX, and 7XXX cores). The alclad aluminum alloys have max
imum resistance to perforation by pitting corrosion (pits do not penetrate
the core alloy) and to loss of mechanical properties on long-term exposure
to corrosive atmospheres. As an example, a kitchen kettle fabricated from
sheet with a 5% layer of 7072 alloy on a 3003 core alloy resisted per
foration in an aggressive water for 5 to 10 times the life of an unclad
3003 alloy kettle in the same water. Another example is the alclad 3004
roofing and siding on the hangar for Howard Hughes' "Spruce Goose"
in a Long Beach, CA harbor, that after 33 years had pitted only to the
depth of the clad layer, 76 ILm (3 mils). Further, the cladding of thin
wall (1.5 mm or 0.060 in.) irrigation pipe and culvert sheet greatly ex
tends the time to perforation in aggressive waters.

Influence of Design

The design of equipment can have an important influence on corrosion
behavior, even in environments in which aluminum is normally resistant.
The three most common causes of unexpected corrosion of aluminum as
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a result of poor design have been (1) improper choice of alloy or temper,
such as aluminum-copper-magnesium alloys for marine service; (2) im
proper choice of dissimilar metals for contact with aluminum (and failure
to provide the proper preventive measures when other metals must be
used), which can cause galvanic corrosion; and (3) failure to use a non
hardening resilient caulking material on faying surfaces to exclude the
entry of water, which can cause crevice corrosion. All three can be avoided
by proper design, because the principles are well understood. Selection
of the welding method and filler can influence corrosion behavior. Equip
ment design can affect physical variables of the environment such as tem
perature, fluid velocity, and impingement and cavitation and alter cor
rosion susceptibility.

The correction of simple design failures on large equipment can be
extremely costly. For example, the rebuilding of a poorly designed
aluminum-steel joint on a ship superstructure may keep the vessel out of
service for an extended period. The following guidelines (Ref 206) help
the designer to minimize corrosion of aluminum in service:

• Avoid contacts with dissimilar metals, but if they must be used, apply
suitable protection

• Avoid crevices, but if they must be present, and if thin sections are
involved, prevent ingress of moisture by application of sealants

• Join by continuous welding, rather than by skip welding or riveting
• Provide for complete draining and easy cleaning (Fig. 26 to 29)
• Avoid contact of bare aluminum surfaces with water-absorptive ma-

terials, but if they must be used together, apply suitable protection
• Avoid sharp bends in piping systems
• Avoid heat transfer hot spots
• Avoid direct impingement by fluid streams
• Avoid excessive mechanical stress concentrations
• When locating equipment, choose the least corrosive environment

possible
• Eliminate sharp edges in equipment that is to be painted

Prevention of Galvanic Corrosion. The following guidelines indicate
ways of minimizing galvanic corrosion of aluminum:

• The dissimilar metal should be as close as possible to aluminum in the
galvanic series (Table 1)

• A fastening alloy for dissimilar metal couples should be cathodic to
aluminum (for example, use steel bolts in an aluminum-steel joint, not
aluminum bolts). Aluminized steel bolts (usually either hot dipped or
vapor deposited) are even better

• Provide complete electrical isolation of the two metals. This can be
done with nonconductive insulating gaskets, sleeves (ferrules) and
washers. No external electrical path between the two metals should
exist

• If paint is applied on the faying surface, it should be applied to the
cathodic metal, not the aluminum. Paint applied to the aluminum may
concentrate galvanic attack at pinholes because of an unfavorable
cathode-anode area ratio
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Fig. 26. Lap joint orientations to avoid entrapment areas.
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Fig. 27. Flange orientation and design to avoid entrapment of moisture and debris.
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Inverted channel

Drain

[lj'" ~
Rounded corners

Fig. 28. Orientation and design of structural members.

Reservoir drain
Trapped water and sediment

Preferred Avoid

Fig. 29. Drains for liquid reservoirs should permit complete drainage.

• At aluminum pipe-other metal connections, install a thick-wall re
placeable aluminum nipple section

• Also at aluminum pipe-other metal connections, avoid a threaded
connection. Instead, use a flanged joint that minimizes crevices and
that can be electrically insulated

• If possible, locate the dissimilar metal joint away from the corrosive
environment

• In a mixed-metal, closed-loop liquid system, such as an automobile
cooling system, use an inhibitor

• If there must be an external electrical connection between the dissimilar
metals, separate the metals as far as possible to increase the resistance
of the liquid path

• Apply cathodic protection
• Avoid unfavorable cathode-anode area ratios in a conductive environ

ment (at least I-to-5 in seawater)

Hardware for Aluminum. Dissimilar metal hardware such as hinges,
latches, and door catches are frequently used on aluminum structures.
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Aluminum hardware affixed with aluminum bolts or screws are preferred,
if they are available with adequate strength. However, these items are
usually available only in plated steel, plated brass, or stainless steel. In
most situations, steel hardware coated with aluminum, cadmium, chro
mium, tin, and zinc do not cause much galvanic corrosion of aluminum
until the underlying steel is exposed by deterioration of the coating, after
which galvanic corrosion may be appreciable. Stainless steel hardware
(AISI 300 alloys) are preferred for this reason, except on ships, where
aluminized steel or painted galvanized hardware is preferred. Plated brass
fasteners should be avoided.

Use of Helicoil@! Inserts for Dissimilar Metal Bolts. When a dissim
ilar metal bolt must be tapped into aluminum plate or castings, an 18-8
(AISI 304) stainless steel wire coil insert called a Helicoil@! (Ref 207)
should be used in the drilled hole to prevent seizing of the bolts. The
springs are dipped in zinc chromate primer (TT-P-1757) before insertion.

Prevention of Deposition Corrosion. The following guidelines help
reduce deposition corrosion of aluminum:

• Eliminate the heavy metal parts that are providing the aggressive ion
• Paint the source metal
• Use alclad aluminum
• Use inhibitors
• Clean aluminum frequently to remove the deposited heavy metal

It may be possible to remove heavy metals from a product stream to
be handled in aluminum equipment by passing it through a trap, con
sisting of a tank or column containing magnesium or aluminum turnings.
This reportedly has been successful with seawater, but no published in
formation has appeared.

Prevention of Crevice Corrosion. When crevice corrosion is consid
ered possible, the crevices should be sealed with a nonhardening elas
tomer to prevent the entry of moisture. Some sealants become hard and
crack on aging, allowing moisture entry. The elastomeric requirement is
essential for joints in equipment that work in service, such as in all types
of vehicles-road transport, ships, and airplanes. There are two general
types of sealant: (I) one-component systems such as butyls or silicones,
and (2) two-component systems such as polysulfides and epoxies. To pre
vent poultice corrosion, which is a special case of crevice corrosion, avoid
the contact of bare aluminum surfaces with moisture-absorptive materials
such as paper, cloth, wood, asbestos, and noncellular foams.

Prevention of Stress Corrosion. The SCC of high-strength aluminum
alloys such as 2024, 7075, and 7079 is often caused by sustained residual
or assembly tension stresses acting in the short transverse direction. The
stresses developed by service loads are usually intermittent and are de
signed to operate in a favorable direction (longitudinal or long transverse)
relative to the grain structure. The following guidelines (Ref 208-214)
should be considered by the designer to minimize SCC:

• Select alloys and tempers that are resistant to SCC
• Use stress-relieved parts
• Do severe forming in the annealed condition, followed by heat treat

ment and aging, if required for strength
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• Perform forming and straightening on freshly quenched material, W
temper, to ensure less severe effects

• Machine exterior surfaces before heat treating, because quenching causes
more desirable compressive surface stresses

• Machine internal surfaces after heat treating to partially remove internal
stresses

• Avoid fitup stresses by careful attention to tolerances. Poorly fitted
parts and misaligned parts should not be forced into place

• Where built-in surface tensile stresses cannot be avoided, techniques
such as shot peening (Ref 211) and surface rolling, or thermal stress
relief from second stage aging (Ref 213), can be utilized to reduce the
undesired stresses

• Postweld heat treat weldments

Location of Equipment. While aluminum equipment usually must be
placed in a given location that determines the environment, there is some
times choice in location. In these cases, the least corrosive available lo
cation should be selected.

Organic Coatings. Organic coating systems are frequently applied to
aluminum for strictly decorative purposes. For example, they are applied
to aluminum siding and exposed automobile body panels to obtain a de
sired color and to prevent natural weathering that is aesthetically unac
ceptable but structurally insignificant. Organic coatings may also be ap
plied to aluminum for corrosion protection in special situations. In both
cases, adequate surface preparation and careful coating selection are im
portant to long coating life.

Most organic coatings provide corrosion protection by forming a phys
ical barrier between the aluminum surface and the environment. Some
contain inhibitors such as chromate primers. Aluminum insulation jack
eting and refrigerator liners are coated on the back with a vapor barrier
to prevent poultice and crevice corrosion when condensation collects be
tween foamed insulation and the aluminum. Clear organic coatings are
used where the natural aluminum surface is desired and weathering must
be prevented. Temporary organic coatings are sometimes used to protect
aluminum surfaces from corrosion during storage and transit. Heavy or
ganic coatings, such as mastics and coal tars, are sometimes used to pro
tect aluminum surfaces that are embedded in soils and concrete.

The performance of organic coating systems can be maximized by fol
lowing the specific recommendations of suppliers regarding surface prep
aration, pretreatment, selection of compatible conversion coat, primer,
and topcoat, application, and curing. If continuing maximum corrosion
protection is required, the organic coating systems must be maintained
periodically.

Inhibitors. The use of inhibitors to prevent the corrosion of aluminum
has been reviewed by Mears and Eldredge (Ref 215), Haygood and Min
ford (Ref 216), Roebuck and Pritchett (Ref 217), and Roebuck and Rich
ards (Ref 218).

Inhibitors such as chromates that reduce anodic corrosion reaction are
termed anodic inhibitors, whereas those such as polyphosphates that re
duce cathodic corrosion reaction are termed cathodic inhibitors. If anodic
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inhibitors are used in insufficient amounts, they tend to increase pitting.
Cathodic inhibitors are safer in this respect. Mixed anodic and cathodic
inhibitor systems are also used.

Phosphates, silicates, nitrates, fluorides, benzoates, soluble oils, and
certain other chemicals alone or in combination have been recommended
for use with aluminum in some services. If copper is present in a closed
system, sodium mercaptobenzothiazole may be added to prevent copper
corrosion and subsequent deposition corrosion of the aluminum.

In mildly alkaline solutions (Ref 219), the corrosion of aluminum can
be inhibited by additions of sodium silicate. Silicates with a high ratio of
silicate to soda are widely used in alkaline cleaning solutions, soaps and
dentrifrices containing amines, carbonates, and phosphates. In mixed-metal,
water-handling systems, such as an automobile cooling system, inhibitor
mixtures have been developed to prevent corrosion of all metals in the
system, including aluminum.

Cathodic Protection. In cathodic protection, a direct electric current
is caused to flow through the environment to a metal surface to prevent
corrosion of that surface. The current may be supplied by a sacrificial
anode such as zinc or magnesium as shown in Fig. 30, by some aluminum
alloys (seawater only), or by an impressed current source such as a rec
tifier, using an inert anode such as graphite to feed the current into the
environment. Complete protection results when the local anode current
(corrosion current) is reduced to zero. The magnitude of the externally
applied current sufficient to accomplish this depends upon the polariza
tion and resistance characteristics of the system to be protected.

Cathodic protection can be used with aluminum, providing the current
density on the aluminum surface does not create a highly alkaline envi
ronment, a condition of overprotection that causes cathodic corrosion.
This is more likely to occur with uncontrolled impressed current systems
than with sacrificial anode systems, because the polarized voltage applied
to the aluminum surface can be much higher (more negative) with im
pressed current systems. Zinc anode systems are always safe, and mag
nesium anode systems are safe if properly designed. The upper safe po
larization voltage is -1.20 V (CU/CUS04)'

Alclad aluminum provides built-in cathodic protection to the core alloy.
National Association of Corrosion Engineers (NACE) Recommended
Practice RP-01-69 provides cathodic protection criteria for buried metallic
piping systems, including aluminum (Ref 220). Morgan (Ref 221) has
reported that in many soils, a potential of -1.30 V can be tolerated with
out significant corrosion of buried aluminum. Impressed current cathodic
protection systems have been used on painted aluminum boat hulls in
seawater for 20 years.

thickened Surface OXide Films

Conversion Coatings. A number of proprietary chemical immersion
treatments, such as Alodine, Bonderite, Iridite, and others are used to
produce a complex surface conversion coating about 20 nm (200 A) thick
on aluminum sheet and extrusions before painting in a factory operation
(5 nm or 50 A for an untreated surface). The proprietary solutions are
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Protection anode

Fig. 30. Currents involved in cathodic protection with an external anode. I, is
the applied external current. In is the local anode current,and Ie is the total cur
rent to the anode.

acidic and contain chromates, phosphates, and other chemicals. Such films
greatly improve paint adhesion.

The films, which contain chromates, have some corrosion preventive
properties in their own right and are used on some aircraft and automotive
components. However, they are relatively soft and can be used for cor
rosion prevention without overcoating only where there is no abrasion in
service.

Anodic Coatings. A commercial surface treatment unique to aluminum
is anodizing. The object to be treated is immersed as the anode in an acid
electrolyte and a direct current is applied. Oxidation of the surface occurs
to produce a greatly thickened, hard, porous film of aluminum oxide.
This film is then normally immersed in boiling water to seal the porosity
and render the film impermeable.

Before sealing, the film can be colored by impregnation with dyes or
pigments. Special electrolytes are sometimes used to produce colored an
odic films directly in the anodizing bath. The degree of protection con
ferred to the surface depends on the thickness of film, which may be 8
um (0.3 mils) in the case of shiny automobile trim moldings, to 25 urn
(1.0 mil) or more on the aluminum facade of a monumental building.
These represent a thickening of the natural oxide film by a factor of about
1000 and 3000 times, respectively.

Architectural aluminum such as handrails, doors, windows, and fa
cades are often anodized. The surface retains less atmospheric dirt and
is much easier to clean. The anodic film has the same chemical charac
teristics as the natural oxide film and is corroded by strong alkalis and
strong acids. In industrial atmospheres the film tends to pit, with the time
to initiation depending on the film thickness. To preserve the initial ap
pearance of anodized aluminum facades, even thick anodic films are coated
with clear organic coating. The main virtues of an anodic film are its
decorative appeal and the ease of cleaning. Anodizing is rarely the so
lution to a field corrosion problem.

During installation of anodized aluminum, components in an industrial
building may be splashed by carelessly handled concrete or brick mortar.
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If this occurs, the anodic film is etched in patches, and restoration of the
original appearance is difficult or impossible. The best prevention is a
thin film of clear organic coating that isolates the mild alkaline mortars
from the anodic film. Strip-off coatings can also be used.

Prefilming in Water or Steam. The natural surface oxide film can be
thickened by exposure to moving water, hot soft water, or steam. If this
is done before exposure to a pitting-type environment, pitting that would
otherwise occur is sometimes prevented. In one experiment, a specimen
of 1200 alloy sheet that had previously been exposed for 1 year in a
nonpitting fresh water (estimated film thickness of 800 nm or 800 A)
failed to pit in 16 days when immersed in a very aggressive water that
produced a 965-f.Lm (38-mil) pit on a fresh sheet specimen in the same
period.

Investigation of perforations found only in certain lengths of an exten
sive thin-wall lA-mm (0.057-in.) aluminum irrigation pipe system re
vealed that the affected length had been produced only a month or so
before the exposure, whereas the unaffected remainder of the pipe was
over a year old. The difference was attributed to a thinner oxide film on
the new material. Incidentally, water should be kept moving in new alu
minum irrigation pipe for the first week to thicken the oxide film. The
system should be drained when the water is not flowing, but prefilming
helps if this is not done. Prefilming a new aluminum pot by boiling a
soft water prevents the formation of a jet black surface film that occurs
if a very hard water is boiled first.

Modification of the Environment. Reducing the corrosivity of an en
vironment by slight modification is sometimes possible. For example, in
a package or closed air space, maintaining the temperature above the dew
point prevents corrosion that might otherwise occur, especially with rolls
of aluminum sheet or foil. Adjustment of the pH of a solution to within
the range 4.0 to 9.0 may render it innocuous to aluminum. If copper is
present, the pH should be at least 8.0 to prevent copper dissolution and
subsequent deposition on the aluminum.

The de-aeration of water greatly reduces its tendency to pit aluminum.
Movement of water on an aluminum surface sometimes prevents pitting
that would otherwise occur. In some chemicals such as phenol and meth
anol, the addition of a trace of water (0.1%) prevents vigorous corrosion
that occurs in the anhydrous material at elevated temperature. In other
chemicals such as liquid sulfur dioxide, traces of water promote the cor
rosion of aluminum.
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CHAPTER 8

PROPERTIES OF COMMERCIAL
CASTING ALLOYS*

Aluminum alloy castings can be produced by virtually all casting pro
cesses in a range of compositions possessing a wide variety of useful
engineering properties. For large production quantities, high-pressure die,
permanent mold, and sand are the most important casting processes. Smaller
quantities of castings are produced in plaster, investment, and composite
material molds.

Unlike wrought alloys, aluminum casting alloys are not identified ac
cording to a single commercial designation system in the United States.
However, the three-digit registration system of the Aluminum Association
(AA) is most widely used (Ref 1). This system was adopted in 1954 and
approved by the American Standards Association (now the American Na
tional Standards Institute, Inc.) as an American standard in 1957 (ANSI
H-35.1). Other systems used include the proprietary nomenclatures as
signed by the originators of some alloys, and the specification designa
tions of the American Society for Testing and Materials (ASTM) (Ref 2)
and the Society of Automotive Engineers (SAE) (Ref 3). Federal and
military specifications for aluminum casting alloys reflect AA designa
tions. In the Aluminum Association system, major alloying elements are
indicated as follows:

SerIes Alloy family

320

lXX 99.0% min Al
2XX AI-Cu
3XX AI-Si-Mg, AI-Si-Cu, AI-Si-Cu-Mg
4XX AI-Si
5XX AI-Mg
7XX AI-Zn
8XX AI-Sn

No commercial alloys are established currently in the 6XX and 9XX
series. Alloys are registered by the AA, with XXX.O representing the
chemical composition limit for castings and XXX. 1 and XXX.2 repre
senting chemical composition limits for ingots. Examples can be found
in Table 1.

Several AA alloy designations also include a prefix letter. Different
letters used with the same alloy number distinguish alloys of a general
composition that differ only in percentage of impurities or minor alloy
ing elements, for example 356 and A356, or 380, A380, and B380 (see
Table 2).

*This chapter was revised by a team comprised of J.L. Jorsted, Reynolds Metals Co.; E.L.
Rooy, Aluminum Company of America; and A.B. DeRoss, Kaiser Aluminum & Chemical
Corp. The original chapter was authored by W.E. Sicha, Alcoa Research Laboratories.
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Table 1. Alloys Registered by the Aluminum Association

eomc:'.':'%I Man· aline- rna· ,OIlIer.., I
MNo. Fonn Silicon Iron Copper 110_ slum Nickel ZInc nn nlum Eoch Total
356.0 ... Sand and 6.5-7.5 0.6 0.25 0.35 0.20-0.45 0.35 0.25 0.05 0.15

permanent
mold

356.1 ... Ingot 6.5-7.5 0.50 0.25 0.35 0.25-0.45 0.35 0.25 0.05 0.15
356.2 ... Ingot 6.5-7.5 0.13-0.25 0.10 0.05 0.30-0.45 0.05 0.20 0.05 0.15
380.0 ... Die cast 7.5-9.5 2.0 3.0--4.0 0.50 0.10 0.50 3.0 0.35 0.50
380.2 ... Ingot 7.5-9.5 0.7-1.1 3.0-4.0 0.10 0.10 0.10 0.10 0.10 0.2

The AA chemical composition limits for aluminum alloy castings
(XXX.O) are listed in Table 2. ASTM and SAE designations are also
shown where applicable. Other tables in this chapter list only the AA
alloy designation.

Commercial aluminum casting alloys include both heat treatable and
non-heat treatable compositions (Ref 4). Castings made from non-heat
treatable alloys are not appreciably affected by heat treatment and are
usually marketed in the as-cast condition, identified by an F following
the alloy number, or by omission of any suffix. An exception, however,
is solution heat treatment (T4 temper), which specifically spheroidizes
the eutectic silicon in aluminum-silicon alloys to improve ductility, such
as A444-T4. Both heat treatable and non-heat treatable alloys may also
be thermally stress relieved (0 temper).

Alloys that respond to heat treatment provide improved combinations
of mechanical properties. The nature of the treatment is identified with
a suffix temper designation. The 0, T4, T5, T6, and T7 tempers are
normally applied to aluminum castings.

Die castings are not normally solution heat treated, because heating to
the required temperature of 480 to 540°C (900 to 1000 OF) causes blis
tering. However, the composition of die casting alloys such as 360, A36O,
361, 364, 369, and 390 or B390 is such that they could benefit substan
tially from a solution heat treatment and artificial aging (T6 or T7 tem
per). New improvements in the die casting process have resulted in in
ternal quality that is compatible with solution heat treatment. This has
permitted the use of T6 and T7 tempers.

In addition to the effects of heat treatment on mechanical properties,
heat treatments may also alter some physical properties of casting alloys.
These alloys may also be affected by temper. Typical physical properties
of many aluminum casting alloys are given in Table 3, including some
effects of temper, where applicable.

MAJOR ALLOY SYSTEMS
In casting production, there is only one important application of com

mercially pure aluminum. The high electrical conductivity of aluminum
is useful in collector rings and conductor bars, which are cast integrally
with steel laminations to produce rotors for certain types of electric mo
tors. Aluminum of 99.7, 99.5, and 99.0% purity provides minimum elec
trical conductivities of 60, 59, and 56% lACS (International Annealed
Copper Standard), respectively.

Aluminum-Copper Alloys. The first aluminum casting alloy used ex
tensively in the United States contained 8% copper and was known as 12
alloy (Ref 5). Alloys 112 and 212, containing zinc or silicon in addition
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Table 2. Nominal Composition of Aluminum Alloy castings (XXX.O)

Former
AA No. designation
201.0 KOI
A201.0 .
202.0 .
203.0 Hiduminium 350

204.0 A-U5GT
206.0 .
A206.0 .
208.0 108
213.0 CI13

222.0 122
224.0 .
238.0 138
240.0 A240.0 (AI40)
242.0 142

A242.0 A142
243.0 ML
249.0 XI49
295.0 195
296.0 B295.0 (BI95)

305.0 .
A305.0 .
308.0 AI08
319.0 319, as-cast
A319.0 .

B319 .
324.0 324
328.0 Red X-8
332.0 F332.0 (F132)
333.0 333

A333.0 .
336.0 A332.0 (A132)
339.0 Z332.0 (Z132)
343.0 X443Z
354.0 354

A355.0 .
355.0 355
C355.0 C355
356.0 356
A356.0 A356

B356 .
F356.0 .
357.0 357
A357.0 A357
B357.0 .

