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6.1 Production of Aluminum

The production of aluminum is based on the electrolysis
of molten alumina (Al,O3) using the Hall-Herault pro-
cess. Alumina is extracted using the Bayer process from
bauxite ore that contains 20—30wt% Al. In 2016 the
main producers of the ore are Australia (34%), China
(25%), Brazil (13%), India (9%), Guinea (7%), and Ja-
maica (7%) 6.1, 2].

After milling, the ore is first broken down using an
Al-containing NaOH solution that is seeded to precipi-
tate aluminum hydroxide AI(OH)3. This is dehydrated
at about 1100°C according to 2A1(OH); — Al,O3 +
3H,0.

To off-gas scrubbing

S}
Cathode

Steel shell

Fig. 6.1 Schematic representation of an electrolytic cell
for Al production (after [6.1])

6.2 Properties of Pure Al

Aluminum can be classified as unalloyed, pure, or re-
fined depending on its degree of purity. The Al from con-
ventional electrolysis has a purity of 99.5—99.9 wt%.
Higher purity is produced by triple-layer refining elec-
trolysis, which can reach > 99.99 wt% purity. The latter
grade is used, for example, in the electronics sector.

6.2.1 Physical Properties

The physical properties of pure Al are given in Chap. 4,
Tables 4.39-4.45. The temperature dependence of its

An electrolytic reduction is carried out in a cell as
shown in Fig. 6.1. Cryolithe Na3 AlFg is used as an ad-
ditive to decrease the high melting point of pure Al,O3
(about 2050 °C) as the two compounds form a eutec-
tic near 10 wt% of Al,O3 in NazAlFs (Fig. 6.2) [6.3,
4]. The electrolysis is carried out in a cell lined with
carbon, which serves as the cathode. Carbon anodes
are suspended from above the cell into the electrolyte.
Two main reactions occur: 2A131 4+ 6e~ — 2Al, and
oxygen ions react with the carbon of the cathode to
form CO, (consumption of the cathode). A primary alu-
minum smelter requires on average 