C357.0 .
358.0 B358.0 (Tens-50)
359.0 359
360.0 360
A360.0 A360

Former ASTM
designation
SQ51A

CS43A

CGIOOA

CN42A

CSI04A

C4A

SC64D

SC82A
SCI03A
SC94A

SNI22A

SC92A

SC51A
SC51B
SmOA
smOB

smlA

SG91A
SGlOOB
SGIOOA

(continued)

SA!
designation

382

380

34

39

38

326
329

329

327
332
331

321
334

322
335
323
336

309

Products(a)
S
S
S
S

S,P
S,P
S,P
S,P
S,P

S,P
S,P
P
S
S,P
S
S
P
S
P

S,P
S,P
S,P
S,P
S,P
S,P
P
S
P
P

P
P
P
D
P

S,P
S,P
S,P
S,P
S,P
S,P
S,P
S,P
S,P
S,P
S,P
S,P
S,P
D
D
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Table 2. (Continued)

i Chemical camposltlon(b). %
Silicon Iron Copper Magnesium Zinc nn Other!

<0.10 <0.15 4.6 0.35 0.7 Ag, 0.35 Mn
<0.05 <0.10 4.5 0.25 0.7 Ag, 0.30 Mn
<0.10 <0.15 4.6 0.35 0.7 Ag, 004 Cr, 0.5 Mn
<0.30 <0.50 5.0 <0.10 1.5 Ni, 0.25 Mn, 0.25 Sb,

0.25 Co, 0.20 Zr, 0.20 Ti

<0.20 <0.35 4.6 0.25
<0.10 <0.15 4.6 0.25 0.35 Mn
<0.05 <0.10 4.6 0.25 0.35 Mn

3.0 <1.2 4.0 <0.10 <1.0
2.0 <1.2 7.0 <0.10 <2.5

<2.0 <1.5 10.0 0.25 <0.8
<0.06 <0.10 5.0 0.35 Mn, 0.1 V, 0.2 Zr

4.0 <1.5 10.0 0.25 <1.5
<0.50 <0.50 8.0 6.0 0.5 Mn, 0.5 Ni
<0.7 <1.0 4.0 1.5 <0.35 2.0 Ni

<0.6 <0.8 4.1 1.5 <0.10 0.2 Cr, 2.0 Ni
<0.35 <0040 4.0 2.0 0.3 Mn, 2.1 Ni, 0.3 Cr
<0.05 <0.10 4.2 0040 004 Mn, 3.0 Zn

1.1 <1.0 4.5
2.5 <1.2 4.5 <0.50

5.0 <0.6 1.25 <0.35
5.0 <0.20 1.25 <0.10
5.5 <1.0 4.5 <0.10 <1.0
6.0 <1.0 3.5 <0.10 <1.0
6.0 <1.2 3.5 0.3 <1.0

6.0 <1.0 3.5 <0.10 <3.0
7.5 <1.2 0.50 0.55 <1.0
8.0 <1.0 1.5 0.40 <1.5 0.40 Mn
9.5 <1.2 3.0 1.0 1.0
9.0 <1.0 3.5 0.3 <1.0

9.0 <1.0 3.5 0.3 <3.0
12.0 <1.2 1.0 1.0 <0.35 2.5 Ni
12.0 <1.2 2.25 1.0 <1.0 1.0 Ni
7.2 <1.2 0.7 <0.10 1.6
9.0 <0.20 1.8 0.5

5.0 <0.09 1.25 0.5 <0.05
5.0 <0.6 1.25 0.5 <0.35
5.0 <0.20 1.25 0.5 <0.10
7.0 <0.6 <0.25 0.35 <0.35
7.0 <0.20 <0.20 0.35 <0.10

7.0 <0.09 <0.05 0.35 <0.05
7.0 <0.20 <0.20 0.21 <0.10
7.0 <0.15 <0.05 0.55 <0.05
7.0 <0.20 <0.20 0.55 <0.10 0.05 Be
7.0 <0.09 <0.05 0.50 <0.05

7.0 <0.09 <0.05 0.60 <0.05 0.05 Be
8.1 <0.30 <0.20 0.50 <0.20 0.2 Be
9.0 <0.20 <0.20 0.6
9.5 <0.20 <0.6 0.5
9.5 <1.5 <0.6 0.5

(continued)
(a) S: sand casting; P: permanent mold casting; 0: die casting. (b) Remainder: aluminum and unlisted impurities.
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Table 2. Nominal Composition of Aluminum Alloy castings (XXX.O) (Continued)

Former
AANo. designation
361.0 .
363.0 363
364.0 364
369.0 Special K-9
380.0 380

A380.0 A380
B380.0 A380
383.0 .
384.0 384
A384.0 384

385.0 B384.0(384)
390.0 390
A390.0 A390
B390.0 .
392.0 392

393.0 Vanasil
413.0 13
MI3.0 A13
443.0 43
A443.0 43 (0.30 max Cu)

B443.0 43 (0.15 max Cu)
C443.0 A43
444.0 .
A444.0 A344
511.0 F514.0 (F214)

512.0 B514.0 (B214)
513.0 A514.0 (A214)
514.0 214
515.0 L514.0 (L214)
518.0 218

520.0 220
535.0 Almag 35

A535.0 A218
B535.0 B218

705.0 603, Temalloy 5
707.0 607, Temalloy 7
710.0 A712.0 (A612)
711.0 C712.0 (C612)
712.0 D712.0 (D612, 40E)
713.0 613, Tenzaloy

771.0 Precedent 71A
772.0 B771.0 (Precedent 71B)
850.0 750
851.0 A850.0 (A750)
852.0 B850.0 (B750)
853.0 XC850.0 (XC750)

Former ASTM
designation

SC84B

SC84A
SC84A
SCI02A
SCI14A

SI2B
SI2A
S5B

S5A
S5C

S7A

GS42A
GS242A
G4A

G8A

GIOA
GM70B

ZG32A
ZG42A
ZG61B
ZG60A
ZG61A
ZC8IA/B

SAl
designation

308

306
306
383
303

305
35

304

320

324

311
312
313
314
310
315

Products(a)
D
S,P
D
D
D

D
D
D
D
D

D
D
S,P
D
D

S,P,D
D
D
S,P
S

S,P
D
S,P
P
S

S
P
S
D
D

S
S

S
S

S,P
S,P
S
P
S
S,P

S
S
S,P
S,P
S,P
S,P

(continued)
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Table 2. (Continued)

Chemical composltlon(b), %I i
Silicon Iron Copper Magnesium Zinc nn Other

10.0 <1.1 <0.50 0.5 0.25 Cr, 0.25 Ni
5.25 <1.1 3.0 0.30 3.8 0.25 <0.25 Ph, <0.08 Mn + Cr
8.5 <1.5 <0.20 0.30 <0.15 0.35 Cr, 0.03 Be

11.5 <1.3 <0.50 0.35 <1.0 0.35 Cr
8.5 <2.0 3.5 <0.10 <3.0

8.5 <1.3 3.5 <0.10 <3.0
8.5 <1.3 3.5 <0.10 <1.0

10.5 <1.3 2.5 <0.10 <3.0
11.3 <1.3 3.75 <0.10 <3.0
11.3 <1.3 3.75 <0.10 <1.0

12.0 <2.0 3.0 <0.30 <3.0
17.0 <1.3 4.5 0.55 <0.10 <0.1 Mn
17.0 <0.50 4.5 0.55 <0.10 <0.1 Mn
17.0 <1.3 4.5 0.55 <1.5 <0.5 Mn
19.0 <1.5 0.6 1.0 <0.50 0.4 Mn

22.0 <1.3 0.9 1.0 2.25 Ni, 0.12 V
12.0 <2.0 <1.0 <0.10
12.0 <1.3 <1.0 <0.10
5.25 <0.8 <0.6 <0.05 <0.50
5.25 <0.8 <0.30 <0.05 <0.50

5.25 <0.8 <0.15 <0.05 <0.35
5.25 <2.0 <0.6 <0.10 <0.50
7.0 <0.6 <0.25 <0.10 <0.35
7.0 <0.20 <0.10 <0.05 <0.10
0.5 <0.50 <0.15 4.0 <0.15

1.8 <0.6 <0.35 4.0 <0.35
<0.30 <0.40 <0.10 4.0 1.8
<0.35 <0.50 <0.15 4.0 <0.15

0.75 <1.3 <0.20 3.25 0.5 Mn
<0.35 <1.8 <0.25 8.0

<0.25 <0.30 <0.25 10.0
<0.15 <0.15 <0.05 6.9 0.18 Mn,

0.005 Be
<0.20 <0.20 <0.10 7.0 0.18 Mn
<0.15 <0.15 <0.10 7.0 <0.05 Mn

<0.20 <0.8 <0.20 1.6 3.0 0.5 Mn, 0.3 Cr
<0.20 <0.8 <0.20 2.1 4.25 0.5 Mn, 0.3 Cr
<0.15 <0.50 0.5 0.7 6.5
<0.30 1.0 0.5 0.35 6.5
<0.30 <0.50 <0.25 0.58 5.8 0.5 Cr
<0.25 <1.1 0.7 0.35 7.5

<0.15 <0.15 <0.10 0.9 7.0 0.13 Cr
<0.15 <0.15 <0.10 0.7 6.5 0.13 Cr
<0.7 <0.7 1.0 <0.10 6.25 1.0 Ni

2.5 <0.7 1.0 <0.10 6.25 0.5 Ni
<0.40 <0.7 2.0 0.75 6.25 1.2 Ni

6.0 <0.7 3.5 6.25

(a) S: sand casting; P: permanent mold casting; D: die casting. (b) Remainder: aluminum and unlisted impurities.
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Table 5. typical Mechanical Properties of Aluminum Permanent Mold Casting
Alloys(a)
These nominal properties are useful tor comparing alloys, but they Ihould not be used for design purpases.
PropertIes tor design must be obtained from appropriate material specifications, design standards, or by
negotiation with the producer•

Tensile Tensile yield Eiongaflon
r-- strength--, rr..::-"gth(~i' In 50 mm (2 In.), Hardness(c),

MNo. Temper MPa ksl % 8HN
201.0........ T43 414 60 255 37 17.0

T6 448 65 379 55 8.0 130
T7 469 68 414 60 5.0

A206.0 ...... T4 431 62 264 38 17.0
T7 436 63 347 50 11.7

213.0 ........ F 207 30 165 24 1.5 85
222.0........ T52 241 35 214 31 1.0 100

T551 255 37 241 35 <0.5 115
T65 331 48 248 36 <0.5 140

238.0 ........ F 207 30 165 24 1.5 100
242.0 ........ T571 276 40 234 34 1.0 105

T61 324 47 290 42 0.5 110
249.0........ T63 476 69 414 60 6.0

T7 278 62 359 52 9.0
296.0........ T4(f) 255 37 131 19 9.0 75

T6 276 40 179 26 5.0 90
T7 270 39 138 20 4.5 80

308.0........ F 193 28 110 16 2.0 70
319.0........ F 234 34 131 19 2.5 85

T6 276 40 186 27 3.0 95
324.0........ F 207 30 110 16 4.0 70

T5 248 36 179 26 3.0 90
T62 310 45 269 39 3.0 105

332.0........ T5 248 36 193 28 1.0 105
333.0........ F 234 34 131 19 2.0 90

T5 234 34 172 25 1.0 100
T6 290 42 207 30 1.5 105
T7 255 37 193 28 2.0 90

336.0........ T551 248 36 193 28 0.5 105
T65 324 47 296 43 0.5 125

356.0........ F 179 26 124 18 5.0
T51 186 27 138 20 2.0
T6 262 38 186 27 5.0 80
T7 221 32 165 24 6.0 70

A356.0.......T61 283 41 207 30 10.0 90
357.0 ........ F 193 28 103 15 6.0

T51 200 29 145 21 4.0
T6 359 52 296 43 5.0 100

A357.0....... T6 359 52 290 42 5.0 100
359.0 ........ T62 345 50 290 42 5.5
A390.0 ...... F 200 29 200 29 <1.0 110

T5 200 29 200 29 <1.0 110
T6 310 45 310 45 <1.0 145
T7 262 38 262 38 <:1.0 120

443.0........ F 159 23 62 9 10.0 45
A444.0 ...... F 165 24 76 11 13.0 44

T4 159 23 69 10 21.0 45
513.0........ F 186 27 110 16 7.0 60
711.0........ F 241 35(g) 124 18(g) 8.0(g) 70(g)
850.0........ T5 159 23 76 11 12.0 45
851.0........ T5 138 20 76 11 5.0 45
852.0........ T5 221 32 159 23 5.0 70

(continued)
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Table 5. (Continued)

Compressive
yield Shear Endurance Modulus of

rstrengthlbh r:-:: strength-, r Ilmlld) --:l r-- elastlcltyle)---:r
MNo. Temper MPa IeII MPa IeII MPa IeII kPa x 10' psi x 10'
201.0 ....... T43

T6 386 56 290 42
T7 97 14

A206.0 ...... T4 285 41 292 42
T7 372 54 257 37

213.0 ....... F 172 25 165 24 66 9.5
222.0........ T52 214 31 172 25

T551 276 40 207 30 59 8.5 74 10.7
T65 248 36 248 26 62 9 74 10.7

238.0........ F 207 30 165 24
242.0........T571 234 34 207 30 72 10.5 71 10.3

T61 303 44 241 35 66 9.5 71 10.3
249.0........ T63

T7 414 60 276 40 55 8.0 72 10.5
296.0........ T4(f) 138 20 207 30 66 9.5 70 10.1

T6 179 26 221 32 69 10 70 10.1
T7 138 20 207 30 63 9 70 10.1

308.0........ F 117 17 152 22 90 13
319.0........ F 131 19 165 24

T6 186 27
324.0........ F

T5
T62

332.0........ T5 77 11.2
333.0........ F 131 19 186 27 100 14.5

T5 172 25 186 27 83 12
T6 207 30 228 33 103 15
T7 193 28 193 28 83 12

336.0........ T551 193 28 193 28 93 13.5
T65 296 43 248 36

356.0........ F
T51
T6 186 27 207 30 90 13 72 10.5
T7 165 24 172 25 76 11 72 10.5

A356.0 ......T61 221 32 193 28 90 13 72 10.5
357.0 ........ F

T51
T6 303 44 241 35 90 13

A357.0 ...... T6 296 43 241 35 103 15
359.0........ T62 110 16
A39O.0 ...... F 82 11.9

T5
T6 414 60 117 17
T7 359 52 100 14.5

443.0........ F 62 9 110 16 55 8 71 10.3
A444.0 ...... F

T4 76 11 110 16 55 8
513.0........ F 117 17 152 22 69 10
711.0........ F 76 11 76 11.0
850.0........T5 76 11 103 15 62 9 71 10.3
851.0........ T5 76 11 97 14 62 9 71 10.3
852.0........T5 159 23 148 21 76 11 71 10.3

(a) Tension and hardness values determined by tests on standard 13-mm (112-in.) diam test specimens. without surface
machining, each cast in permanent mold. (b) Offset: 0.2%. (c) 500-kg (1l02-lb) load on lO-mm (0.4-in.) ball. (d)
Endurance limits based on 500 million cycles of completely reversed stresses using rotating beam-type machine and
specimen. (e) Average of tension and compression moduli; compression modulus is about 2% greater than tension
modulus. (f) Properties of T4 approach those of T6 after standing for several weeks at room temperature. (g) Tests
made approximately 30 days after casting.
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Table 6. typical Mechanical Properties of Aluminum Ole Casting A1loys(a)
These nominal properties are useful for comparing alloys, but they should not be used for dellgn purposes.
Properties for design mustbe obtained from appropriate material specifications, design standards, or by
negotiation with the producer.

Tensile Tensile yield Elongation

r;;.;:-"gfh~ r-sfrengfh(b)-, In 50 mm (2 In.), Hardness(c),
AA No. Temper MPa IeII "10 IHN
360.0 ....... F 324 47 172 25 3.0 75
A360.0 ...... F 317 46 165 24 5.0 75
364.0 ....... F 296 43 159 23 7.5
380.0 ....... F 331 48 165 24 3.0 80
A380.0 ...... F 324 47 159 23 4.0 75
384.0 ....... F 324 47 172 25 1.0
390.0 ....... F 279 40.5 241 35 1.0 120

T5 296 43 265 38.5 1.0
392.0 ....... F 290 42 262 38 <0.5
413.0 ....... F 296 43 145 21 2.5 80
A413.0 ...... F 241 35 110 16 3.5 80
443.0 ....... F 228 33 110 16 9.0 50
513.0 ....... F 276 40 152 22 10.0
515.0 ....... F 283 41 10.0
518.0 ....... F 310 45 186 27 8.0 80

(continued)

to copper, subsequently replaced 12 alloy and were themselves later re
placed by alloys 113 and C1l3 (Cl13 is now 213). Today, none of these
five alloys is popular. Copper additions to aluminum-silicon alloys such
as 319 and 333 provide moderate tensile properties, a lower specific grav
ity, and superior casting characteristics. Typical mechanical properties of
most of the sand, permanent mold, and die casting alloys are supplied in
Tables 4, 5, and 6, respectively.

A significant expansion of the use of aluminum castings occurred with
the development of the heat treatable aluminum-copper alloy 295. This
development afforded significantly higher mechanical properties than were
available in previous alloys. Later, another variation of this 4.5% copper
alloy was developed for use in permanent mold casting. Alloy 296 (for
merly B195) contained 0.5% silicon, which improves resistance to hot
cracking. Both 295 and 296 alloys are infrequently used today, having
been replaced almost completely by alloys 355 and 356, which have sim
ilar mechanical properties, but lower specific gravities, better corrosion
resistance (Ref 6), and superior casting characteristics.

The higher copper alloy 222, containing 10% copper, was developed
for production of pistons for internal combustion engines. However, it
has been replaced in this application by alloys 332, 336, and 339, and
to a lesser extent by alloys 242 and A242. The special-purpose alloy 238
is used almost exclusively to cast soleplates for electric hand irons. This
alloy has the required high hardness at elevated temperatures. Alloys 240,
242, A242, and 243 also have high strength and hardness at elevated
temperatures and are used for diesel engine pistons and air-cooled cyl
inder heads for aircraft engines.

The more recently developed 201, A206, 224, and 249 alloys have
provided tensile properties significantly higher than those of any previous
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Table 6. (Continued)

Endurance Modulus of
,Shear strength, .---lImlt(d)---, ~eIaltlclty(e)-------:l

MHo. Temper MPa Icsl MPa Icsl kPa x 10' psI x 10'
360.0 ........ F 207 30 131 19 71 10.3
A36O.0 ....... F 200 29 124 18
364.0 ........ F 179 26 124 18
380.0 ........ F 214 31 145 21 71 10.3
A380.0........ F 207 30 138 20

384.0 ........ F 207 30 145 21 71 10.3
390.0 ........ F 138 20 82 11.9

T5
392.0 ........ F 234(f) 34(f) 103(f) 15(f)
413.0 ........ F 193 28 131 19 71 10.3

A413.0....... F 172 25 131 19
443.0 ........ F 145 21 117 17 71 10.3
513.0 ........ F 179 26 124 18
515.0 ........ F
518.0 ........ F 200 29 138 20

(a) Tension properties are average values determined from ASTM standard 6-mm ('I._in.) diam test specimens cast
on a cold chamber (high-pressure) die casting machine. (b) Offset: 0.2%. (c) 500-kg (l102-lb) load on lfl-mm (0.4
in.) ball. (d) Endurance limits based on 500 million cycles of completely reversed stresses using rotating beam-type
machine and specimen. (e) Average of tension and compression moduli; compression modulus is about 2% greater
than tension modulus. (f) Estimated.

aluminum casting alloys and are being used to cast premium-quality aero
space parts. All of these aluminum-copper alloys have marginal casta
bility relative to almost any of the alloys that contain larger quantities of
silicon. They have limited fluidity and require careful gating and generous
riser feeding during solidification to ensure casting soundness. In addi
tion, pressure-tight parts of intricate design are difficult to obtain, and
their resistance to hot cracking is relatively poor. They are also suscep
tible to stress-corrosion cracking in the fully hardened condition.

Tables 7, 8, and 9 list the mechanical properties of several casting
alloys at elevated and subzero temperatures and attests to the value of
copper as an alloying element to improve strength at elevated tempera
tures. Data in Tables 7, 8, and 9 also show that as the testing temper
ature for casting alloys is reduced from room temperature to - 196°C
(-320 OF), the tensile and yield strengths increase, and the elongation
values either remain unchanged or decrease slightly.

Aluminum-magnesium alloys include four essentially binary alloys
and variations of three of these alloys. Aluminum-magnesium alloys are
characterized by excellent corrosion resistance, good machinability, and
attractive appearance when anodized. In comparison with aluminum
silicon alloys, all of the aluminum-magnesium alloys require more care
in gating, properly located and sized risers, and greater chilling to pro
duce sound castings. Controlled melting and pouring practices are needed
to compensate for the greater oxidizing tendency of these alloys when
molten.

Alloy 514 is an Al-4% Mg binary alloy, normally cast in sand. Casting
characteristics of 514-type alloys are improved moderately by the addition
of zinc or silicon. Alloy 513 (4% magnesium-1.8% zinc) can be per-
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Table 7. Tensile Properties of Aluminum sand Costing Alloys at Various
Temperatures(a)
TheM nomlnal=rlle. are I118ful for comparing alloys. but they should notbe used for desIgn purposes.
PropertIes for Ign mustbe obtained from appropriate material .peclflcatlon•• design standard•• or by
negotiation with the producer.

Elongation
Test Tensile Ten.11e yield In 50 mm

r: temperature-, r strength-, r strength(b)-:l (2 In.).
MHo. Temper ·C ·F MPa kli MPa kli %
201.0....... T6(c) 24 75 448 65 379 55 8.0

150 300 379 55 359 52 6.0
205 400 248 36 228 33 9.0
260 500 152 22 131 19 19.0
315 600 69 10 62 9 39.0

201.0....... T7(c) 24 75 469 68 414 60 5.5
150 300 414 60 372 54 9.0
205 400 269 39 228 33 16.0
260 500 110 16 90 13 25.0
315 600 62 9 55 8 48.0

A201.0 ..... T7 -196 -320 614 89 517 75 8.0
-44 -112 531 77 483 70 6.0
-8 -18 510 74 462 67 6.0
24 75 496 72 448 65 6.0

150 300 400 58 359 52 6.0
205 400 165 24 124 18 25.0
260 500 97 14 69 10 32.0
315 600 55 8 41 6 51.0

222.0 ...... 0 24 75 186 27 . 138 20 1.0
100 212 179 26 131 19 1.0
150 300 172 25 117 17 1.0
205 400 152 22 97 14 1.5
260 500 117 17 76 11 3.0
315 600 55 8 31 4.5 14.0

220.0 ...... T551 24 75 283 41 276 40 0.5
100 212 269 39 262 38 0.5
150 300 248 36 241 35 1.0
205 400 165 24 117 17 2.0
260 500 117 17 76 11 6.0
315 600 59 8.5 34 5 14.0
370 700 34 5 17 2.5 30.0

224.0 ...... T7 24 75 421 61 331 48 4.0
150 300 338 49 255 37 5.0
205 400 262 38 193 28 10.0
260 500 214 31 138 20 9.0
315 600 145 21 103 15 11.0

240.0 ...... F(c) -196 -320 248 36 241 35 0.5
-44 -112 234 34 207 30 0.5
-8 -18 234 34 200 29 1.0
24 75 234 34 200 29 1.0

100 212 234 34 200 29 1.0
150 300 234 34 207 30 1.0
205 400 228 33 172 25 1.0
260 500 179 26 110 16 4.0
315 600 117 17 83 12 4.0

242.0 ...... F 24 75 214 31 207 30 <0.5
100 212 214 31 207 30 <0.5
150 300 207 30 186 27 0.5
205 400 165 24 138 20 1.5
260 500 83 12 41 6 9.0
315 600 55 8 31 4.5 14.0
370 700 38 5.5 21 3 36.0

(continued)
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Table 7. (Continued)

Elonga"on
Test Tensile Tensile yield In 50 mm

r temperature ., r-strength---, r strength(b)-, (2 In.),
AANo. Temper °C OF MPa ksl MPa ksl %

242.0 ...... 0 24 75 186 27 124 18 1.0
150 300 159 23 103 15 1.0
205 400 124 18 76 11 3.0
260 500 83 12 34 5 8.0
315 600 43 7 21 3 20.0

242.0 ...... T571 24 75 221 32 207 30 0.5
100 212 221 32 207 30 0.5
150 300 207 30 193 28 0.5
205 400 179 26 145 21 1.0
260 500 90 13 55 8 8.0
315 600 55 8 28 4 20.0
370 700 34 5 21 3 40.0

242.0 ...... T77 -196 -320 248 36 186 27 2.0
-44 -112 214 31 172 25 1.5
-8 -18 221 32 152 22 1.5
24 75 207 30 159 23 2.0

100 212 207 30 159 23 2.0
150 300 186 27 145 21 2.0
205 400 138 20 103 15 3.0
260 500 90 13 55 8 6.0
315 600 55 8 28 4 20.0
370 700 34 5 21 3 40.0

249.0 ...... T7 -196 -320 558 81 476 69 7.0
-44 -112 483 70 427 62 6.0
-8 -18 476 69 414 60 6.0
24 75 469 68 407 59 6.0

150 300 290 42 241 35 14.0
205 400 186 27 159 23 20.0

295.0 ...... T4 24 75 221 32 110 16 8.5
100 212 207 30 103 15 5.0
150 300 193 28 103 15 5.0
205 400 103 15 62 9 15.0
260 500 62 9 41 6 25.0
315 600 28 4 21 3 75.0
370 700 17 2.5 10 1.5 100.0

295.0 ...... T6 24 75 248 36 165 24 5.0
100 212 234 34 159 23 5.0
150 300 193 28 138 20 5.0
205 400 103 15 62 9 15.0
260 500 62 9 41 6 25.0
315 600 28 4 21 3 75.0
370 700 17 2.5 10 1.5 100.0

319.0 ...... F(c) -196 -320 234 34 214 31 1.0
-44 -112 207 30 179 26 1.0
-8 -18 200 29 169 24.5 1.0
24 75 186 27 124 18 2.0

319.0 ...... T5(c) -196 -320 255 37 241 35 0.5
-44 -112 234 34 207 30 1.0
-8 -18 224 32.5 203 29.5 1.0
24 75 217 31.5 200 29 1.0

319.0...... T7(c) -196 -320 276 40 234 34 1.0
-44 -112 255 37 214 31 1.0

(continued)
(a) Values are lowest properties recorded during 10,000 h at test temperatures. (b) Offset: 0.2%. (c) After 1000 h at
test temperatures.
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Table 7. (Continued)

Eiongafton
Test Tensile Tensile yield In 50 mm

r temperature "l r- strength-, r strength(b)-, (2 In.),
MHo. Temper °C of MPa ksl MPa ksl %
319.0 ...... T7(e) -8 -18 234 34 207 30 1.0

24 75 234 34 200 29 1.0
354.0 ...... T6 -196 -320 469 68 338 49 5.0

-44 -112 400 58 290 42 5.0
-8 -18 400 58 290 42 5.0
24 75 379 55 283 41 6.0

100 212 414 60 338 49 6.0
150 300 290 42 241 35 6.0
205 400 103 15 76 11 45.0
260 500 59 8.5 41 6 65.0

355.0 ...... T51 -196 -320 227 33 193 28 1.0
-44 -112 200 29 176 25.5 1.5
-8 -18 200 29 169 24.5 1.5
24 75 193 28 159 23 1.5

100 212 193 28 152 22 2.0
150 300 165 24 131 19 3.0
205 400 97 14 69 10 8.0
260 500 66 9.5 34 5 16.0
315 600 41 6 21 3 36.0
370 700 24 3.5 14 2 50.0

355.0 ...... T6 -217 -423 438 63.5 393 57 2.0
-196 -320 407 59 321 46.5 2.0
-44 -112 359 52 283 41 4.0
-8 -18
24 75 241 35 172 25 3.0

100 212 241 35 172 25 2.0
150 300 228 33 172 25 1.5
205 400 117 17 90 13 8.0
260 500 66 9.5 34 5 16.0
315 600 41 6 21 3 36.0
370 700 24 3.5 14 2 50.0

355.0 .... " n(e) -196 -320 303 44 262 38 1.5
-44 -112 279 40.5 245 35.5 2.0
-8 -18 269 39 241 25 2.0
24 75 262 38 249 36 0.5

355.0 ...... T71 -196 -320 279 40.5 234 34 1.5
-44 -112 217 31.5 207 30 1.0
-8 -18 248 36 214 31 1.5
24 75 241 35 200 29 1.5

100 212 234 34 193 28 2.0
150 300 207 30 179 26 3.0
205 400 117 17 90 13 8.0
260 500 66 9.5 34 5 16.0
315 600 41 6 21 3 36.0
370 700 24 3.5 14 2 50.0

C355.0 ..... T6 -196 -320 386 56 255 37 7.0
-44 -112 345 50 234 34 7.0
-8 -18 331 48 234 34 7.0
24 75 317 46 234 34 6.0

100 212 317 46 276 40 7.0
150 300 255 37 221 32 12.0
205 400 90 13 62 9 40.0
260 500 48 7 34 5 60.0
315 600 31 4.5 21 3 70.0

(continued)
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Table 7. (Continued)

Elongation
Test Tensile Tensile yield In 50 mm

,temperature --, r- strength-, r::: strength(b), (2 In.),
MHo. Temper "C of MPa ksl MPa ksl "I.
356.0 ...... T5(c) -196 -320 227 33 148 21.5 2.0

-44 -112 193 28 141 20.5 2.5
-8 -18 190 27.5 138 20 2.0
24 75 172 25 138 20 2.0

356.0 ...... T6 -196 -320 276 40 193 28 2.0
-44 -112 241 35 172 25 2.0
-8 -18 228 33 165 24 2.0
24 75 228 33 165 24 3.5

100 212 221 32 165 24 4.0
150 300 159 23 138 20 6.0
205 400 83 12 59 8.5 18.0
260 500 52 7.5 34 5 35.0
315 600 28 4 21 3 60.0
370 700 17 2.5 14 2 80.0

356.0 ...... T7 -196 -320 278 40 217 31.5 3.0
-44 -112 241 35 197 28.5 3.0
-8 -18 227 33 190 27.5 3.0
24 75 234 34 207 30 2.0

100 212 207 30 193 28 2.0
150 300 159 23 138 20 6.0
205 400 83 12 56 8.5 18.0
260 500 52 7.5 34 5 35.0
315 600 28 4 21 3 60.0
370 700 17 2.5 14 2 80.0

A356.0..... T6 -196 -320 372 54 248 36 10.0
-44 -112 317 46 221 32 10.0
-8 -18 296 43 214 31 10.0
24 75 283 41 207 30 10.0

100 212 262 38 228 33 12.0
150 300 145 21 117 17 20.0
205 400 83 12 59 8.5 40.0
260 500 52 7.5 34 5 55.0
315 600 28 4 21 3 70.0

A357.0..... T6 -196 -320 427 62 331 48 6.0
-44 -112 379 55 310 45 6.0
-8 -18 372 54 303 44 6.0
24 75 359 52 290 42 8.0

100 212 331 48 310 45 6.0
150 300 159 23 145 21 20.0
205 400 69 10 52 7.5 50.0
260 500 48 7 41 6

443.0 ...... F(c) -196 -320 179 26 69 10 8.0
-44 -112 152 22 62 9 11.0
-8 -18 145 21 62 9 12.0
24 75 131 19 55 8 8.0

512.0 ...... F(c) -196 -320 200 29 124 18 2.5
-44 -112 176 25.5 110 16 2.0
-8 -18 186 27 100 14.5 3.0
24 75 138 20 90 13 2.0

514.0 ...... F 24 75 172 25 83 12 9.0
100 212 165 24 83 12 9.0
150 300 152 22 83 12 7.0
205 400 124 18 83 12 9.0

(continued)
(a) Values are lowest properties recorded during 10,000 h at test temperatures. (b) Offset: 0.2%. (c) After 1000 h at
test temperatures.
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Table 7. (ContInued)

AANo. Temper
514.0 ...... F

712.0 F(c)

Test
r::lemperature.,
"C of I

260 500
315 600
370 700

24 75
79 175

120 250
180 350

Tensile
~strength .;j1

90 13
62 9
34 5

241 35
233 33.8
203 29.5
136 19.7

Tensile yield
r::::strength(b) 71
MPa Itsl

55 8
28 4
14 2

172 25
214 30.7
174 25.2
117 17

Elongation
In 50 mm

(2 In.),
0;.

12.0
17.0
35.0

9.0
3.0
2.0
6.0

(a) Values are lowest properties recorded during 10,000 h at test temperatures. (b) Offset: 0.2%. (c) After 1000 h at
test temperatures.

manent mold or high-pressure die cast in parts of simple design. Alloy
512 (0.4% magnesium-1.8% silicon) is usually sand cast, but can also
be cast in permanent mold. Another sand casting alloy is 511 (4% mag
nesium-0.5% silicon). The silicon addition reduces tensile properties
somewhat, but this is not of major importance because these alloys gen
erally are used for parts in which the major requirement is corrosion re
sistance or decorative appearance.

Alloys 535 (7% magnesium-0.2% manganese) and B535 (7% mag
nesium) are normally cast in sand. Both alloys provide high tensile prop
erties without heat treatment and are also suitable for welded assemblies.
Alloys 518 (8% magnesium) and A535 (similar to 535 but less pure) are
intended for high-pressure die casting; however, their oxidizing tendency
and limited fluidity make them relatively difficult to cast when compared
to alloys that contain silicon. Again, these alloys are used when corrosion
resistance and decorative appearance are the essential requirements.

An outstanding combination of strength, ductility, and resultant high
impact resistance is provided by 520-T4 (10% magnesium) alloy. This
alloy is cast in sand, and good grain refinement and virtually complete
removal of hydrogen and sodium are essential to attain high tensile prop
erties. Quenching in hot oil after heat treatment, or use of an interrupted
boiling water quench, is essential to provide optimum resistance to stress
corrosion cracking. After heat treatment, subsequent heating to even
moderate elevated temperatures appreciably reduces both room temper
ature tensile properties and resistance to stress-corrosion cracking. Also,
this alloy self-ages at warm ambient temperature (such as direct sunlight)
and over time, it loses ductility and resultant high impact resistance.

Aluminum-Silicon Alloys (Eutectic and Hypoeutectic). Alloys with
silicon as a major alloying ingredient are by far the most important com
mercial casting alloys, primarily because of their superior casting char
acteristics in comparison to other alloys. A wide range of physical and
mechanical properties is afforded by these alloys. Ratings of casting al
loys with respect to casting characteristics, corrosion resistance, machin
ability, and weldability are given in Tables 10, 11, and 12.

Binary aluminum-silicon alloys combine the advantages of high cor
rosion resistance, good weldability, and low specific gravity. Although
castings of these alloys are somewhat more difficult to machine than the
aluminum-copper or aluminum-magnesium alloys, all types of machining
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Table 8. Tensile Properties of Aluminum Permanent Mold casting Alloys
at Various Temperatures(a)
These nominal properties are useful for comparing alloys, but they shouldnot be used for design purposes.
Properties for design must1» obtained from appropriate material specifications, design standards, or by
negotiation with the producer.

Elongation
Test Tensile Tensile vleld In 50 mm

r temperafure-, .. strengfh--, r strengfh(b), (2 In.),
MHo. Temper °C OF MPa ksl MPa ksl %
201.0 ...... T6(c) 24 75 448 65 379 55 8.0

150 300 379 55 358 52 6.0
205 400 248 36 227 33 9.0
260 500 152 22 131 19 19.0
315 600 69 10 62 9 39.0

201.0 ...... T7(c) 24 75 469 68 414 60 5.0
150 300 414 60 372 54 9.0
205 400 267 39 227 33 16.0
260 500 110 16 90 13 25.0
315 600 62 9 55 8 48.0

A206.0..... T7 24 75 434 63 345 50 11.7
120 250 386 56 317 46 14.0
180 350 331 48 303 44 17.7

222.0 ...... T551 24 75 255 37 241 35 0.5
100 212 234 34 227 33 0.5
150 300 207 30 186 27 0.5
205 400 172 25 138 20 1.0
260 500 124 18 83 12 3.0
315 600 59 8.5 34 5 10.0
370 700 34 5 17 2.5 25.0

242.0 ...... T571 24 75 276 40 234 34 1.0
100 212 276 40 234 34 1.0
150 300 255 37 227 33 1.0
205 400 193 28 152 22 2.0
260 500 90 13 55 8 15.0
315 600 55 8 28 4 35.0
370 700 34 5 21 3 60.0

296.0 ...... T4 24 75 248 36 152 22 7.5
100 212 227 33 152 22 7.5
150 300 207 30 138 20 8.0
205 400 103 15 62 9 12.0
260 500 52 7.5 34 5 25.0
315 600 28 4 17 2.5 65.0

296.0 ...... T6 24 75 276 40 179 26 5.0
100 212 241 35 159 23 5.0
150 300 200 29 159 23 5.0
205 400 117 17 76 11 15.0
260 500 48 7 27 4 25.0
315 600 24 3.5 17 2.5 75.0
370 700 17 2.5 10 1.5 100.0

336.0 ...... T551 24 75 248 36 193 28 0.5
100 212 241 35 172 25 1.0
150 300 214 31 152 22 1.0
20 400 179 26 103 15 2.0

260 500 124 18 69 10 5.0
315 600 69 10 28 4 10.0
370 700 34 5 21 3 45.0

332.0 ...... T5 24 75 248 36 193 28 1.0
100 212 227 33 186 27 1.0

(continued)
(a) Values are lowest properties recorded during 10.000 h at test temperatures. (b)Offset: 0.2%., (c) After 1000 h at
test temperature.
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Table 8. (Continued)

Elongallon
Test Tensile Tensile yield In 50 mm

r: temperature, ,- strength--, r strength(b)-, (2 In.),
MHo. T8fY1P8I' °C OF MPa ksl MPa ksl %
332.0 ...... T5 150 300 214 31 165 24 2.0

205 400 172 25 110 16 3.0
260 500 131 19 83 12 6.0
315 600 83 12 55 8 15.0
370 700 55 8 41 6 25.0

355.0 ...... T51 -196 -320 290 42 186 27 2.0
-44 -112 276 40 169 24.5 4.0
-8 -18 245 35.5 155 22.5 3.0
24 75 207 30 165 24 2.0

100 212 193 28 165 24 3.0
150 300 157 23 138 20 4.0
205 400 103 15 69 10 19.0
260 500 65 9.5 34 5 33.0
315 600 41 6 21 3 38.0
370 700 24 3.5 14 2 60.0

355.0 ...... T6 -217 -423 489 71 420 61 2.0
-196 -320 410 59.5 365 53 3.0
-44 -112 348 50.5 314 45.5 4.0
-8 -18
24 75 290 42 186 27 4.0

100 212 276 40 186 27 5.0
150 300 221 32 172 25 10.0
205 400 131 19 90 13 20.0
260 500 65 9.5 34 5 40.0
315 600 41 6 21 3 50.0
370 700 24 3.5 14 2 60.0

355.0 ...... T61 -217 -423 483 70 365 53 2.0
-196 -320 383 55.5 338 49 3.0
-44 -112 345 50 252 36.5 6.0
-8 -18
24 75 327 47.5 241 35 5.0

355.0 ...... T62 -196 -320 427 62 324 47 3.0
-44 -112 379 55 303 44 2.0
-8 -18 372 54 296 43 3.0
24 75 310 45 276 40 1.5

355.0 ...... T71 -196 -320 365 53 276 40 3.5
-44 -112 317 46 248 36 4.0
-8 -18 310 45 245 35.5 4.5
24 75 248 36 214 31 3.0

100 212 227 33 200 29 4.0
150 300 200 29 179 26 8.0
205 400 131 19 90 13 20.0
260 500 65 9.5 34 5 40.0
315 600 42 6 21 3 50.0
370 700 24 3.5 14 2 60.0

C355.0..... T61 -196 -320 386 56 255 37 7.0
-44 -112 345 50 234 34 7.0
-8 -18 331 48 234 34 7.0
24 75 317 46 234 34 6.0

100 212 296 43 234 34 6.0
150 300 262 38 234 34 10.0
205 400 96 14 69 10 40.0
260 500 45 6.5 38 5.5 60.0

31 600 28 4 21 3 70.0
37 700 24 3.5 17 2.5 90.0

(continued)
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Table 8. (Continued)

Elongation
Test Tenane Tenalte yield In 00 mm

r temperature --, ,- strength---, r ~gth(b), (lin.).
MHo. Temper OC of MPa IeII MPa IeII ""356.0...... T6(c) -196 -320 331 48 221 32 5.0

-44 -112 276 40 193 28 5.0
-8 -18 269 39 186 27 5.0
24 75 276 40 186 27 5.0

100 212 207 30 172 25 6.0
150 300 145 21 117 17 10.0
205 400 83 12 59 8.5 30.0
260 500 52 7.5 34 5 55.0
315 600 31 4.5 21 3 70.0
370 700 17 2.5 14 2 80,0

356.0...... T7 -196 -320 300 43.5 196 28.5 6.0
-44 -112 241 35 172 25 9.0
-8 -18 234 34 172 25 9.0
24 75 221 32 165 24 6.0

100 212 186 27 158 23 10.0
150 300 145 21 117 17 20.0
205 400 83 12 59 8.5 40.0
260 500 48 7 34 5 55.0
315 600 28 4 21 3 70.0
370 700 17 2.5 14 2 80.0

A356.0 .... T61 24 75 283 41 207 30 10.0
150 300 145 21 117 17 20.0
205 400 83 12 59 8.5 40.0
260 500 52 7.5 34 5 55.0
315 600 28 4 21 3 70.0
370 700 17 2.5 14 2 80.0
24 75 345 50 276 40 10.0

150 300 214 31 200 29 11.0
205 400 83 12 62 9 29.0
260 500 42 7 41 6

(a) Values are lowest properties recorded during 10,000 h at test temperatures. (b) Offset: 0.2%. (c) After 1000 h at
test temperature.

operations are routinely accomplished, usually using tungsten carbide tools
and appropriate coolants and lubricants. Also, recently developed poly
crystalline diamond tools are proving to have a very long service life
when applied to alloys of the aluminum-silicon family.

Alloy 443 (5.3% silicon) may be used with all casting processes for
parts in which good ductility, good corrosion resistance. and pressure
tightness are more important than strength. For die casting, alloys 413
and A413 (12% silicon) also have good corrosion resistance but are su
perior to alloy 443 in terms of castability and pressure tightness. Alloy
A444 (7% silicon-O.2% iron, maximum) also has good corrosion resis
tance and has especially high ductility when cast in permanent mold and
heat treated to a T4 condition. This alloy is used when impact resistance
is a primary consideration.

Alloys 413, 443, and 444 are the important binary aluminum-silicon
alloys. Another group of aluminum-silicon alloys, however, represent the
workhorse aluminum foundry alloys. In this group, silicon provides good
casting characteristics and copper imparts moderately high strength and
improved machinability, at the expense of somewhat reduced ductility
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Table 9. Tensile Properties of Aluminum Die Casting Alloys at Various
Temperatures(a)
These nomlnal::;opertles are useful for comparing alloys, but they shouldnot be usec:l for design purposes.
Properties for eslgn mustbe obtained from appropriate material specifications, desIgn standards, or by
negotiation with the producer.

Elongation
Test Tensile Tensile yield In 50 mm

,temperature-, r- strength--, , strength(b)"" (2 In.),
AANo. Temper °C OF MPa ksl MPa ksl Of.
360.0 ....... F -44 -112 334 48.5 186 27 4.0

-8 -18 327 47.5 193 28 4.0
24 75 324 47 172 25 3.0

100 212 303 44 172 25 2.0
149 300 241 35 165 24 4.0
205 400 152 22 96 14 8.0
260 500 83 12 52 7.5 20.0
315 600 48 7 31 4.5 35.0
370 700 31 4.5 21 3 40.0

A360.0...... F 24 75 317 46 165 24 5.0
100 212 296 43 165 24 3.0
150 300 234 34 159 23 5.0
205 400 145 21 90 13 14.0
260 500 76 11 45 6.5 30.0
315 600 45 6.5 28 4 45.0
370 700 28 4 17 2.5 45.0

380.0 ....... F(c) -196 -320 407 59 207 30 2.5
-44 -112 338 49 165 24 2.5
-8 -18 338 49 165 24 3.0
24 75 331 48 165 24 3.0

100 212 310 45 165 24 4.0
150 300 234 34 83 22 5.0
205 400 165 24 110 16 8.0
260 500 90 13 55 8 20.0
315 600 42 7 28 4 30.0
370 700 28 4 17 2.5 35.0

A380.0...... F 24 75 324 47 159 23 4.0
100 212 303 44 159 23 5.0
150 300 227 33 145 21 10.0
205 400 159 23 103 15 15.0
260 500 83 12 48 7 30.0
315 600 41 6 28 4 45.0
370 700 28 4 17 2.5 45.0

384.0 ....... F 24 75 324 47 172 25 1.0
100 212 317 46 172 25 1.0
150 300 262 38 165 24 2.0
205 400 179 26 124 18 6.0
260 500 96 14 62 9 25.0
315 600 48 7 28 4 45.0
370 700 31 4.5 17 2.5 45.0

413.0 ....... F -196 -320 372 54 179 26 4.0
-44 -112 324 47 162 23.5 5.0
-8 -18 321 46.5 159 23 5.5
24 75 296 43 145 21 2.5

100 212 255 37 138 20 5.0
150 300 221 32 131 19 8.0
205 400 165 24 103 15 15.0
260 500 90 13 62 9 30.0
315 600 14 7 31 4.5 35.0
370 700 31 4.5 17 2.5 40.0

443.0 ...... F -196 -320 310 45 131 18 14.0
-44 -112 241 35 110 16 12.0
-8 -18 241 35 110 16 13.0

(continued)
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Table 9. (Continued)

Elongation
Test Tensile Tensile yield In 50 mm

MNo. Temper
,temperature:! r- strength --, r strength(b)' (2 In.),
-e OF MPa ksl MPa ksl %

443.0 ...... F 24 75 227 33 110 16 9.0
100 212 193 28 110 16 9.0
150 300 152 22 103 15 10.0
205 400 110 16 83 12 25.0
260 500 62 9 41 6 30.0
315 600 34 5 24 3.5 35.0
370 700 24 3.5 17 2.5 35.0

518.0...... F -44 -112 352 51 145 21 14.0
-8 -18 345 50 196 28.5 10.0
24 75 310 45 186 27 8.0

100 212 276 40 172 25 8.0
150 300 221 32 145 21 25.0
205 400 145 21 103 15 40.0
260 500 90 13 62 9 45.0
315 600 59 8.5 31 4.5 45.0
370 700 34 5 17 2.5 45.0

(a) Values are lowest properties recorded during 10,000 h at test temperatures. (b) Offset: 0.2%. (c) After 1000 h at
test temperatures.

and lower corrosion resistance. Alloy 319 (6% silicon-3.5% copper) is a
preferred general-purpose alloy for sand foundries that also may be used
in permanent mold casting; 380 alloy (8.5% silicon-3.5% copper) is pre
ferred for die casting. Alloy 333 (9.0% silicon, 3.5% copper) was de
veloped for permanent mold casting and is recommended for general per
manent mold use. Many castings of these general-purpose alloys are
supplied only in the as-cast temper. Some castings are heat treated to the
T5 temper to improve hardness, machinability, and growth stability. The
strength of 319 and 333 alloys can also be substantially improved by the
full T6 heat treatment. Actually, 380 alloy, as well as some other die
casting alloys, could benefit by a full T6 or T7 heat treatment. The nature
of conventional die casting is such that they tend to blister during solution
heat treatment, so such tempers are not applied to the alloys. Other alu
minum-silicon-copper die casting alloys include 308, 333, 383, and 384,
with variations of all of these alloys containing up to 3% zinc and other
impurity elements. Ratings of permanent mold and die casting alloys with
regard to castability, corrosion resistance, machinability, and weldability
are given in Tables 11 and 12.

Another group of aluminum-silicon alloys are those hardened by Mg-Si
(magnesium silicide). The most popular of these is 356 alloy (7% silicon
0.3% magnesium) and the higher purity A356. The entire aluminum
silicon-magnesium silicide group of alloys has excellent casting charac
teristics, weldability, pressure tightness, and corrosion resistance. These
alloys are heat treatable to provide various combinations of tensile and
physical properties that are attractive for many applications, including
aircraft and automotive parts. Alloy 357 is similar to 356 but has a higher
magnesium content (0.5%) and can be heat treated to a higher strength
level.

Alloys A356 and A357 are higher purity versions of 356 and 357, and
A357 also contains a small amount of beryllium. Both alloys are capable
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Table 10. Ratings of Aluminum sand casting Alloys With Regard to
casfablllty, Corrosion Resistance, Machinability, and Weidablllty(a)

Resistance
to hoi

AANo. cracklng(b)
201.0 .4
208.0 2
213.0 3
222.0 4
240.0 .4

242.0 4
A242.0 4
295.0 .4
319.0 2
354.0 1

355.0 1
A356.0 1
357.0 1
359.0 1
A390.0 3

A443.0 1
444.0 1
511.0 4
512.0 3
514.0 4

520.0 2
535.0 4
A535.0 4
B535.0 4
705.0 5

707.0 5
710.0 5
711.0 5
712.0 .4
713.0 4

771.0 4
772.0 4
850.0 4
851.0 4
852.0 4

Pressure
IIghtnels

3
2
3
4
4

3
4
4
2
1

1
1
1
1
3

1
1
5
4
5

5
5
5
5
4

4
3
4
4
4

4
4
4
4
4

Fluldlty(c)
3
2
2
3
3

4
3
4
2
1

1
1
1
1
3

1
1
4
4
4

4
4
4
4
4

4
4
5
3
3

3
3
4
4
4

Shrinkage
tenclency(d)

4
2
3
4
4

4
4
3
2
1

1
1
1
1
3

1
1
5
4
5

5
5
4
4
4

4
4
4
3
4

3
3
4
4
4

ResIstance
to

corrosIon(e)
4
4
4
4
4

4
4
3
3
3

3
2
2
2
2

2
2
1
1
1

1
1
1
1
2

2
2
3
3
2

2
2
3
3
3

Machin·
ablllty(t)

1
3
2
1
3

2
2
2
3
3

3
3
3
3
4

4
4
1
2
1

Weld·
abillty(g)

2
3
2
3
4

3
3
2
2
2

2
2
2
1
2

4
1
4
4
4

5
3
4
4
4

4
4
3
4
3

4
4
4

(a) For ratings of characteristics, I is the best and 5 is the poorest of the alloys listed. Individual alloys may have
different ratings for other casting processes. (b) Ability of alloy to withstand stresses from contraction while cooling
through hot-short or brittle temperature range. (c) Ability of molten alloy to flow readily in mold and fill thin sections.
(d) Decrease in volume accompanying freezing of alloy and measure of amount of compensating feed metal required
in form of risers. (e) Based on resistance of alloy in standard salt spray test. (I) Composite rating, based on ease of
cutting, chip characteristics, quality of finish, and tool life. In the case of heat treatable alloys, rating is based on T6
temper. Other tempers, particularly the annealed temper, may have lower ratings. (g) Based on ability of material to
be fusion welded with filler rod of same alloy.

of much higher ductility than their lower purity counterparts. Alloys A356
and A357 are among the premium-quality sand and permanent mold cast
ing alloys specified for military and aircraft applications.

Other alloys of the aluminum-silicon-magnesium silicide group are 359
(9% silicon-0.6% magnesium), and the die casting alloys 360 (10.5%
silicon-0.5% magnesium), A360 (lower iron than 360), and 364 (8.5%
silicon-0.3% magnesium-O,4% chromium-0.03% beryllium) that provide
a combination of high strength and ductility with good casting charac-
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Table 11. Ratln~of Aluminum Permanent Mold Castln~ Alloys
With R:?card to stability, Corrosion Resistance, Mach nablllty,
and We dablllty(a)

Resistance Resistance
10 hot Pressure Shrinkage 10 Machin· Weld.

MNo. cracklng(b) nghlne.. Fluldlty(c) tendency(d) corraslon(e) abillty(f) ablllty(g)

201.0 ......... 4 3 3 4 4 1 2
213.0 ......... 3 3 2 3 4 2 2
222.0 ......... 4 4 3 4 4 1 3
238.0 ......... 2 3 2 2 4 2 3
240.0 ......... 4 4 3 4 4 3 4

296.0 ......... 4 3 4 3 4 3 4
308.0 ......... 2 2 2 2 4 3 3
319.0 ......... 2 2 2 2 3 3 2
332.0 ......... 1 2 1 2 3 4 2
333.0 ......... 1 1 2 2 3 3 3

336.0 ......... 1 2 2 3 3 4 2
354.0 ......... 1 1 1 1 3 3 2
355.0 ......... 1 1 1 2 3 3 2
C355.0 ........ 1 1 1 2 3 3 2
356.0 ......... 1 1 1 1 2 3 2

A356.0 ........ 1 1 1 1 2 3 2
357.0 ......... 1 1 1 1 2 3 2
A357.0 ........ 1 1 1 1 2 3 2
359.0 ......... 1 1 1 1 2 3 1
A390.0 ........ 2 2 2 3 2 4 2

443.0 ......... 1 1 2 1 2 5 1
A444.0 ........ 1 1 1 1 2 3 1
512.0 ......... 3 4 4 4 1 2 4
513.0 ......... 4 5 4 4 1 1 5
711.0 ......... 5 4 5 4 3 1 3

771.0 ......... 4 4 3 3 2 1
772.0 . . . . . . . . . 4 4 3 3 2 1
850.0 ......... 4 4 4 4 3 1 4
851.0 ......... 4 4 4 4 3 1 4
852.0 . . . . . . . . . 4 4 4 4 3 1 4

(a) For ratings of characteristics, I is the best and 5 is the poorest of the alloys listed. Individual alloys may have
different ratings for other casting processes. (b) Ability of alloy to withstand stresses from contraction while cooling
through hot-short or brittle temperature range. (c) Ability of molten alloy to flow readily in mold and fill thin sections.
(d) Decrease in volume accompanying freezing of alloy and measure of amount of compensating feed metal required
in form of risers. (e) Based on resistance of alloy in standard salt spray test. (f) Composite rating, based on ease of
cutting, chip characteristics, quality of finish, and tool life. In the case of heat treatable alloys, rating is based on T6
temper. Other tempers, particularly the annealed temper, may have lower ratings. (g) Based on ability of material to
be fusion welded with filler rod of same alloy.

teristics. Corrosion resistance of all of these alloys is superior to the
general-purpose 319 and 380 alloys previously mentioned.

Another group of alloys in the aluminum-silicon system are those that
contain both magnesium and copper. The combination of magnesium and
copper affords greater response to heat treatment than either element alone;
however, the higher strength achieved is accomplished with some sac
rifice in ductility and corrosion resistance. Representative sand and per
manent mold alloys of this group are 355 (5% silicon-l.3% copper-0.5%
magnesium) and a higher tensile property version of the same alloy, C355
(another premium-quality casting alloy). Products such as tank engine
cooling fans and high-speed rotating parts and impellers are made of C355
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Table 12. Ratings of Aluminum Die Casting Alloys With Regard to
castablllty, Corrosion Resistance, and Machinablllty(a)

Resistance
fa hot

AA No. cracklng(b)
360.0 1
A360.0 1
364.0 2
380.0 2
A380.0 2

384.0 2
390.0 2
413.0 1
C443.0 2
515.0 4
518.0 5

Pressure
tightness

1
1
2
1
2

2
2
2
3
5
5

Fluldlty(c)
2
2
1
2
2

1
2
1
3
5
5

ResIstance
fa

corroslon(d)
2
2
3
5
4

3
2
2
2
1
1

Machin
ablllty(e)

3
3
4
3
3

3
4
4
5
2
1

Weld·
ablllty(t)

4
4
3
4
4

4
2
4
4
4
4

(a) For ratings, I is the best and 5 is the poorest of the alloys listed. Individual alloys may have different ratings for
other casting processes. (b) Ability of alloy to withstand stresses from contraction while cooling through hot-short or
brittle temperature range. (c) Ability of liquid alloy to flow readily in mold and fill thin sections. (d) Based on
resistance of alloy in standard salt spray test. (e) Composite rating based on ease of cutting, chip characteristics,
quality of finish, and tool life. (D Based on ability of material to be fusion welded with filler rod of same alloy.

alloy. When premium-strength casting principles are used, even higher
tensile properties can be obtained with heat treated 354 alloy (9% silicon
1.8% copper-0.5% magnesium).

Pistons for automotive internal combustion engines are permanent mold
cast of 332 alloy (9.5% silicon-3% copper-I % magnesium). Diesel en
gines and higher output engines often require the higher silicon 336 alloy
that also contains nickel (12% silicon-2.5% nickel-I % copper-I % mag
nesium). This alloy has improved elevated-temperature properties, a lower
expansion coefficient, and it provides improved wear resistance. It is
common practice to age pistons to a T5 temper or a variation of T5, such
as T551, to increase hardness, improve machinability, and provide growth
stability.

When sand or permanent mold casting the aluminum-silicon alloys, it
is often necessary to modify the eutectic to improve strength, ductility,
pressure tightness, and machinability. Modification has traditionally been
accomplished by adding a small amount of sodium (0.001 to 0.003%) to
the melt; however, other additives are now used and are described later
in this chapter.

Hypereutectic aluminum-silicon alloys (alloys with greater than 12%
silicon) have outstanding wear resistance, a lower thermal expansion
coefficient, and very good casting characteristics. Such alloys have tra
ditionally received only limited attention and use because the presence of
the extremely hard primary silicon phase reduces tool life during ma
chining. Also, the special foundry characteristics and requirements of this
alloy system, needed to properly control microstructure and casting
soundness, are not nearly as well understood as are the characteristics of
conventional hypoeutectic alloys.

Hypereutectic aluminum-silicon alloys have been used in Europe
for heavy-duty internal combustion engine pistons and similar high
temperature applications for many years, In the United States, alloys such
as 393 (22% silicon-2.3% nickel-1.3% copper-I % magnesium-O.l % van-
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adium) have been used in similar applications for years.
In the early 1970's, the first all-aluminum engine block without iron

liners or electroplating on the cylinder bores was die cast using 390 alloy.
Since that time, the engines for five premium automobiles in Europe have
been designed and manufactured using 390 alloy and the same bare-bore
technology. The outstanding wear characteristics and strength of 390 al
loy (17% silicon-4.5% copper-0.5% magnesium) have caused a rapid
growth in its use. Today, 390 alloy is used extensively in small engines
(such as for chain saws), computer disc spacers, pistons for air condi
tioning compressors, air compressor bodies, master brake cylinders, and
pumps and other components in automatic transmissions.

The hypereutectic aluminum-silicon alloys have outstanding fluidity and
excellent machinability in terms of surface finish and chip characteristics.
Also, the recent introduction of polycrystalline diamond cutting tools have
done much to alleviate previous problems of poor tool life when these
alloys are machined. To guarantee the best machinability, mechanical
properties, and performance of parts cast from hypereutectic aluminum
silicon alloys, the melt must be treated to control primary silicon size.
This treatment, termed refinement, is accomplished by adding a few hun
dredths of a percent phosphorus to the melt. Phosphorus from this ad
dition nucleates the primary silicon particles during solidification. Prop
erly refined primary silicon is only 8 to 10% the size of unrefined silicon.
When hypereutectic aluminum-silicon alloys are conventionally high
pressure die cast, refinement is not needed; rapid solidification and tur
bulence result in a fine structure even when the melt is not treated with
phosphorus. Removal of sodium by fluxing is essential prior to the phos
phorus addition, because sodium forms sodium phosphide. In this com
pound, phosphorus loses its nucleating effect on the primary silicon.

Aluminum-zinc alloys also present special desirable characteristics as
well as some difficulties in casting. Generally, these alloys have good
machinability and high melting points (solidus temperatures), making them
suitable for castings that are to be assembled by brazing. Aluminum-zinc
alloys age at room temperature to moderately high strengths in a relatively
short period of time. While all of these alloys can be sand cast, carefully
designed gating is required to provide the directional solidification and
feeding needed to produce sound castings. Permanent mold casting of
these alloys is more difficult, because hot cracking is likely to be en
countered in all but the simplest shapes.

The tensile properties of the aluminum-zinc-magnesium alloys in the
as-cast (F temper) condition change rapidly during the first few weeks of
room temperature aging, because of natural precipitation hardening. Ad
ditional hardening continues thereafter at a progressively slower rate. Heat
treatments of the T6 and T7 type may be applied to alloys of this type.
Aluminum-zinc alloys self-age to a reasonable strength level without a
solution heat treatment, making them useful for castings with shapes that
are difficult to solution heat treat and quench without cracking or distortion.

Aluminum-Tin Alloys. The tin-containing alloys were developed for
bearings and bushings with high load-carrying capacity and fatigue strength.
Corrosion resistance by internal combustion engine lubricating oils is an
important consideration in such applications. Aluminum-tin alloys pro
vide superior corrosion characteristics in comparison to most other metals
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for bearing composition. All four alloys of this family can be cast in both
sand and permanent mold. However, careful control of gating and other
casting practices are necessary to produce sound castings and to overcome
a marked susceptibility to hot cracking.

Castings of the 850-type normally are heat treated to the T5 temper to
increase compressive strength. Some T5 castings are then cold worked,
reducing the axial dimensions 4% (TI01 temper), providing a substantial
increase in compressive yield strength. Alloys 850 and 851 are primarily
used for connecting rods and crankcase bearings for diesel engines. Al
loys 852 and 853 have higher compressive yield strengths and hardnesses
and are used for truck roller bearings, large rolling mill bearings, and
other bearings and bushings that are made to be heavily loaded.

MINOR ALLOYING AND IMPURITY ELEMENTS
-

Silicon. A low maximum silicon content is specified in some alloys of
the aluminum-magnesium and aluminum-zinc-magnesium groups be
cause silicon in these systems has a deleterious effect on tensile properties.

Iron is restricted to a maximum of 0.8 or 1% in most commercial sand
and permanent mold casting alloys because higher contents impair feed
ing ability and mechanical properties (especially ductility). In the alu
minum-magnesium alloys, iron limits in the range of 0.25 to 0.5% are
imposed to permit attainment of specified tensile properties.

A maximum of 0.2% iron is stipulated for premium-strength aluminum
silicon-magnesium or aluminum-silicon-magnesium-copper alloys (see
Table 2) to allow attainment of the required ductility and toughness. Iron
combines with other elements in the alloys to form insoluble embrittling
constituents that act as severe stress risers and, therefore, must be kept
at an absolute minimum in applications requiring high ductility.

An iron content of 1% or more is considered desirable for die casting
alloys to minimize die soldering. Aluminum has a natural affinity for iron
and attacks and dissolves die steel, a condition commonly referred to as
soldering. An iron content of approximately 1% or more minimizes the
tendency of aluminum die casting alloys to solder to the steel die. The
ternary aluminum-iron-silicon eutectic exists at approximately 0.8% iron.
With 1% or more iron in the alloy, there is no significant driving force
for the molten alloy to further dissolve steel dies.

Beryllium. Addition of a few thousandths of a percent beryllium often
is used to increase the resistance of aluminum-magnesium alloy melts to
oxidation. Also, adding a few hundredths of a percent beryllium to an
aluminum-silicon-magnesium alloy somewhat alters the morphology of
the iron phases and, therefore, improves its ductility. However, broad
industry practice carefully restricts the use of beryllium for hygenic rea
sons. Welding restrictions may apply to some alloys containing beryllium
because of tight atmospheric restrictions for beryllium fumes.

Chromium and manganese are sometimes introduced individually or
together, in quantities generally of less than 1%, to improve the elevated
temperature properties of 240,243,328, and 392 alloys. Also, chromium
and/or manganese are added to such alloys as 363, 535, 705, and 707
to alter the morphology of the aluminum-iron-silicon constituent, thereby
improving mechanical properties, especially ductility, at room temperature.

Nickel. Introduction of up to 2.5% nickel increases the ability of an
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alloy to resist the effects of exposure to elevated temperatures. The 1%
nickel in 339 alloy, and the 2.0%+ nickel in 336, 242, A242, and 243
alloys, are examples where nickel imparts high tensile properties at ele
vated exposure temperatures.

Titanium, Boron, and Zirconium. Small additions of titanium are
made to most sand and permanent mold casting alloys to refine the pri
mary aluminum grain structure. Boron, in amounts of a few thousandths
of a percent, is frequently added together with titanium to improve the
degree of grain refinement and to increase retention of refinement during
repeated remelting. Zirconium is also a grain refiner, but larger quantities
are needed to achieve the same effect as titanium or titanium-boron.

Sodium, Calcium, Strontium, and Antimony. Each of these ele
ments is employed to alter the form of the aluminum-silicon eutectic in
alloys containing from 5 to 11% silicon. In the absence of modification,
the eutectic is characterized by rather coarse needles or plates. As with
any microstructure of this type, mechanical properties in general, and
ductility as measured by percent of elongation in particular, are not as
high as with a small rounded constituent.

By means of modification, the aluminum-silicon constituent can be
changed from needles and plates to a fine spherical shape with improve
ments in casting characteristics and mechanical properties. This is nor
mally accomplished by adding either sodium, strontium, or other modi
fiers to the alloy.

Sodium generally is added as the elemental metal. The most convenient
method is the addition of prepackaged metallic sodium in aluminum cans.
From 0.001 to 0.003% sodium is sufficient to achieve modification, de
pending on silicon content and whether the casting is sand or permanent
mold. It usually is necessary, even under the most careful conditions of
addition, to add several times the amount of sodium desired.

In adding strontium, either aluminum-strontium or aluminum-silicon
strontium master alloys are used. Strontium additions generally range from
0.01 to 0.03%.

There is a difference in behavior between sodium and strontium after
addition. Both elements are lost continuously during holding of the melt,
although sodium is lost more rapidly. Loss of modification occurs directly
with the loss of sodium. For strontium, the degree of modification in
creases with holding time for several hours, after which acceptable levels
of modification are retained until strontium is reduced to very low levels.
Care should be taken not to add excess sodium or strontium, because
overmodification may occur. This condition is not normal and generally
requires additions greatly in excess of those recommended before occur
rence. The concurrent use of sodium and strontium for immediate and
retained modification is permissible and in some cases desirable.

Antimony changes the microstructure of aluminum-silicon to a lamellar
eutectic with the advantages of conventional modification. The use of
antimony has not been widely accepted as a result of hygiene and toxi
cological concerns; however, the effect of antimony on metallurgical
structures is essentially permanent in comparison with the transient effects
of either sodium or strontium.

Calcium and a number of less important chemical elements are rec
ognized as modifiers of aluminum-silicon structures; however, modifi-
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cation is neither as effective nor as reliable as in the use of the more
widely accepted elements described above.

Bismuth, Lead, and Tin. Elements such as bismuth or lead form small
insoluble globules in a casting microstructure and act as chip breakers
that reduce the lengths of chips during machining. If present in sufficient
quantities (generally 0.5% each), lead and bismuth have been shown to
permit increased machining speeds and reduce the need for cutting fluids.
Tin similarly is credited with improving machinability of aluminum cast
ing alloys, but its major purpose is to improve bearing properties as pre
viously described for the 8XX alloys.

Phosphorus. The advantage of adding 0.01 to 0.03% phosphorus in re
fining primary silicon particles was described relative to the hypereutectic
aluminum-silicon alloys, which contain more than 12% silicon. Phos
phorus combines with aluminum in a melt to form insoluble aluminum
phosphide particles that, because of their close crystallographic similar
ity to silicon, act as suitable nuclei for the primary silicon phase. Both
aluminum-phosphide and silicon have a diamond cubic crystal habit and
a similar lattice constant (silicon, 0.543 nm or 5.43 A; aluminum
phosphorus, 0.545 nm or 5.45 A). Phosphorus and sodium tend to in
teract when both are present in a melt. One sometimes renders the other
ineffective. For hypereutectic alloys, sodium should be at low levels to
obtain refinement of the silicon phase by phosphorus. Similarly for hy
poeutectic alloys, phosphorus must be at a low level to obtain sodium
modification.

ALLOY DEVELOPMENT
Several hundred aluminum casting alloys have been developed in the

past half century. Many of them are now obsolete after various degrees
of commercial utilization. Also, many other specific alloys that are not
discussed in this chapter are used in limited quantities or are supplied to
meet the specification of individual companies. To all of these can be
added yet an additional number of alloys that are currently in the devel
opmental or experimental stage.

The need will always exist for alloys having properties or character
istics required only in very special applications. The number of alloys in
commercial use, however, should periodically be reduced through the
concerted efforts of casting producers and casting purchasers and the sup
pliers of foundry ingot, affording economic advantages to all concerned.

REFERENCES
1. Registration Record of Aluminum Association Alloy Designation and Chem

ical Composition Limits for Aluminum Alloys in the Form of Castings and
Ingot, The Aluminum Association, Washington, DC, Aug 1982

2. 1982 Annual Book of ASTM Standards, Part 7, (B275), American Society
for Testing and Materials, Philadelphia, 1982

3. SAE Handbook 1980, Section 11.08, Society of Automotive Engineers, War
rendale, PA, 1980

4. W.E. Sicha, Aluminum Base Casting Alloys, in Cast Metals Handbook,
American Foundrymen' s Society, 1957, P 254-259

5. R.S. Archer, Commercial Alloys of Aluminum, in The Aluminum Industry,
Vol 22, New York: McGraw-Hill Book Co., 1930, P 192-231

6. E.H. Dix, Jr., Corrosion of Light Metals, in Corrosion of Metals, American
Society for Metals, 1946, p 131-177

7. J.W. Meier, Research on Premium-Quality Castings in Light Alloys, Trans
actions, American Foundrymen's Society, Vol 73, 1965, P 525-540



CHAPTER 9

PROPERTIES OF COMMERCIAL
WROUGHT ALLOYS*

The designation "wrought" indicates that certain aluminum alloys are
available primarily in the form of worked products, such as sheet, foil,
plate, extrusions, tube, forgings, rod, bar, and wire. Working operations
and thermal treatments transform the cast ingot structure into a wrought
structure that may range from fully recrystallized to fibrous, as may be
characteristic for the alloy and product. Structure influences strength, cor
rosion resistance, and various other properties.

In this chapter, wrought alloys are first considered according to method
of obtaining mechanical properties (heat treated or non-heat treated), and
then by end use or application. There is some degree of cross-referencing;
the reader, for example, of the section on alclad products may wish to
refer back to the appropriate alloy section to read more about the core or
cladding alloy.

ALLOY AND TEMPER DESIGNATIONS
Under the guidance of the Aluminum Association (AA), the major alu

minum producers in the United States have agreed on a four-digit nu
merical system for designating wrought aluminum and aluminum alloys.
The first of the four digits in the designation indicates the alloy group as
follows:

Deslgna"on Major alloying element
IXXX None(a)
2XXX Cu
3XXX Mn
4XXX Si
5XXX·················· Mg
6XXX Mg and Si
7XXX Zn
8XXX . . . . . . . . . . . . . . . . . . Other than above
9XXX Unused

(a) 99.00% aluminum, minimum.

In the IXXX group, the last two digits designate the minimum percent
aluminum in excess of 99.00. In the 2XXX through 8XXX alloy groups,

*This chapter was revised by a team comprised of N.W. Nielson, B.N. Peak, and J.D.
Yerger, Jr., Aloca; J. Faunce, Martin Marietta Laboratories; F.W. Gayle and D.S. Thomp
son, Reynolds Metals Co.; D.B. Kulp, Anaconda Aluminum Co.; D.M. Moore, Alcan
International Ltd; W.A. Wong, Kaiser Aluminum & Chemical Corp. The original chapter 351
was authored by J.A. Nock, Jr., Aloca Research Laboratories.
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the last two digits have no special significance, except to identify different
aluminum alloys in the group. The second digit in the designation indi
cates alloy modifications. For a more complete description of the alloy
and temper system, see ANSI specification H35.1 (Ref 1).

National variations have composition limits that are similar but not
identical to those registered by another country. They are identified by a
letter following the numerical designation. Alloys with a composition that
is still considered experimental have the letter X preceding their desig
nation.

The various wrought alloys can be most readily described by adopting
two basic classes: non-heat treatable and heat treatable alloys. Non-heat
treatable alloys include all the various grades of pure aluminum and all
other alloys in which strength is developed largely by solid solution hard
ening and by strain hardening from the annealed temper. The variety of
properties found in non-heat treatable alloys results from elements that
are present as major impurities for some alloys. For other alloys, the
elements are additions. Such elements include chromium, iron, magne
sium, manganese, silicon, and zinc. In addition, minor amounts of other
elements such as copper may be added. The non-heat treatable alloys are
in the lXXX, 3XXX, 4XXX, and 5XXX series, although a few such
alloys occur in the 7XXX and 8XXX series.

Heat treatable alloys contain one or more of the elements copper, mag
nesium, silicon, and zinc that are soluble in aluminum in considerable
amounts at elevated temperatures, but to a much smaller degree at room
temperature. This characteristic renders these alloys susceptible to heat
treatment, as described in Chapter 5 in this Volume. Manganese, chro
mium, or zirconium may be added to retard or prevent recrystallization.
The heat treatable alloys generally are found in the 2XXX, 6XXX, and
7XXX series, although a few such alloys occur in the 4XXX and 5XXX
series.

Wrought alloy products are offered for sale in a variety of conditions,
or tempers, that determine strength and other characteristics. Under the
guidance of the AA, a temper system has been developed that generally
identifies the type and sequence of mechanical and thermal operations
used to produce the temper. Each temper for any given alloy-product-size
combination has specific mechanical property limits, and some have other
designated characteristics or properties as well. A more detailed descrip
tion of the temper designation system can be found in Chapters 4 and 5
in this Volume and in ANSI specification H35.1.

Table 1 lists AA alloy designations and nominal compositions for many
standard non-heat treatable aluminum alloys. Table 2 lists standard heat
treatable alloys with nominal compositions. A complete and frequently
updated list of alloy compositions can be obtained from the AA (Ref 2
and 3). Both heat treatable and non-heat treatable alloys are available in
a wide variety of products, as illustrated below:

• Sheet: 1060, 1350, 1145, 1100, 2014, 2219, 2024, 2036, 3102, 3003,
3004,3005,3104,3105,4343,5005,5042,5050, 5052,5252, 5154,
5454,5056,5456,5457,5657,5082,5182,5083,5086, 6009, 6010,
6951,6061,7005,7016,7021,7029,7050,7072,7075, 7475, 7178,
8001, 8280, 8081
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Table 1. Composition of Some Commercial Non-Heat Treatable Wrought
Aluminum and Aluminum Alloys

I Alloying elements, wt"10 (nominal value)
Man- Mag- Chro- I Aluminum,

Alloy Silicon Copper gan... neslum mlum other minimum "10
II 99 99.99
II 80 99.80
1060 99.60
1350 99.50
II 45 99.45

1235 99.35
II 00 0.12 99.00
3102 0.22 rem
3003 0.12 1.2 rem
3004 1.2 1.0 rem

3104 0.15 1.1 1.0 rem
3005 1.2 0.40 rem
3105 0.6 0.50 rem
4043 5.2 rem
4343 7.5 rem

4643 4.1 0.20 rem
4045 10.0 rem
4145 10.0 4.0 rem
4047 12.0 rem
5005 0.8 rem

5042 0.35 3.5 rem
5050 1.4 rem
5052 2.5 0.25 rem
5252 2.5 rem
5154 3.5 0.25 rem

5454 0.8 2.7 0.12 rem
5654 3.5 0.25 0.10 Ti rem
5056 0.12 5.0 0.12 rem
5456 0.8 5.1 0.12 rem
5457 0.30 1.0 rem

5657 0.8 rem
5082 4.5 rem
5182 0.35 4.5 rem
5083 0.7 4.4 0.15 rem
5086 0.45 4.0 0.15 rem

7072 1.0 Zn rem
8001 0.6 Fe, 1.1 Ni rem
8280 1.5 1.0 0.45 Ni, 6.2 Sn rem
8081 1.0 20 Sn rem

• Plate: 1060, 1350, 1100, 2014, 2219, 2024, 2124, 3003, 3004, 3005,
5005,5050,5052,5252,5154,5454,5456,5457, 5083,5086,6951,
6061,7021,7050,7075,7475,7178,8001,8280

• Foil: 1199, 1180, 1145, 1235, 1100, 2024, 3003, 5005, 5050, 5052,
5056,7072

• Drawn tubing: 1060, 1350, 1100,2011,2014, 2219, 2024, 3102, 3003,
3004,5050,5052,5154,5454,5083,5086,6101, 6951, 6053,6061,
6262, 6063, 7005, 7075, 7178, 8001

• Extruded tube and pipe: 1060, 1350, 1100, 2011, 2014, 2219, 2024,
3003,5154,5454,5083,5086,6101,6053,6061,6262, 6063, 6066,
6070,7075,7178,8001
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Table 2. Composition of Some Commercial Heat Treatable Wrought
Aluminum Alloys

I Alloying elements, wt"lo (nominal value) ---,
Man- Mag- Chr~ Aluml-

Alloy Silicon Copper gan_ neslum mlum Zinc other num
2011 ........ ... 5.5 OAO Bi, OAO Pb rem
2014 ........ 0.8 4A 0.8 0.5 rem
2017 ........ 0.5 4.0 0.7 0.6 rem
2117 ........ ... 2.6 0.35 rem
2218 ........ ... 4.0 1.5 2.0 Ni rem

2618 ........ 0.18 2.3 1.6 1.1 Fe, 1.0 Ni, 0.07 Ti rem
2219, 2419 · . ... 6.3 0.30 0.10 V, 0.18 Zr, 0.06 Ti rem
2024, 2124, ..

2224 ...... ... 4A 0.6 1.5 rem
2025 ........ 0.8 4A 0.8 rem

2036 ........ ... 2.6 0.25 OA5 rem
4032 ........ 12.2 0.9 1.0 0.9 Ni rem
6101 ........ 0.50 0.6 rem
6201 ........ 0.7 0.8 rem
6009 ........ 0.8 0.37 0.50 0.6 rem

6010 ........ 1.0 0.37 0.50 0.8 rem
6151 ........ 0.9 0.6 0.25 rem
6351 ........ 1.0 0.6 0.6 rem
6951 ........ 0.35 0.28 0.6 rem
6053 ........ 0.7 1.2 0.25 rem

6061 ........ 0.6 0.28 1.0 0.20 rem
6262 ........ 0.6 0.28 1.0 0.09 0.6 Bi, 0.6 Pb rem
6063 ........ 0A 0.7 rem
6066 ........ 1.3 1.0 0.8 1.1 rem
6070 ........ 1.3 0.28 0.7 0.8 rem

7001 ........ 2.1 3.0 0.26 7A rem
7005 ........ OA5 1.4 0.13 4.5 0.14 Zr, 0.03 Ti rem
7016 ........ 0.8 l.l 4.5 rem
7021 ........ 1.5 5.5 0.13 Zr rem
7029 ........ 0.7 1.6 4.7 rem
7049 ........ 1.6 2A 0.16 7.7 rem

7050 ........ 2.3 2.2 6.2 0.12 Zr rem
7150 ........ 2.2 2A 6.4 0.12 Zr rem
7075,7175 · . 1.6 2.5 0.23 5.6 rem
7475 ........ 1.6 2.2 0.22 5.7 rem
7076 ........ 0.6 0.50 1.6 7.5 rem
7178 ........ 2.0 2.7 0.23 6.8 rem

• Extruded shapes: 1060, 1350, 1100, 2011, 2014, 2219, 2024, 2224,
3003,5154,5454,5456,5083,5086,6006,6101,6105,6351,6053,
6061,6262,6063,6463,6066,6070, 7001, 7005, 7029, 7050, 7150,
7075, 7178, 8001

• Rolled shapes: 2014, 5456, 6101, 6061
• Bar: 1199, 1060, 1350, 1100,2011,2014,2017,2024,3003,5052,

5154,6101,6951,6061,6262,6066,7001,7075
• Wire: 1199, 1060, 1350, 1100,2011,2014,2017,2117,2219,2024,

3003,4043,4343,4643,4145,5005,5052,5154,5654, 5056, 6201,
6151,6951,6053,6061,6262,7075,7178

• Rod: 1199, 1350, 1100,2011,2014,2017,2117,2219,2024,3003,
4043,5005,5052,5154,5056,6101,6201,6951,6053,6061,6262,
6066, 7001, 7075, 7178, 8001



PROPERTIES OF COMMERCIAL WROUGHT ALLOYSj355

• Rive~: 1100,2011,2017,2117,2219,2024,3003,5052,5056,6151,
6053, 6061, 7050, 7075, 7178, 8001

• Forgings: 1100, 2011, 2014, 2017, 2218, 2618, 2219, 2024, 2124,
2025,3003,4032,5052,5456,5083,5086,6101,6151, 6053, 6061,
6066, 7049, 7050, 7075, 7175, 7076, 7178

• Impacts: 1199, 1100,2014,2618,2024,3003,3004,6151,6053,6061,
6063,6463,7075,7178, 8001

NON·HEAT TREATABLE ALLOYS
Super-Purity and Pure Aluminum. The first wrought aluminum alloy

produced was undoubtedly a grade of pure aluminum. It is reasonable to
assume that the composition was similar to present-day commercially pure
aluminum, designated 1100 alloy. Wrought products of this alloy have
been available in the United States since 1888.

The various grades of pure metal were used directly as wrought prod
ucts for specific applications in the early development of the industry. A
high grade of pure aluminum that became available early in this century,
called EC alloy, was used for electrical conductors. The pure aluminum
wrought material used today for electrical conductors is of 1350 alloy,
which has a minimum aluminum content of 99.50%. In addition to the
purity level, small amounts of boron generally are added to offset the
effects of vanadium and titanium and thereby obtain the required con
ductivity. Alloys containing up to 0.5% iron as a principal alloying ele
ment also are used for applications requiring high electrical conductivity.
The aluminum used for household and much commercial foil varies in
purity from 98.6 to 99.9% aluminum. Several high-purity grades are listed
in Tables 1 and 3.

The tensile properties of the various grades of pure aluminum do not
cover a very extensive range in strength when compared to the alloys
discussed subsequently in this chapter. The tensile strength of annealed
99.99% aluminum, as shown in Table 3, is about 45 MPa (6.5 ksi), with
a yield strengthabout 10 MPa (1.4 ksi), and elongation about 50%. Wrought

Table 3. Typical Mechanical Properties of Unalloyed Aluminum

Tensile Elonrfton
Tensile yield Hard- Shear Faftltue
strength

=gthl:J
SOmm nessW)' strength 11m (Clc.

Alloy Temper MPa ksl (2In.),% IH MPa ksl MPa 1
1199 0 45 6.5 10 1.4 50

HI8 115 16.7 110 16.0 5
1180 0 60 8.7 20 2.9 45

H18 125 18.1 115 16.7 5
1060 ... 0 70 10.2 30 4.4 43 19 50 7.2 20 2.9

H14 100 14.5 90 13.0 12 26 60 8.7 35 5.1
H18 130 18.8 125 18.1 6 35 75 10.9 45 6.5

1350 0 85 12.3 30 4.4 23(d) 55 8.0
HI4 110 16.0 95 13.8 70 10.2
H19 185 26.8 165 23.9 2.5(d) 105 15.2

1145 0 75 10.9 35 5.1 40 55 8.0
H18 145 21.0 115 16.7 5 85 12.3

(a) Yield strength, 0.2% offset. (b) 500-kg (1102-lb) load, lO-mm (O.4-in.) ball, 30 s. (c) Based on 500 million cycles
using an R.R. Moore-type rotating-beam machine. (d) Elongation in 250 mm (10 in.).



356/PROPERTIES AND PHYSICAL MOALLURGY

products of 99.99% aluminum in the 0 temper are so soft that strain
hardening can be induced even during careful milling of test coupons.
This strain hardening is reflected in a sharp increase of yield strength from
the typical 10 MPa (1.4 ksi) level. Super-purity aluminum does not re
main in the severely strain-hardened condition but partially recrystallizes
at ambient temperatures.

The various grades of pure aluminum used commercially have dis
tinctly higher strength, and stable properties are developed in the various
strain-hardened tempers. The maximum strength levels occur in 1100 al
loy wrought products. Properties of only a few grades of pure aluminum
are given in Table 3, because only minor variations in strength occur
among the various compositions with approximately the same aluminum
content. In many instances, no change in strength is found, but the control
of composition is related to other characteristics, such as electrical con
ductivity or corrosion resistance, required for a specific application.
Wrought products of commercially pure aluminum are used in virtually
all fields, with major consumption in the packaging, chemical, electrical,
and architectural fields. An important application of pure aluminum is as
cladding, to improve corrosion resistance of heat treatable alloys, or to
improve finishing characteristics of non-heat treatable alloys.

Aluminum-Magnesium Alloys. The 5XXX series alloys containing up
to 6% nominal magnesium form a useful series of solid solution alloys
(Ref 4). Strengths in the annealed temper range from about 110 MPa
(16.0 ksi) tensile strength and 40 MPa (5.8 ksi) yield strength for the Al
1% Mg alloy, to 310 MPa (45.0 ksi) tensile strength and 160 MPa (23.2
ksi) yield strength for the AI-6% Mg alloy. Elongation over this range of
magnesium exceeds 25%.

General-purpose and structural alloys containing from about 1% to slightly
over 5% magnesium are in widespread commercial use. Alloys containing
up to about 3% magnesium are structurally stable at room and elevated
temperatures, even in the hard rolled tempers, but some structural insta
bility occurs with higher magnesium contents in severely strain-hardened
tempers.

In the 1920's, limited amounts of AI-4% Mg sheet were made. No
large-scale production of aluminum-magnesium alloy wrought products
occurred until the 1930's, when alloys 5052 and 5154 were introduced,
followed by 5056. The number of aluminum-magnesium alloys has in
creased rapidly since that period, as indicated by the compositions listed
in Table 1. Actually, there are only a few general-purpose commercial
binary aluminum-magnesium alloys, such as 5005 and 5050. Alloys 5052,
5154, and 5056 are examples of alloys with small additions of dispersion
hardening elements. To improve strength or other characteristics, the ma
jority of the aluminum-magnesium alloys contain additions of chromium,
manganese, and titanium, singly or in combination, in total amounts from
about 0.25 to 1%.

The commercial aluminum-magnesium alloy with the greatest strength
is 5456, closely followed by 5083, and at a lower strength level, by 5086.
Other alloys of lesser strength are 5454, 5082, and 5182. The lowest
strength levels occur with the binary alloys, such as 5005 and 5050, as
shown in Table 4.
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Wrought products of aluminum-magnesium alloys are always available
in the 0 temper and in one or more of the basic HI, H2, or H3 tempers.
The H3 temper is in general use for strain-hardened tempers of these
alloys, because the HI temper is not stable at ambient temperatures. The
H3 temper, therefore, is used to produce stable properties with higher
elongation levels and improved forming characteristics. In a limited num
ber of alloys, the H2 temper is used for good corrosion resistance and
for improved forming characteristics, combined with strengths higher than
those available in the 0 temper.

The aluminum-magnesium alloys combine a wide range of strength,
good forming and welding characteristics, and high resistance to general
corrosion. An outstanding property is the good welding response of the
higher strength alloys when commercial shielded arc processes are used.
Weld strengths equal the annealed strengths of the various alloys, and
the welds exhibit good ductility. Alloys with magnesium contents lower
than about 3.5% are somewhat less easily welded than those with higher
magnesium contents. Alloys for welding electrodes include 5356, 5554,
and 5556. In general, the electrode filler alloys are similar to the base
alloy being welded, but they contain an addition of titanium to refine the
grain structure of the weld.

Although these alloys are classified as non-heat treatable, the amount
of magnesium soluble at the annealing temperature for alloys such as
5083, 5086, 5056, and 5456 is higher than that retained in solid solution
at room temperature. This instability attains a critical state in the presence
of severe strain hardening, followed by long storage at room temperature
or exposure to elevated temperatures, as precipitation occurs along grain
boundaries or along slip planes. Precipitation promotes intergranular at
tack and stress-corrosion cracking in corrosive media. This situation re
sulted in the development of the H1l6 temper to eliminate or minimize
instability and to use the higher strength and other qualities of these alloys
(Chapter 7 in this Volume).

The many desirable characteristics of the aluminum-magnesium alloys
prompt usage in numerous areas where strengths higher than those of pure
aluminum are required. The higher strengths and good welding qualities
make them valuable in the transportation and structural fields, in the pro
cess industries, and in military uses requiring good ballistic or cryogenic
properties.

Decorative alloys with a wide range of strengths and bright surface
finish capabilities are also characteristic of the aluminum-magnesium al
loy system. This combination of properties contributes significantly to the
extensive use of these alloys. Important examples are the use of low-iron
base alloys and appropriate treatments to develop bright, durable products
for automotive trim, architectural components, and other decorative ap
plications. The alloys used in this general field include the 5X57 alloys
and the general-purpose alloys 5005 and 5050. Impurity limitations in
many of the 5X57 alloys are a contributing factor in developing bright,
uniform finishes. The best finishes are achieved when impurities are at
the lowest level, such as in alloys 5252 and 5657.

Aluminum-Manganese and Aluminum-Manganese-Magnesium Al
loys. The first and only aluminum-manganese alloy of commercial sig-
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nificance is 3003, while 3004 is the oldest commercial aluminum
manganese-magnesium alloy in use. Alloy 3003 (Ref 5) is one of the
oldest wrought alloys, having been introduced in 1906; alloy 3004 made
its appearance in 1929. The strength of 3003 is measurably higher than
that of 1100 alloy, and 3004 is considerably stronger than 3003. Alloy
3003 is an example of a dispersion-hardened alloy, whereas 3004 com
bines the dispersion hardening of manganese with the solid solution hard
ening of magnesium. Typical properties are shown in Table 4 and nom
inal compositions in Table 1. Alloy 3003 is supplied in the HI temper,
and 3004 is supplied in the stabilized H3 temper for stability and im
proved forming qualities. Alloy 3004 is subject to age softening in the
HI temper, but 3003 remains unchanged. Alloy 3004 is remarkable for
a consistently fine grain size and general freedom from critical grain growth.
These two alloys have extremely good corrosion resistance combined with
moderate strength and are used in many of the applications previously
mentioned for pure aluminum and aluminum-magnesium alloys. The drawn
and ironed beverage can accounts for the greatest use of 3004.

Several lower strength alloys added to the aluminum-manganese
magnesium group combine in part the characteristics of the older alloys.
Thus, 3005 was introduced in 1953 and 3105 in 1960. These alloys offer
desirable combinations of strength, formability, and corrosion resistance
for application in building and specialty products.

Miscellaneous Alloys. In the non-heat treatable class, miscellaneous
alloys span a rather broad range of composition and applications. One is
8001, an aluminum-nickel-iron alloy used in atomic energy applications;
resistance to corrosive attack in water at high temperature and pressure
is the desired characteristic. Its mechanical properties resemble those of
3003.

Some aluminum-iron-manganese and aluminum-iron-manganese-zinc
alloys are produced as thin sheet and foil for applications such as fin
stock. These alloys generally exhibit ultrafine grain size. The aluminum
tin-nickel-copper alloy 8280 is used for bearings. The anti-friction qual
ities of this alloy are imparted by the tin; the other additions contribute
to its strength, which is slightly higher than that of 3003. Another bearing
alloy, 8081, was introduced in 1965. This alloy, of AI-20% Sn-l % Cu,
has bearing characteristics superior to other alloys for automotive use.
The nominal compositionsof these alloys are shown in Table 1 and strengths
in Table 4.

A number of aluminum-silicon alloys have been used for welding elec
trodes for many years. The oldest and most widely used is 4043, which
contains 5% silicon. Other 4XXX series alloys such as 4343, containing
7.5% silicon, and 4045, containing 10.5% silicon, are used as the brazing
alloy component of brazing sheet. Brazing products are discussed in greater
detail later in this chapter.

Several alloys of the 7XXX series are non-heat treatable. The most
widely known is 7072, an Al-l % Zn alloy used as the anodic coating on
the alclad version of alloys such as 2219,3003,3004,6061,7075, and
7178. Further discussion of alclad products appears later in this chapter
in the section on wrought products. Alloy 7072 is also used as a fin stock
when anodic protection of the heat exchanger tubes is required.



PROPERTIES OF COMMERCIAL WROUGHT ALLOYS/361

HEAT TREATABLE ALLOYS
Discovery of the original heat treatable alloy, an aluminum-copper

magnesium-manganese composition, was reported in the literature in 1911
(Ref 6). Since that time, the 2XXX series has developed along the fol
lowing lines.

Aluminum-Copper Wrought Alloys. The first aluminum-copper
wrought alloy developed in North America was 2025, Al-4.5% Cu (Ref
7). This alloy contains deliberate additions of silicon and manganese, but
they do not contribute as precipitation hardeners. Alloy 2025 is still used
extensively for forged airplane propellers.

Alloy 2219, Al-6.3% Cu, introduced in 1954 (Ref 8), provides all the
properties of 2025, combined with a much wider and higher range of
strength, as well as good weldability, superior resistance to stress cor
rosion, and higher elevated-temperature properties. Although it was in
troduced originally for its outstanding elevated-temperature characteris
tics, its excellent weldability and weld strength prompted other applications,
involving the use of both plate and forgings. Nominal compositions are
given in Table 2, typical properties are given in Table 5, and elevated
temperature mechanical properties are given in Tables 6, 7, and 8.

With 2219, strain hardening of the solution heat treated products ac
celerates the response to artificial aging and produces higher tensile
strengths. This type of work-artificial aging response is used for certain
aluminum-copper-magnesium alloys (Ref 9), but had not been used com
mercially for aluminum-copper alloys before the development of 2219.
This aging response of the alloy is exploited, so that artificially aged
products produced by the recommended procedures have excellent resis
tance to stress corrosion under high tensile stresses in the critical short
transverse direction. The development of 2219 is an excellent example
of a persistent pattern: characteristics not critically required for its initial
application (forged engine parts) were used in subsequent applications.
Later uses were structural applications, involving forgings, plate, sheet,
extrusion, and even rivets. Alloy 2219 is welded with filler alloy 2319.

Good cutting and chip characteristics are necessities for high-speed pro
duction of screw-machine parts. The aluminum-copper alloy 2011 con
tains additions of lead and bismuth to achieve good cutting characteristics
and fine, easily broken chips, thereby meeting the requirements of a free
machining alloy. It was introduced in 1934 and is presently the basic
aluminum screw-machine alloy and the reference standard for machin
ability of aluminum alloys. In applications involving corrosive atmo
spheres, 2011-T8 stock should be used to obtain a higher resistance to
intergranular and stress corrosion than provided by the T3 temper. Nom
inal compositions and typical properties of alloy 2011 are shown in Tables
2 and 5.

Aluminum-Copper-Magnesium Alloys. The first alloy of this type,
introduced about 70 years ago by Wilm (Ref 6), is now designated 2017.
It is an alloy of Al-4% Cu-0.6% Mg that is now in rather limited use,
chiefly for rivets. After the heat treatment of aluminum alloys was es
tablished as another means of increasing strength, research efforts ex
tended the principles to other alloy systems. Few heat treatable alloys
available in the 1920' s to 1930' s remain in use today, but the results of
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developments during this period are reflected in 2014 and 2024. These
are now the most widely used of the aluminum-copper-magnesium class.
Also of note are the 2X18 series of high-temperature alloys, and 2117,
a low-copper modification of 2017, also used for rivets.

The development of 2014 alloy used the characteristics of silicon to
make an aluminum-copper-magnesium alloy that is more responsive to
artificial aging than 2017. This response to artificial aging provides a
desirable high level of strengths unobtainable in naturally aged 2017 or
2014. Although 2014 was used initially as a high-strength forging alloy
to replace 2025, it is now available in a range of wrought products and
is widely used in structural applications. This alloy also is available
as alclad sheet and plate with a coating of aluminum-magnesium-silicon
alloy.

Alloy 2024 was introduced in the 1930's as a higher strength, naturally
aging alloy to replace 2017 in the aircraft field. It is one of the outstanding
structural alloys in the industry and is available in virtually all wrought
product forms. The hardening phase in 2024 is a complex phase of alu
minum, copper, and magnesium, rather than the copper-aluminum phase
of 2017. Alloys 2124 and 2224 are high-purity modifications of 2024.
They contain reduced iron and silicon levels to avoid a coarse insoluble
phase and to increase toughness.

The response to artificial aging of several 2XXX series alloys, notably
2X24 and 2219, is accelerated by strain hardening the solution heat treated
material in excess of levels normally required for flattening, straighten
ing, and stress relieving (Ref 10). The strength of such material after
artificial aging reflects the degree of strain hardening that is induced, plus
the strength increase associated with artificial aging. The resistance of
these alloys to stress corrosion for tempers using cold work is so markedly
improved by artificial aging (Ref 11) that their use generally is limited
to the T6X and T8X tempers. Alloy 2036 is a medium-strength alloy
developed for automobile body applications.

Alumlnum-Magnesium-Slllcon Alloys. The 6XXX alloys contain ad
ditions of magnesiuin and silicon, which in the heat treated and aged
condition precipitate Mg-Si (Ref 12) as a hardening phase. These ele
ments may be present in the amounts to nominally combine as Mg-Si, or
silicon in excess of that required for Mg-Si may be used. The excess
silicon provides an appreciable increase in strength over that obtained
from a specific quantity of Mg-Si, but tends to slightly lower corrosion
resistance. Many alloys in this class contain either manganese or chro
mium for increased strength and control of grain size. Copper also is a
beneficial addition for increased strength.

The pioneer of these alloys in the United States was introduced in about
1920 and used silicon in excess of the Mg-Si ratio. A modification pres
ently used for forgings, 6151, contains an addition of chromium to control
grain size in products requiring heat treatment after forming, or working
operations producing various amounts of strain hardening. A somewhat
similar alloy, 6351, contains manganese rather than chromium.

The initial balanced Mg-Si alloy, developed in the 1930's, was 6053,
containing 2% Mg-Si and 0.25% chromium. This was followed by 6061,
a balanced alloy composed of 1.5% Mg-Si, 0.25% copper, and 0.25%
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Table 6. Typical Mechanical Properties of Heat Treatable Alloys at Various
Temperatures

2014·T6i I
Tensile ufflmate Tensile yield

Temperature TIme at
MPa strength ksl

strength Elongation
OC OF temperature, h MPa ksl In 4D, %

-260 -436 ......... 710 102.9 560 81.2 12
-200 -328 ......... 580 84.1 495 71.8 14
-80 -112 ......... 510 73.9 450 65.3 13
-28 -18 ............ 495 71.8 430 62.4 13

24 75 ............ 485 70.3 415 60.2 13

100 212 ............ 0.5 435 63.1 395 57.3 14
10 435 63.1 395 57.3 14

100 435 63.1 400 58.0 14
1000 440 63.8 405 58.7 15

10,000 440 63.8 400 58.0 15

150 300 ............0.5 380 55.1 350 50.8 15
10 385 55.8 350 50.8 16

100 385 55.8 350 50.8 16
1000 350 50.8 315 45.7 17

10,000 275 39.9 240 34.8 20

175 350 ............ 0.5 350 50.8 325 47.1 14
10 345 50.0 315 45.7 17

100 310 44.9 275 39.9 18
1000 235 34.1 205 29.7 20

10,000 170 24.7 140 20.3 28

200 390 ............ 0.5 310 44.9 285 41.3 14
10 285 41.3 255 36.9 18

100 205 29.7 185 26.8 22
1000 145 21.0 125 18.1 29

10,000 110 15.9 90 13.1 38

260 500 ............ 0.5 170 24.7 160 23.2 18
10 110 15.9 105 15.2 27

100 90 13.1 75 10.9 34
1000 75 10.9 65 9.4 43

10,000 65 9.4 50 7.3 52

315 600 ............ 0.5 75 10.9 65 9.4 28
10 60 8.7 50 7.3 39

100 50 7.3 40 5.8 48
1000 50 7.3 40 5.8 55

10,000 45 6.5 35 5.1 65
370 700 ............ 0.5 40 5.8 35 5.1 50

10 35 5.1 30 4.4 56
100 35 5.1 26 3.8 62

1000 30 4.4 26 3.8 68
10,000 30 4.4 24 3.5 72

chromium. This intermediate-strength, general-purpose structural alloy
rapidly replaced the older aluminum-silicon-magnesiumalloys and is among
the most important alloys ever developed (Ref 13). Strengths are shown
in Table 5 and nominal compositions in Table 2.

The highest strength levels in this class of alloys are developed by 6066
and 6070. These use silicon in excess of that required to convert the
magnesium present to Mg-Si, as well as additions of copper, manganese,
and chromium in various combinations to increase strength. All have
strength in excess of 6061 and are used for structural applications, but
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Table 6. (Continued)

2618·T61 2024·T81
T~slle

I
Tensile

ultimate Tensile yield ultimate Tensile yield
strength strength Elongation strength strength Elongation

MPa ksl MPa ksl In 40, % MPa ksl MPa ksl In 40, %

530 76.9 420 60.9 12 585 84.8 540 78.3 8
460 66.7 380 55.1 11 510 73.9 475 68.9 7
440 63.8 370 53.7 10 505 73.2 470 68.2 7
440 63.8 370 53.7 10 485 70.3 450 65.3 7

435 63.1 370 53.7 10 455 65.9 430 62.4 8
435 63.1 370 53.7 10 455 65.9 430 62.4 8
435 63.1 370 53.7 10 455 65.9 430 62.4 8
435 63.1 370 53.7 10 455 65.9 430 62.4 8
430 62.4 370 53.7 10 455 65.9 430 62.4 8

400 58.0 360 52.2 14 420 60.9 400 58.0 9
400 58.0 360 52.2 14 415 60.2 395 57.3 9
395 57.3 360 52.2 14 415 60.2 395 57.3 10
380 55.1 345 50.0 14 405 58.7 380 55.1 10
345 50.0 305 44.2 14 380 55.1 340 49.3 11

365 52.9 340 49.3 15 385 55.8 360 52.2 10
360 52.2 330 47.9 15 380 55.1 350 50.8 10
345 50.0 310 44.9 15 365 52.9 330 47.9 11
315 45.7 285 41.3 16 330 47.9 305 44.2 13
285 41.3 240 34.8 17 305 44.2 255 36.9 15

330 47.9 305 44.2 16 350 50.8 330 47.9 11
310 44.9 285 41.3 17 340 49.3 310 44.9 11
290 42.1 255 36.9 18 305 44.2 270 39.2 13
255 36.9 215 31.2 20 260 37.7 220 31.9 15
220 31.9 180 26.1 24 185 26.8 140 20.3 23

235 34.1 215 31.2 19 250 36.3 220 31.9 14
205 29.7 180 26.1 22 215 31.2 185 26.8 16
180 26.1 145 21.0 27 150 21.8 110 15.9 25
130 18.9 90 13.1 35 105 15.2 75 10.9 40
90 13.1 60 8.7 50 80 11.6 60 8.7 55

140 20.3 125 18.1 26 140 20.3 115 16.7 20
110 15.9 85 12.3 40 80 11.6 70 10.2 45
85 12.3 55 7.9 55 70 10.2 55 7.9 55
60 8.7 40 5.8 65 60 8.7 45 6.5 65
50 7.3 30 4.4 80 50 7.3 40 5.8 75

60 8.7 50 7.3 45 60 8.7 45 6.5 55
50 7.3 35 5.1 80 50 7.3 35 5.1 70
40 5.8 30 4.4 95 40 5.8 30 4.4 85
35 5.1 24 3.5 110 40 5.8 25 3.6 95
35 5.1 24 3.5 120 35 5.1 25 3.6 100

have reduced elongation and toughness. Compositions and properties are
given in Tables 2 and 5, respectively.

Because ease of extrusion is a prime requirement for many shapes,
6063 was introduced for the applications where mechanical strength re-
quirements were less stringent. To develop the moderate strengths re-
quired for applications in this field, this alloy can be quenched adequately
from the relatively high temperatures used during extrusion as it comes
from the press. Thus, the expense of a separate solution heat treating
operation is eliminated. Finishing qualities of 6063 also are distinctly su-
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Table 7. typical Mechanical Properties of Heat Treatable Alloys
at Various Temperatures

~4032-T6 7075-T6 i
Elon-

,
Tensile Tenslle Tensile Elon-

Temper- Time at uHlmate yield gatlon uHlmate Tensile yield gallon
ature temper-

M~I
strength In4D, strength strength In 40,

"C Of ature, h MPa Itsl "to MPa Itsl MPa Itsl "to
-260 -436 ...... 800 116.0 675 97.9 8
-200 -328 ...... 455 65.9 330 47.9 11 705 102.3 635 92.1 9
-80 -112 ...... 400 58.0 315 45.7 10 620 89.9 545 79.0 11
-28 -18 ...... 385 55.8 315 45.7 9 595 86.3 515 74.7 11

24 75 ...... 380 55.1 315 45.7 9 570 82.7 505 73.2 11

100 212 ...... 0.5 345 50.0 305 44.2 9 515 74.7 475 68.9 15
10 345 50.0 305 44.2 9 525 76.1 485 70.3 14

100 345 50.0 305 44.2 9 530 76.9 490 71.1 14
1000 350 50.8 305 44.2 9 525 76.1 485 70.3 14

10,000 350 50.8 310 44.9 9 485 70.3 450 65.3 14

150 300 ...... 0.5 315 45.7 285 41.3 9 440 63.8 415 60.2 21
10 325 47.1 290 42.1 9 440 63.8 415 60.2 19

100 325 47.1 290 42.1 9 385 55.8 365 52.9 20
1000 305 44.2 275 39.9 9 285 41.3 260 37.7 23

10,000 255 36.9 230 33.4 9 215 23.9 185 26.8 30

175 350 ...... 0.5 295 42.8 260 37.7 9 370 53.7 345 50.0 20
10 295 42.8 270 39.2 9 315 45.7 295 42.8 23

100 275 39.9 250 36.3 10 240 34.8 220 31.9 26
1000 235 34.1 185 26.8 12 165 23.9 150 21.8 35

10,000 140 20.3 90 13.1 16 140 20.3 125 18.1 45

200 390 ...... 0.5 270 39.2 240 34.8 9 290 42.1 275 39.9 18
10 250 36.3 220 31.9 10 205 29.7 195 28.3 27

100 205 29.7 180 26.1 15 150 21.8 140 20.3 35
1000 140 20.3 110 15.9 22 125 18.1 110 15.9 45

10,000 90 13.1 60 8.7 30 110 15.9 90 13.1 55

230 445 ...... 0.5 220 31.9 200 29.0 10
10 195 28.3 170 24.7 13

100 140 20.3 115 16.7 21
1000 90 13.1 70 10.2 35

10,000 70 10.2 50 7.3 40

260 500 ...... 0.5 170 24.7 150 21.8 12 130 18.9 125 18.1 35
10 140 20.3 125 18.1 18 95 13.8 90 13.1 45

100 95 13.8 75 10.9 30 80 11.6 75 10.9 50
1000 70 10.2 50 7.3 45 80 11.6 70 10.2 55

10,000 55 7.9 40 5.8 50 75 10.9 60 8.7 65

315 600 ...... 0.5 90 13.1 70 10.2 26 70 10.2 55 7.9 60
10 70 10.2 50 7.3 40 60 8.7 50 7.3 65

100 50 7.3 35 5.1 55 60 8.7 50 7.3 70
1000 40 5.8 26 3.8 65 55 7.9 45 6.5 70

10,000 35 5.1 22 3.2 70 55 7.9 45 6.5 70

370 700 ...... 0.5 45 6.5 35 5.1 65 40 5.8 30 4.4 70
10 35 5.1 24 3.5 80 40 5.8 30 4.4 70

100 29 4.2 18 2.6 90 40 5.8 30 4.4 70
1000 23 3.3 15 2.2 90 40 5.8 30 4.4 70

10,000 23 3.3 14 2.0 90 40 5.8 30 4.4 70

perior to the older alloys. Many minor variations from the nominal I%
Mg2Si contained in 6063 are used to achieve increased extrusion speed
and better finishing characteristics. Strengths are shown in Table 5.
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Table 8. typical Mechanical Properties for 2219·T81 Alloy at Various
Temperatures

2219-T81i ITenille ummate Tenille yield
Temperature Time at strength strength Elongafton

"C of temperature, h MPa ksl MPa ksl In 4D, Of..

-260 -436 ............ 685 99.4 470 68.2 15
-200 -328 ............ 560 81.2 435 63.1 13
-80 -112 ............ 490 71.1 375 54.4 10
-28 -18 ............ 475 68.9 360 52.2 10

24 75 ............ 455 65.9 345 50.0 10

100 212 ........... 0.5 415 60.2 325 47.1 13
10 415 60.2 325 47.1 13

100 415 60.2 325 47.1 13
1000 415 60.2 325 47.1 13

10,000 415 60.2 325 47.1 13

150 300 ........... 0.5 375 54.4 305 42.2 15
10 375 54.4 305 42.2 15

100 375 54.4 305 42.2 15
1000 360 52.2 295 42.8 15

10,000 340 49.3 275 39.9 15

200 390 ........... 0.5 295 42.8 250 36.3 16
10 275 39.9 235 34.1 16

100 260 37.7 220 31.9 16
1000 250 36.3 205 29.7 16

10,000 250 36.3 200 29.0 16

230 445 ........... 0.5 240 34.8 205 29.7 16
10 235 34.1 195 28.3 16

100 230 33.4 185 26.8 16
1000 220 31.9 185 26.8 16

10,000 220 31.9 180 26.1 16

260 500 ........... 0.5 200 29.0 170 24.7 16
10 200 29.0 165 23.9 16

100 200 29.0 165 23.9 16
1000 200 29.0 165 23.9 16

10,000 200 29.0 165 23.9 16

290 555 ........... 0.5 170 24.7 150 21.8 16
10 165 23.9 145 21.0 16

100 165 23.9 140 20.3 16
1000 160 23.2 130 18.9 16

10,000 115 16.7 75 10.9 19

315 600 ........... 0.5 140 20.3 125 18.1 18
10 130 18.9 115 16.7 18

100 125 18.1 105 15.2 18
1000 95 13.8 85 12.3 23

10,000 45 6.5 40 5.8 55

Integral-color, hard coat anodic finishes for decorative applications are
provided by various alloys of the 6XXX series. Finishes from gold to
black and in various shades of gray are obtained by varying composition,
fabricating practice, and anodizing conditions. Improved brightness can
result from lower impurity content, particularly iron.

Free-machining alloys have been developed in the heat treatable
aluminum-magnesium-silicon alloy system. The good machining char-
acteristics are attributable to the presence of lead and bismuth, which
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produce the desirable fine chips for optimum screw-machine operations.
Alloy 6262 is essentially 6061 with additions of 0.50% each of lead and
bismuth. Properties in the T6 temper are similar to those of 6061; a de
sired higher level of strength is achieved by cold working the T6 temper
to produce the T9 temper. Alloy 6262-T9 screw-machine rod has higher
strength and machinability that is somewhat lower than that of 2011-T3.
Its resistance to stress-corrosion cracking is far superior to that of 2011
T3 and considerably superior to artificially aged 2011-T6 and T8-very
important for highly stressed fittings. Alloys 6009 and 6010 have recently
been introduced for automotive body sheet use. Further discussion on
alloys for this end use can be found later in this chapter.

Aluminum-Zinc-Magnesium and Aluminum-Zinc-Magnesium
Copper Alloy Systems. High-strength aircraft and medium-strength,
general-purpose alloys have 7XXX alloy designations. The highest room
temperature strengths attained in wrought aluminum alloy products are
developed by aluminum-zinc-magnesium-copper alloys. These alloys were
the subject of extensive investigation for many years (Ref 14). Despite
attractive tensile properties and good fabricating characteristics, originally
they were not commercial because of unsatisfactory resistance to stress
corrosion cracking.

Although 7076 was introduced in 1940 as a readily forgeable alloy for
aircraft propellers, sheet products of this alloy system were not available
until extensive research efforts led to the development of 7075, intro
duced in 1943 (Ref 15). Its success was associated with the beneficial
effect of chromium, which imparted good resistance to stress-corrosion
cracking of sheet. A higher strength modification, 7178, appeared in 1951.
The highest strength aluminum alloy ever commercially available, 7001,
was introduced in 1960. However, production difficulties, poor tough
ness, and low T73 strength have precluded its extensive use. Nominal
compositions for these and other alloys are shown in Table 2, and typical
properties are shown in Table 5.

More recently, 7X49 and 7X50 alloys, as well as higher purity versions
of 7075, have attained commercial significance because of high strength,
improved short transverse ductility, and lower quench sensitivity in heavy
sections. When these aluminum-zinc-magnesium-copper alloys are over
aged (artificially aged beyond peak strength) to T7X tempers, strengths
are somewhat lower than T6 levels; but virtual immunity to stress cor
rosion cracking is achieved (Ref 16).

Alloys 7X49, 7X50, 7175, and 7475 in T6X and particularly T7X tem
pers, as well as 2124, 2419, and 2048 alloys in the T8X tempers, are
endowed with a remarkable combination of properties. They have high
strength, high resistance to stress-corrosioncracking, and when given special
thermal and mechanical treatment, high resistance to unstable crack growth,
a property commonly called fracture toughness (Ref 17). Special test
methods for determination of plane strain (KIC ) or plane stress (Kc ) frac
ture toughness are described in ASTM specifications (Ref 18).

Within the past few years, intermediate-strength and lower strength
aluminum-zinc-magnesium alloys received much attention. These alloys
contain reduced amounts of zinc and magnesium, with small additions of
manganese, chromium, titanium, and zirconium. Copper is generally
eliminated or limited to very low amounts. This control of composition
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is reflected in complete solution of the soluble elements at much lower
heat treating temperatures in contrast to the high-strength aircraft alloys.
The optimum strength levels are achieved even after relatively slow quench
rates. The low quench sensitivity favors these alloys for massive forgings
and thick plate, or permits slower quenching of thinner parts, thus re-
ducing distortion and residual stresses. Lowest quench sensitivity is ob-
tained when only zirconium (no chromium or manganese) is added to
control grain structure.

Alloy 7039 was developed for armor applications and 7005, particu
larly as extrusions, was developed for various ground transportation struc
tural applications. Alloys 7016 and 7029 were introduced for bright fin
ishing applications, particularly bumpers. They contain moderate copper
levels (0.5 to 1.0%) and no recrystallization retardants. Care must be
taken to avoid grain growth, and optimum processing is necessary to con
trol stress corrosion.

Miscellaneous Alloys. The commercial heat treatable class of alloys
includes a number of compositions that involve either a combination of
two alloy systems, the addition of an element to develop properties for
a specific use, or the addition of elements that change the aging char
acteristics of an alloy system. In the discussion of the 2XXX series
aluminum-copper-magnesium alloys, reference was made to 2X18 alloys.
Thus, 2218 is essentially an aluminum-copper-magnesium alloy contain
ing nickel to improve performance at elevated temperatures. Alloy 2618,
also for elevated-temperature applications, is an unusual combination of
aluminum, copper, and magnesium with nickel and iron in balanced
amounts. The properties of 2618 are not developed if the nickel and iron
additions vary from the recommended range. Alloy 2218 is used for forg
ings, and 2618 is used for other product forms. Nominal compositions
are given in Table 2, properties are given in Table 5, and elevated
temperature mechanical properties are given in Tables 6, 7, and 8. An
other miscellaneous alloy, 4032, combines silicon, magnesium, copper,
and nickel, providing an elevated-temperature alloy with a low coefficient
of thermal expansion. For elevated-temperature mechanical properties,
see Tables 6, 7, and 8.

APPLICATIONS OF WROUGHT ALLOYS
Some products, such as clad products and foil, include both heat treat

able and non-heat treatable alloys. Other products, such as those used for
rigid containers and those used for automotive applications, include more
than one alloy series. For these reasons, such alloys are discussed in re
lation to their end use.

Aluminum Alloy Foil. An extremely important and widely used wrought
product, aluminum alloy foil generally is produced commercially from
non-heat treatable alloys. The alloys used include 1100, 1145, 1235, 3003,
5052, and 5056. The wide range of strengths provided is shown in Table
9. Note that the l25-mm (5-in.) gage length is used for elongation. Prop
erties reflect the influence of composition, fabricating practices, and test
procedures required for foil. Aluminum honeycomb core for aircraft gen
erally is made of 3003-H19 or 5052-H19 foil, but alloy 2024 heat treated
to the T8l temper is used when long service at elevated temperature is
required.
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Table 9. Typical Mechanical Properties of Aluminum Alloy FoU(a)

Tensile
Tensile yield
ultimate strenm: Elon:ftlon
strength (0.2% 0 set) In 1 mm

Alloy Temper MPa ksl MPa ksl (Sin.), %

Non·Heat Treatable Foil
1145, 1235 ....... 0 75 10.9 30 4.4 2.4

H19 165 23.9 145 21.0 2.5
1100 ............ H19 205 29.7 165 23.9 3.0
3003 ............ H19 250 36.3 220 31.9 3.5
5052 ............ H19 330 47.9 325 47.1 4.0
5056 ............ H191 450 65.3 435 63.1 3.5

Heat Treatable Foil
2024 ............ T81 450 65.3 415 60.2 2.0

(a) Properties of five non-heat treatable alloy foils were determined in the longitudinal direction. Properties of 2024
heat treated foil are for the long transverse direction.

Alclad Products. Aluminum products sometimes are coated on one or
both surfaces with a metallurgically bonded, thin layer of pure aluminum
or aluminum alloy. If the combination of core and cladding alloys is se
lected so that the cladding is anodic to the core, it is called alclad. The
cladding of alclad products electrochemically protects the core at exposed
edges and at abraded or corroded areas. When a corrosive solution is in
contact with the product, current from the anodic cladding flows through
the electrolyte to the cathodic core, and the cladding tends to dissolve
preferentially, thus protecting the core. Sustained protection is dependent
upon obtaining the optimum quantity of current (which is influenced by
the potential difference between the cladding and core), the conductivity
of the corroding medium, film formation, and polarization (Chapter 7 in
this Volume).

The corrosion potentials of cladding and core alloys are important in
selecting a coating that is sufficiently anodic to electrochemically protect
the core. Copper in solid solution in aluminum is less anodic as copper
content increases. Consequently, pure aluminum is anodic to aluminum
copper-magnesium alloys in the naturally aged T3X and T4X tempers by
about 0.154 V and is used as the cladding for most alclad 2XXX prod
ucts. Increasing zinc in solid solution increases the anodic potential of
aluminum alloys while Mg2Si and manganese have little effect. Alloy
7072, Al-l% Zn, has a more anodic potential than pure aluminum and
is used as the cladding for alclad 3003,5052,6061, and 7075, as well
as others.

The most widely used alclad products are sheet and plate, although
wire, tube, and other forms are also produced. The most generally ac
cepted method of fabricating alclad sheet and plate consists of hot rolling
to pressure weld the cladding slabs to a scalped core ingot. In fabricating
alclad products, the temperature and time of thermal treatments should
be minimized to avoid extensive diffusion of soluble elements from the
core. This is particularly important in the 2XXX alloys, as diffusion of
copper in the cladding makes it less anodic. It is less important in alloys
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containing zinc and magnesium, because these elements make the clad
ding more anodic.

The percentage of cladding thickness is determined principally by the
thickness of the finished part. Because the objective is to provide an ad
equate absolute thickness, the percentage for thicker parts need not be as
great as the percentage for thinner parts. A listing of the most widely
used alclad products is given in Table 10.

Clad Products. Clad products resemble alclad products in many re
spects, but they are distinguished by a cladding alloy that is not inten
tionally anodic to the core. Clad products are designed to provide im
proved surface appearance or other characteristics required for special
applications. Brazing products are commercial examples of clad products
in which a cladding alloy having a melting point appreciably lower than
the core is used for subsequent joining of several parts into an assembly.
Non-heat treatable alloy 3003 or the heat treatable AI-MgzSi alloy 6951
are widely used as core alloys in producing brazing sheet, and the
aluminum-silicon alloy 4343 is a cladding frequently used as the low
melting brazing material for flux brazing applications. Brazing sheet
products for the fluxless vacuum brazing process have an aluminum
magnesium-silicon alloy, for example 4004 (or its modification 4104 that
contains about 0.1 % bismuth to improve brazeability) as the cladding
material. The core alloy is either 6951 or a non-heat treatable alloy from
the 3XXX series.

Automotive Products. The automotive industry uses wrought alumi
num for trim, bumpers, body panels, and various interior parts. Alloys
for trim applications are of the aluminum-magnesium type as mentioned
previously in this chapter. A variety of 7XXX series alloys has been de
veloped for bumpers; alloy 7029 and 7016 are designed for bright an
odized face bars and alloys 7129, 7021, and 7146 provide characteristics
desired for chrome-plated, painted, and clear-coated face bars. Alloy 7021
was also developed for bumper reinforcements. Body panels have been
produced primarily from 2036 and 5182 alloys. In recent years, alloys
6009 and 6010 were developed specifically for the body panel applica
tion. Alloys used for body panels also are used for various interior parts
as are general-purpose alloys such as 3004, 5052, 6061, and 6063. For
additional details on this subject, see Ref 19.

Aircraft Alloys. The need for low weight in airframes has led to the
development of very high-strength aluminum alloys for use as plate, sheet,
and extrusions. Alloys 2024, and especially 7075, have been the work-

Table 10. CommercIal A1clad Sheet and Plate

Designation Core
Alclad 2014 2014
Alclad 2024 . . . . . . . . . . 2024
Alclad 2219 2219
Alclad 3003 . . . . . . . . . . 3003
Alclad 3004 . . . . . . . . . . 3004
Alclad 6061 6061
Alclad 7075 7075
Alclad 7178 7178

Cladding
6003
1230
7072
7072
7072
7072
7072
7072

Sides clad
Both
Both
Both

One or both
One or both
One or both

Both
Both

Cladding
thlclcnen
range,%
2.5-10
1.5-5
2.5-10

5
5
5

1.5-4.0
1.5-4.0



374/PROPERTIES AND PHYSICAL METALLURGY

horses of the industry for many years. Higher toughness requirements
have been met through high-purity modification of alloys 2124, 2224,
7175, 7475, and 7050 (Ref 20). Additionally, 2219 is used for good
weldability and high-temperature strength and is designated 2419 for higher
toughness. Development of aluminum-magnesium-lithium alloys offers a
real potential for high-strength alloys with lower density and higher
modulus.

Rigid Container Sheet. Aluminum rigid container sheet (RCS) is used
mainly for container ends or container bodies. The ends for beverage cans
are made of 5182 alloy and usually have tabs made from 5042 or 5082
alloy. Alloy 5182, containing 4.5% magnesium and 0.35% manganese,
has very high strength and sufficient formability to permit making the
integral rivet in the easy open end.

The bodies of drawn and ironed beverage cans are fabricated of 3004
or 3104 alloy, which contains 1.25% or slightly less manganese and 1%
magnesium. These alloys provide the optimum strength and forming char
acteristics needed to manufacture the can body and to contain the bev
erage at the required pressure. Alloy 5352 is used primarily for ends and
drawn bodies that in tum are used for packaging meats, pudding, and
fruits.

Bright Finishing Alloys. A number of alloys are produced especially
for surface finishing by bright anodizing. Second-phase particles in the
size range comparable to the wavelengths of visible light can be used to
develop varying shades and colors in anodized products. The common
bright finishing alloys are 1100, 3002, 5252, 5657, 6463, 7016, and 7029.
Other alloys such as 3003, while not produced specifically for bright fin
ishing, are capable of achieving acceptable brightness. Virtually all alloys
can be chemically brightened and protected by clear organic topcoats.

Special Surface Finish Products. Selection of an alloy for special sur
face finish generally is directed toward achieving unusual finishing char
acteristics. An outstanding example is aluminum-silicon alloys. Upon an
odizing, colors ranging from gray to black can be developed for architectural
and other applications. Gold colors are developed in the same way from
aluminum-chromium alloys.

Composites of aluminum with other metals have appeared frequently
as the result of efforts to combine advantages of aluminum with those of
other metals. Certain combinations of aluminum with zinc, as well as
with copper, are produced in limited quantities, but continued production
has not been sustained. The aluminum-zinc combination is of potential
value in joining operations and the aluminum-copper combination has
similar value in the electrical field.

Combinations of aluminum with ferrous materials are produced in lim
ited amounts by rolling processes, and by explosive bonding, but gen
erally aluminum coatings on ferrous products are produced by dipping in
molten aluminum. Wire coated with aluminum powder by a rolling pro
cess is sold in substantial quantities. A combination of an aluminum alloy
with stainless steel has developed into a commercial product. This stain
less steel-clad aluminum in sheet form is used primarily for cooking uten
sils, providing the desirable characteristics of both components. Plate has
considerable potential in the cryogenic field for connections between alu
minum and stainless steel components of tanks and other equipment.
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Commercial production was not attained until 1961, when an improved
product was developed. Other metals and alloys such as nickel, Monel,
and titanium can be combined with aluminum by rolling processes, but
commercial production and use has not been attained.

EFFECT OF DIRECTIONALITY ON PROPERTIES

The typical mechanical properties listed in the tables in this chapter
reflect the influence of composition; consequently, comparisons among
alloys are reasonably direct and significant in basic tempers. The effects
of strain hardening and of heat treatment are evident. These typical prop
erties are replaced by specific minimum values for procurement and de
sign purposes. In designing aluminum parts or structures, careful consid
eration must be given to the alloy and product forms of the alloy required.
After these are determined, the specified minimum properties should be
ascertained from material specifications or from the producers. These val
ues are governed by the section thickness or the cross-sectional area of
the wrought product of the alloy selected and, of more importance, by
the direction in which the test was made.

Directionality generally is not critical in sheet and thin plate products,
but it assumes importance as the section thickness increases in plate, ex
trusions, and forgings. In the thicker products, directionality not only
influences mechanical properties, but also other characteristics such as
resistance to stress-corrosion cracking. The directional effects are related
to the design of the section or to the direction of working (the grain or
fragment flow). The directional effects are generally measured in planes
or directions, as follows:

• Longitudinal: Parallel to major dimension or directions of working of
section.

• Long transverse: 90° to direction of working and parallel to width of
section

• Short transverse: 90° to direction of working and parallel to thickness
or minimum dimension of section

• Transverse: 90° to direction of working in product having axial symmetry

Typically, tensile strengths are higher in the longitudinal direction than
in the long transverse direction. For non-heat treatable alloys, properties
are generally specified for the longitudinal direction. In these alloys,
formability (related to strength) is often important, and the maximum
strength is of interest. In the heat treatable alloys, strength is usually of
greatest importance, and properties are generally specified in the long
transverse direction. These guidelines are followed in the tables on me
chanical properties in this chapter.

Figures 1 and 2 illustrate directional metallurgical structures and iden
tify grain direction in flat rolled products and rolled rod of 7075-T6 alloy.
As an example of the influence of directionality on mechanical properties,
minimum values are cited in Table 11 for 7075-T6 hand forgings with a
thickness of 50 to 80 mm (2 to 3 in.) and a maximum cross-sectional
area of 165,000 mm (6496 in.).

Because the strengths in a specific product vary with the test direction,
the design of a structure and the stresses involved must be related to these
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./
Direction
of rolling

»:

Short
tronsverse

1
Fig. 1. Composite ofmicrographs offlat rolled 7075-T6 illustrating metallurgical
structure directionality. (40 x )

/
Longitudinol

./
Direction
of rolling

/

Fig. 2. Composite ofmicrographs of7075-T6 rolled rod illustrating metallurgical
structure directionality. (40 x)
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Table 11. Influence of DIrectIonality on MechanIcal PropertIes 7075·T6

Elon9O"on
In 50 mm
(2 In.), %

9
4
3

Tenlne yield strength
MPa IeII
420 60.9
405 58.8
400 58.0

Tenlne ummale
strength

IeII
73.2
71.1
68.9

Test direction MPa
Longitudinal 505
Long transverse 490
Short transverse 475

directional effects to obtain the most efficient and reliable structure. Di
rectional properties of one product as related to design and service may,
for example, warrant the substitution of a die forging to replace a part
machined from a hand forging, a thick plate, or an extrusion.
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CHAPTER 10

ALUMINUM POWDER AND
POWDER METALLURGY

PRODUCTS*
Aluminum particulates, produced by a variety of techniques, have

physical and metallurgical characteristics related to their method of man
ufacture and tailored to their end use. Also, aluminum particles can be
consolidated into larger structural components by several powder metal
lurgy processes. This chapter describes aluminum particles and some ap
plications, including two powder metallurgy technologies: pressed and
sintered powder metallurgy (P1M) parts and high-strength wrought pow
der metallurgy products.

ALUMINUM PARTICLES
The Aluminum Association (AA) uses three broad classifications of

powders that are also used in this chapter: granules, flake, and atomized.
Granules are powders larger than about 74 urn (3 mils). Flake powders
have one or two dimensions several hundred times larger than the third;
atomized powders usually have all dimensions of the same order of mag
nitude. The commercially important particles and powders are listed be
low with brief notes concerning their method of production. A more
quantitative description is given in Table 1. The name used for each cat
egory is descriptive and generic; the order is generally from large to small.

Shot is acicular or granulated particles that can vary from about 10 mm
(0.4 in.) to less than I mm (0.04 in.). It is made by casting through
screens or orifices, or by casting centrifugally. The particles are generally
globular in shape, but can also be teardrop or cigar-shaped acicular. The
coolant is usually air or water. Water can affect solidification rate and
surface condition, causing thicker, hydrated oxide films. Shot is also pro
duced with mechanical treatments that tend to flatten asperities and render
the particles more equiaxed with mechanically worked, faceted surfaces.
Composition can be in many grades or alloys.

Chopped wire is characterized by a generally cylindrical shape and is
usually made from scrap wire cut to short lengths.

Machined chips, usually scrap from machining operations, are bene
ficated and often milled to give a desirable particulate shape and size.
Composition reflects the source, which may be segregated by alloy or
grade or uncontrolled; the structure is highly worked.

*This chapter was revised by a team comprised of W.S. Cebulak, Alcoa; P. Mathews,
U.S. Bronze Powders, Inc.; J. Pickens, Martin Marietta, Inc.; O.R. Singleton, Reynolds
Metals Co.; and W. Ullrich, Alcan Metal Powders Co. The original chapter was authored 379
by J.P. Lyle, Alcoa Research Laboratories.
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Cut foil and flitter are made by chopping, cutting, or milling and are
coarse in two dimensions usually above powder size. The structure is
highly worked.

Balled foil granules are typically milled from either virgin or re
claimed foil sources. The product is characterized by an apparent density
less than cast products of similar size. The structure is highly worked,
which tends to promote chemical reactivity.

Air-atomized powders are produced directly from a melt. They are of
a complex nodular shape with a cast structure. Inferred rates of solidi
fication on the order of 103 to 106 K/s are generally encountered in at
omized powder. Current commercial volume is in pure aluminum grades
although all alloy types have been atomized.

Spherical atomized powders are spherical because of solidification in
either inert or low oxidizing potential atmospheres. The molten metal feed
can be broken up by gas aspiration, ultrasonics, or centrifugal force or
gas vacuum desorption in commercial productions schemes. These prod
ucts exhibit a cast structure and show inferred solidification rates on the
same order as those of air-atomized powders.

Flake powders comprise an important and complex group of mechan
ically worked powders. Atomized powder may be a source material that
is then worked to flake in a ventilated ball mill using suitable lubricants.
Flake for pigment uses usually is classified as leafing or nonleafing, char
acterizations that are covered in Chapter 2 of this Volume. High-energy
milling can be used to produce pure, prealloyed, or mechanically alloyed
flake or spherical powders useful for fully dense powder metallurgy prod
ucts. High oxide contents of over 2 wt% are readily obtained when the
oxide is present in a finely dispersed form. Carbides may also be gen
erated from the lubricant.

In addition to these commercially important powders, some ultrafine
powders of 1 urn (0.04 mil) and less are produced by condensation or
by research-type atomizers. These powders can be significant to metal
lurgical investigators because they are electron transparent, permitting in
strumental analysis of virgin microstructures.

Safety. Before contemplating production, handling, storage, or use of
aluminum in powder form, a thorough understanding and appreciation of
the dangers and means for safe handling should be acquired (Ref 1-3).

APPLICATIONS OF ALUMINUM PARTICULATES AND POWDERS
The chemical activity, comparative abundance, and relatively low cost

of aluminum make it useful in a variety of reactions and applications.
Selection of particulate and powder surface areas for initiating and con
trolling reaction rates are made available through the many modes of
manufacture and subsequent particle classifications. General applications
in the applied fields of metallurgy, chemistry, commercial explosives,
and other industries are reviewed briefly in the following sections.

Metallurgical Industries

Aluminum particulates have four broad uses in the metallurgical in
dustry: (I) aluminothermic reactions; (2) alloying additives; (3) pressed
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and sintered powder metallurgy structural parts; and (4) wrought powder
metallurgy products.

AIuminothermic reactions basically are used for the reducing and heat
producing reactions obtainable from aluminum and metal oxide mixtures.
Reduction reactions are quite common in the refinement and preparation
of ferroalloys containing reducible oxide forms of molybdenum, colum
bium, tungsten, vanadium, and titanium. The distinct advantage of this
class of aluminothermic reactions is that reactions are exothermic (self
sustaining), and contamination of other common furnace-type reductants
such as carbon and silicon is avoided. Heat-producing (exothermic) re
actions include hot topping of steels, exothermic welding, localized heat
ing to achieve annealing, stress relieving, and powder lancing, or thermal
cutting of non-oxidizing, refractory-type material such as fire brick and
concrete.

Alloying Additives. Aluminum may be added to materials in a pre
alloyed powder form or as a compacted powder briquette of blended el
emental constituents. The latter form has many advantages over cast alloy
additives, such as more rapid metal solution and higher purity of indi
vidual constituents. The ratio of constituents is easily adjusted, and se
lection of briquette size allows for more precise alloying quantities.

The chemical industries consume thousands of tons of high-purity and
custom-alloy aluminum powders every year. The complexity of processes
using aluminum powder for the synthesis of organic-metallic compounds
and for catalysts precludes adequate description within this text. Alu
minum powders, rather than ingot forms, are preferred by the chemical
industries because the high surface areas of powders and the availability
of a variety of particle sizes promote rapid, controllable reaction rates.
The high-purity ingot from which powders are made provides for a min
imum of contaminating metallic residuals in processes during which the
aluminum powder products are consumed. Significant aluminum com
pounds that may be manufactured using aluminum powders are aluminum
alkyls, aluminum chlorophydroxide, anhydrous aluminum chloride, alu
minum alkoxides, and reactions requiring nascent hydrogen. The alu
minum compounds formed are used as process intermediates or final
products in the manufacture of detergents, plasticizers, polymerization
catalysts and antiperspirants.

Commercial Explosives and Propellants

Aluminum powder is frequently added to explosives and propellants to
improve their efficiency. No gaseous products are formed in the oxidation
reaction; however, the very high heat of formation of the oxide results
in a considerable gain in heat of explosions, and a higher temperature is
imparted to the volatile constituents. The performance effect produced by
aluminum powder is used in two general categories, slurry explosives and
composite propellants (Ref 4).

Slurry Explosives. Slurries consist of a saturated aqueous solution (ap
proximately 65%) of ammonium nitrate or other nitrates. Other fuels such
as fuel oil and soluble glycols are common in specific formulations, but
aluminum is the most important fuel in the system. Thickeners such as
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Guar gums and cross-linking agents may be included in the explosive
formulation to minimize excessive flow in filling boreholes or handling
rigid, packaged, tubular forms. The sensitivity (ease of ignition) of these
materials may be improved further by the addition of small percentages
of a fine aluminum flake or specific organic compounds.

Propellants. Aluminum powder has been and remains one of the most
important fuels in solid propellants used in missiles and rockets. Propel
lants in which aluminum powders make up the primary fuel source are
termed composites. This class of propellant essentially consists of mix
tures containing an oxidizer (usually ammonium perchlorate), a binder
(usually a polymer), controlling and stabilizing additives, and aluminum
powders. Composites are normally cast and cured in the rocket motor
chamber; however, they may be extruded into cartridge form and inserted
in the motor. Burning rates and resulting thrust are controlled by pro
pellant composition and the shape of the propellant form, combustion
chamber, and nozzles. In such systems, the particle size distribution of
the aluminum powder fuel is very critical because it affects the density
and rheological characteristics of the propellant and overall burning rate
performance.

Other industrial applications of aluminum powders take advantage
of natural characteristics of the metal itself, such as attractive color,
malleability, thermal conductivity, and corrosion resistance. Malleable
powders converted to thin-flake form by ball-milling processes are used
extensively as pigment in industrial paints, roof coatings, paper coatings,
and printing inks. A high-purity, specialized form of flake pigment is
used worldwide in automotive and other paint finishing applications hav
ing a rich, sparkling appearance. The plastics industries use powders in
a variety of end products, including fillers in adhesives, epoxy casting
compounds, cold solders, and as a thermal conductor in thermosetting
type systems.

The corrosion resistance of aluminum in ambient and industrial at
mospheres may be imparted to iron and steel shapes through a metallizing
process. Aluminum-clad steel wire is produced by continuous cold rolling
and hot rolling of a powder surface around the steel core. Other coating
techniques include powder coating followed by a thermal diffusion pro
cess or thermal spraying using highly specialized applicating equipment
and gases.

PRESSED AND SINTERED POWDER METALLURGY PARTS
Powder metallurgy parts, a result of consolidation of metal powders

into precise shapes using pressed compaction of powder in precisely shaped
metal dies, provides a means for generating low-cost parts for high
volume, small part applications. While work with aluminum powder ma
terials for pressed and sintered applications has been under study since
1940, the work of Storchheim (Ref 5 and 6) and Dudas (Ref 7-10) re
sulted in a commercially viable process for compaction and sintering of
aluminum powders for the production of structural components. Keyele
ments for the P/M parts process include the following critical elements:

• Powder selection
• Compaction characteristics
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• Sintering
• Secondary operations
• Heat treatment

Powder Selection. Screen analysis for base aluminum powder used in
aluminum powder metallurgy premixes is shown below:

U.S. standard
sieve mesh Typical range

+50 Trace
-50 + 100 10-20
-100 + 200 20-30
-200 + 325 15-25

-325 30-40

Aluminum powder of the size and chemical analysis shown above has a
desirable mixture of particle sizes, to combine characteristics of smooth,
uniform flow into shape dies and good compressibility to achieve high
density and good green (as-pressed) strength in pressed powder parts. An
aluminum powder metallurgy blend suitable for the production of usable
structural parts necessarily has other metal powders added for alloying,
to promote higher strength than unalloyed aluminum could achieve. Ex
ample compositions of blends for this purpose are typified by those shown
in Table 2. While mixtures of these materials alone produce an effective
structural part after complete processing, ad-mixing a solid lubricant re
sults in improved die life and reduced or eliminated galling of powder
metallurgy tools. Lubricants with low moisture content and low residual
ash content like those described in Table 3 have been successfully applied
to powder metallurgy parts. Good die wear characteristics and minimal
degradation in properties associated with the lubricant residue were
achieved.

Compaction. Aluminum P/M blends are substantially more compress
ible than iron powder, as shown in Fig. 1. The effect of this improved
compressibility results in substantially higher green densities for a given
applied compaction pressure than are achieved with iron powder. The
effect on part characteristics is to enhance the green strength and handling

Table 2. Nominal Composition of several Powder Metallurgy Premixes

Recommended
Element, wt% Lubrl· slnferlng

Magne- Chro- Manga· Aluml· cant, temperature(b)
Prernlx(a) Copper SlIIcan slum Zinc mlum nese num wt% °C OF

Alcoa 601AB ... 0.25 0.6 1.0 rem 1.5 620 1150
Alcoa 201AB ... 4.4 0.8 0.5 rem 1.5 590 1090
Alcan 24 ....... 4.4 0.9 0.5 0.4 rem 595 lloo
Alcan 69 ....... 0.25 0.6 1.0 0.10 rem 620 1150
Alcan 76 ....... 1.6 2.5 5.6 0.20 rem 595 lloo
(a) Manufacturer identification is not intended as an endorsement of the product. (b) Temperature of part, within
±3°C (±5 oF).
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Table 3. LubricantsAdded to Aluminum Premixes for Die Wear Control

Moisture and
Yolatlles at

10SoC
Lubrlcant(a) (220 OF). %
Acrawax C 0.08
Sterotex 0.01

ResIdual ash
at aoo°c

(1470 "F). %
0.00
0.02

Manutacturer(a)
Glyco Chemical. Inc., New York, NY
Capital City Products Company, Columbus, OR

(a) Manufacturer identification is not meant to endorse these specific products.

characteristics of aluminum powder green compacts and to potentially
increase the size capability of parts that can be produced for a specific
tonnage press.

Sintering. Aluminum powder metallurgy parts are sintered by a liquid
phase process to raise their density from the green condition and to sub
stantially enhance bonding and raised strength of these components through
uniform composition. The liquid phases are formed by heating parts to
sufficiently high temperature that liquid solutions between the aluminum,
copper, silicon, and magnesium are formed to promote bonding and in
terdiffusion of these elements. The densification and improvement in
composition uniformity during sintering is illustrated by Dudas et al
(Ref 10).

While the sintering process is primarily aimed at enhancing strength
and composition uniformity, the process for aluminum is divided into
several steps leading ultimately to the liquid-phase sintering operation.
Green parts are charged into a sintering furnace wherein a dry, protective
atmosphere can be maintained, with the atmospheric dew point main
tained at -40°C (-40 OF) or lower in the heated portions of the furnace.
The initial heatup to temperatures in the range of 350 to 425°C (660 to
800 OF) for some blends is used to volatilize the solid lubricant that is
added to the powder. After lubricant volatilization, the parts are further

Compacting pressure, ton/in 2
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Fig. 1. Compacting pressure versus green density: compressibility comparison
between typical iron powder metallurgy powders and aluminum powder metal
lurgy premixes.



ALUMINUM POWDER AND POWDER METALLURGY PRODUCTS/387

heated to temperatures shown in Table 2 for the various P1M premix
powders. Temperature uniformity is very critical in this operation because
of the significant amount of liquid phase used for sintering aluminum PI
M premix powders. Temperatures shown in Table 2 should be maintained
within 3 °C (5 OF) for sintering. Time of sintering should be tailored to
the individual part, its shape, and pressing characteristics, although sin-
tering times ranging from 5 to 30 min are commonly used. Figure 2 il-
lustrates the effect of sintering time on the microstructure of 201 AB
sintered compacts. After sintering, the parts are cooled with atmospheric
protection to a temperature in the range of 425°C (800 OF) or less.

Secondary Operations. After parts are sintered, a number of subse
quent operations can be applied to further enhance their characteristics,
either in size or in performance capability. These operations can include
restriking the parts to improve their dimensional characteristics or to slightly
enhance densification; cold or hot forging to develop the highest possible
physical and mechanical characteristics (Ref 11 and 12); and heat treat
ment to thermally treat certain alloys that are precipitation-strengthened
to enhance mechanical properties (Ref 13).

Heat Treatment. Thermal treatments to enhance strength are a widely
used secondary operation for enhancing the characteristics of aluminum
P1M parts. The tempering operations commonly applied to these mate
rials are defined by the temper designations shown below:

• T1: As-sintered
• T2: As cold formed (after sintered)
• T4: Solution heat treated plus four days minimum at room temperature
• T6: Solution heat treated plus precipitation heat treatment

These temper designations do not necessarily coincide with Aluminum
Association designations. Applying these thermal treatments to various
forms of P1M parts results in a variety of characteristics, depending on
prior treatments. Results shown in Table 4 summarize typical mechanical
property characteristics for a P1M blend alloy in a number of temper
conditions. These tempering operations are metallurgically identical to
similaroperations used on aluminum wrought products described in Chapter
5 of this Volume.

Applications of aluminum powder metallurgy parts are extensive. They
have been used to replace small aluminum castings, extrusions, and screw
machine products that involve extensive machining operations. They are
also being used to replace other heavier powder metallurgy materials where
the lighter weight and enhanced corrosion characteristics of aluminum
provide additional benefit. Figure 3 shows a number of applications where
aluminum P1M parts have been applied to illustrate the range of sizes
and degrees of complexity that this technology makes possible. Systems
where these materials are used include business machines, automotive
and truck components, power tools, hydraulic systems, military ordnance
components, sewing machines, electrical systems, and appliances.

HIGH-STRENGTH WROUGHT POWDER METALLURGY PRODUCTS
Powder metallurgy provides an alternative to ingot metallurgy (11M)

for producing wrought products with superior characteristics. Powder is
most often made by rapid solidification techniques such as atomization
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Fig. 2. Microstructures of201AB sintered compacts, showing increased density
and structure homogeneity with increased sintering time. (a) Sintered 1 min at
595°C (1100 OF). (b) Sintered 15 min at 595°C (1100 OF). (c) Sintered 30 min
at 595°C (1100 OF).
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Table 4. typical Product Data for Powder Metallurgy Alloys After
COld Forming and Hot Forging

Tensile strength
60W alloV MPa IcII

T1(a) 145 21.0
Cold formed T2(b) 233 33.8
Cold formed T4 199 28.8
Cold formed T6 269 39.0
Hot forged T4(c) 262 38.0
Hot forged T6 345 50.0

YIeld strength
MPa IcII

94 13.7
216 31.3
121 17.5
248 36.0
138 20.0
317 46.0

Elongation,
% (In./ln.)

6.0
1.0
8.0
1.7

16.0
8.0

(a) At 90% theoretical density. (b) Cold formed at 19 to 23% upset. (c) Hot forged at 50% height
reduction.

(Ref 14), splat cooling (Ref 14 and 15), and molten metal spinning (Ref
16). It is then usually degassed to remove hydration water that forms upon
exposure to ambient air. The powder is consolidated by anyone of several
techniques, including vacuum hot pressing (Ref 17), hot isostatic pressing
(Ref 18), or direct powder rolling (Ref 19) or extrusion (Ref 20). The
p1M technology for producing wrought products has recently been re
viewed (Ref 21).

Aluminum P1M alloys are developed by rapid solidification and also
mechanical attrition. The mechanical attrition techniques include sintered
aluminum powder (SAP) technology (Ref 22 and 23) and mechanical al
loying (Ref 24 and 25). In these techniques, powder is milled before
degassing and consolidation to introduce dispersed phases and to control
powder size and shape.

Fig. 3. Typical aluminum powder metallurgy parts.



390/PROPERTIES AND PHYSICAL METALLURGY

Table 5. Nominal Composition of Aluminum Powder Metallurgy Alloys

Element, wt% I
Magne- Zlrco· Chro- A1uml-

A11oy(a) Zinc slum Copper Cobalt nlum Oxygen Corbon mlum num
7091 ...... 6.5 2.5 1.5 0.4 0.35 rem
7090 ...... 8.0 2.5 1.0 1.4 0.35 rem
MR61 ..... 8.5 2.5 1.5 0.6 0.2 <0.5 rem
IN 9051 ...... 4.0 0.6 0.75 rem
IN 9052 ...... 4.0 0.8 1.1 rem
IN 9021 ...... 1.5 4.0 0.8 1.1 rem
MR64 ... 6.8-8.0 1.9-2.9 1.8-2.4 0.1-0.4 0.1-0.35 <0.05 <0.05 0.08-0.25 rem
1519B ... 6.8-8.0 1.9-2.9 1.8-2.4 <0.05 <0.05 0.1-0.5 rem

(a) 7090 and 7091 are U.S. Aluminum Association designations. MR61, MR64, and 1519B are Kaiser Aluminum
Co. designations. IN 9051, IN 9052, and IN 9021 are International Nickel Co. designations.

Aluminum P1M alloy development has sought materials with improved
properties in three broad areas: (1) high room temperature strength, (2)
high modulus and low density, and (3) elevated-temperature strength.
Powder metallurgy offers the possibility of improved properties because
P1M processes: (1) refine microstructural features such as grain size and
constituent particle size, (2) extend solubility limits of alloying elements,
(3) permit alloying of elements that cannot be alloyed by conventional
11M, (4) enable creation of new metastable strengthening phases, and (5)
allow oxide and carbide dispersion strengthening. The development ef
forts have been successful for several alloys, and wrought products of
several aluminum P1M alloys are now available on a pilot production
scale.

High-Strength Aluminum Alloys for Room Temperature Service.
Aluminum alloys development using atomization has been ongoing for
over 15 years, with much work concentrated on 7XXX alloys containing
alloying additions that are largely insoluble in solid aluminum (Ref 26
31). This work led to the development of the recently commercialized
alloys 7091* and 7090,** which are 7XXX alloys to which cobalt has
been alloyed: 0.4 wt% in 7091 and 1.5 wt% in 7090.

The nominal composition of these and other aluminum P1M alloys are
given in Table 5. Both 7091 and 7090 have excellent combinations of
high strength and stress-corrosion cracking (SCC) resistance. Figure 4
shows the enhanced survival rate of 7090 and 7091 forgings at various
strength levels in an industrial atmosphere, compared with conventional
I/M alloys 7075 and 7175. The improved SCC resistance at a given strength
level is attributed to the fine grain size, the presence of cobalt as a finely
dispersed second phase, and the reduced segregation in 7090 and 7091
all resulting from the rapid solidification made possible by P1M.

Excellent typical strength levels have been obtained for both 7090 and
7091 in commercial-scale extrusions (Table 6) and forgings (Table 7). In
addition, the toughness and strength of these alloys are superior to those
of conventional 11M alloys (Fig. 5). The improved toughness and strength
are possible because the rapid solidification occurring during atomization
refmes the size of constituent particles, which is known to affect toughness.

*Formerly called MA87 or CT91 (Aluminum Company of America designations),
**Formerly called MA67 or CT90 (Aluminum Company of America designations).
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Fig. 4. Stress-corrosion cracking strength capabilities, thin, web-flange die
forgings, and powder metallurgy alloys 7090 and 7091 versus ingot metallurgy
alloys 7075 and 7175.

The fatigue resistance of 7090 and 7091 confers both advantages and
disadvantages over 11M alloys. Results on stress versus number of cycles
to failure for both notched and unnotched specimens are superior to those
of P/M alloys (Ref 30). However, the fatigue crack growth rate (FCGR)
at low stress-intensity levels is higher for 7090 and 7091 and for improved
I/M alloys (Ref 32). This deficiency is attributed to the ultrafine grain
size in these P1M alloys of 1 to 10 u.m (0.04 to 0.4 mil), which is so
small that the plastic zone extends over several grains (Ref 33). This
means that a fatigue crack can more readily propagate from one grain to
another. The FCGR can be reduced in 7090 and 7091 by grain growth
(Ref 34).

MR61 is another atomized alloy similar in strength and composition to
7090 (see Table 5); however, it contains zirconium, presumably for grain
refinement (Ref 35 and 36). Extrusions of MR61 were made on a pilot
production scale and were used for seat tracks in Boeing 727 airliners,
along with competitive P1M alloys 7090 and IN 9051. The alloy exhibits
an excellent ultimate tensile strength (UTS) of 669 MPa (97 ksi) and a
yield strength of 627 MPa (91 ksi) with 9.5% elongation. MR61 also has
good SCC and exfoliation corrosion resistance.

Two new alloys, MR64 and 1519B, have superseded MR61. Their
compositions (see Table 5) are similar, but MR64 contains cobalt and
zirconium and 1519B does not. Both alloys are resistant to stress
corrosion cracking. Table 8 displays mechanical and SCC properties from
forgings of these two alloys (Ref 34), and compares them with 11M 7050.
These alloys are nearing the commercial stage.

Most alloy development by mechanical" attrition is accomplished by
mechanical alloying, a patented process that is an improved version of
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Table 6. Typical Tensile Properties for Extruded Shapes of 7090
and 7091

Alloy Orientation
7090. . . . . . . . . . . Longitudinal

Long transverse
7091. . . . . . . . . . . Longitudinal

Long transverse

Ten-.le
strength

MPa ksl
627 91
593 86
593 86
552 80

YJeId strength
MPCl 01
586 85
538 78
545 79
510 74

Elong<lllon,
%-4D

10
6

12
8

Note: Section thickness of 6 mm (0.25 in.) to 38 mm (1.5 in.). Mechanical properties attained after
solution heat treatment and aging to peak strength. 7090 was further aged for I to 2 h at 160 ·C (325
"F). 7091 was further aged 4 h at 160 ·C (325 "F).

Table 7. Typical Tensile Properties for Die Forgings of 7090 and
7091

Alloy OrienlQtion
7090 Longitudinal

Transverse
7091 . . . . . . . . . . .. Longitudinal

Transverse

Note: Section thickness of 76 mm (3.0 in.).

Tensile

M~ksl
614 89
579 84
579 84
545 79

Yield
strength

MPCl ksl
579 84
545 79
531 77
496 72

Elongation,
~4D

10
4

13
9

SAP processing (Ref 37). The high-energy milling occurring in this pro
cess enables the superimposition of many strengthening mechanisms. For
example, IN 9051 is a patented (Ref 38 and 39), AI-4 wt% Mg alloy
(Table 5) that is strengthened by:

• Magnesium solid solution strengthening
• Ultrafine grain size strengthening «0.5 urn or <0.02 mil)
• Oxide dispersion strengthening
• Carbide dispersion strengthening
• Substructural strengthening

The microstructure of this alloy is quite homogeneous and precipitation
strengthening is not necessary to achieve high strength levels. The alloy
is non-heat treatable, and as a consequence of its refined, electrochemi
cally passive microstructure, it has excellent general corrosion resistance
and stress-corrosion resistance even when loaded close to the yield strength.
IN 9052 is a similar alloy (Table 5) with higher dispersoid content that
also has excellent SCC resistance.

IN 9021 is a mechanically alloyed 2XXX material that adds precipi
tation strengthening to the aforementioned strengthening mechanisms.
Strength is increased, and corrosion and SCC resistance are still very
good. The electrochemical passivity of the dispersed oxides presumably
contributes to the corrosion and SCC resistance. The oxides dispersed in
mechanically alloyed materials also increase elastic modulus, and the three
alloys have a higher specific modulus (Young's modulus -i- density:
E/p) than 7075. Commercial-scale properties of forgings of three alloys
are included in Table 9. Because the FCGR of IN 9021 is lower than that
in 7075, the alloy has many potential applications in aircraft.
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Fig. 5. Typicalfracture toughness versus tensile yield strengthfor high-strength
aluminum alloy extruded shapes 6 mm (0.25 in.) to 38 mm (1.5 in.) in thickness.

Jangg (Ref 40) and co-workers are producing SAP-type alloys with
excellent room temperature strength (>700 MPa or> 102 ksi) on an ex
perimental scale. The process is called reaction milling, and the alloys
produced rely primarily on carbide dispersion strengthening; the carbon
is introduced as lamp black during ball milling. None of these alloys is
available commercially at present.

Excellent properties have been obtained from commercial-scale extru
sions and forgings of aluminum P/M alloys. However, data from plate
are limited because of the technical difficulties involved in producing in
gots large enough to be rolled in conventional rolling mills. Cebulak (Ref
41) has demonstrated the feasibility of manufacturing plant-scale ingots
by making 1500-kg (3307-lb) ingots from an earlier version of 7091 and
7090 alloys.

High-Modufus and Low-Density Alloys. Alloying lithium to alumi
num decreases density while increasing modulus, because of the forma
tion of the 8' phase, AI3Li. Several aluminum and aerospace companies
(Ref 42-44) are developing high E/p aluminum-lithium P/M alloys. At-
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Table 8. Strength and SCC Data from Forgings of PIM and 11M
Alloys

Alloy Temper
1519B T76

T73
MR64 T76

T73
11M 7050 T73

Ultimate
tensile

strength
MPa Itsl
558 81
510 74
600 87
558 81
503 73

Yield
strength

MPa Itsl
510 74
448 65
552 80
496 72
448 65

Elongation,
"10
10
11
6
9
5

Failure,
days(a)

43
190
60

116
23

(a) Days to failure with alternate immersion in 3.5% NaCI aqueous solution at 310 MPa (45 ksi).

tractive experimental properties have been obtained, but none of those
P1M alloys is commercially available. Several aluminum companies are
likely to market aluminum-lithium alloys made by 11M in the near future
(Ref 34).

Dispersed intermetallics other than Al3Li can also increase modulus.
For example, an experimental, splat-cooled AI-8 wt% Fe-2 wt% Mo alloy
for elevated-temperature service has a high room temperature modulus
(Ref 34), because of the presence of intermetallic phases. Modulus can
also be increased by dispersed oxides, as evidenced by mechanically al
loyed materials. IN 9021 and IN 9052 have specific stiffness values of
5 and 8%, respectively, greater than that of 11M 7075, largely because
of their dispersed oxides (Ref 34). Development of high EI p materials
is continuing by both P/M and I/M, although no high Elp alloy is en
joying widespread commercial usage.

Alloys for Elevated-Temperature Service. Considerable research ac
tivity has been undertaken in the development of aluminum P1M alloys
for elevated-temperature service. Air Force Wright Aeronautical Labo
ratories (AFWAL) has sponsored alloy development for service at 230 to
345°C (450 to 650 OF) by atomization (Ref 45-47) and by mechanical
alloying (Ref 48); NASA has sponsored development of alloys for 135
°C (275 OF) service (Ref 49), and a jet engine manufacturer has an in
ternally funded splat-cooling program to develop aluminum alloys for use
at elevated temperatures in jet engines (Ref 50 and 51). The rapid so
lidification approach has produced alloys with attractive elevated
temperature strength. For example, an AI-8 wt% Fe-4 wt% Ce alloy has

Table 9. Tensile Properties of Mechanically Alloyed Forglngs(a)

Alloy OrIentation
9052 Longitudinal

Short transverse
9021 T4 Longitudinal

Short transverse
11M 7075 T7 .... Longitudinal

Short transverse

(a) From Lockheed Longeron End Tie.

Ultimate
lenslle

strength
MPa ksl
595 86.3
568 82.4
625 90.7
597 86.6
483 70
448 65

YIeld strenGth
MPa &1
560 81.2
550 79.7
597 86.6
585 84.8
407 59
372 54

Elongation,
"10
6
2.5

14
11
8
4
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Temperature, of
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Fig" 6" Yield strength versus temperature for powder metallurgy aluminum-iron
cerium alloy, compared to various ingot metallurgy alloys after 100 h ofexposure
at temperatures shown.

much greater strength at elevated temperature than does 11M alloy 2219,
as Fig. 6 shows (Ref 34). In addition, forgings of AI-8 wt% Fe-4 wt%
Ce show only 0.05% plastic strain after 100 h at a stress of 138 MPa (20
ksi) and 230°C (450 OF), whereas the plastic strain for 11M 2219 T851
is an order of magnitude greater. This alloy is still in the experimental
stage.

An AI-8 wt% Fe-2 wt% Mo alloy under development may successfully
compete with titanium alloys at 205°C (400 OF) (Ref 34). Several ex
perimental mechanically alloyed materials have fair strength at 425°C
(800 OF), but they are not as strong as the rapidly solidified alloys at 230
to 345°C (450 to 650 OF) (Ref 47). Jangg (Ref 52) has had considerable
success with his mechanical attrition process, reaction milling, and has
obtained experimental ultimate tensile strength values around -240 MPa
(~34 ksi) at -345°C (-650 OF) on aluminum-carbon alloys.

Conclusion. Several new aluminum P1M alloys with very attractive
properties are available on a pilot production scale in extrusions and forg
ings. Availability of plate of these alloys is limited because of the dif
ficulty in making commercial-scale rolling ingots.
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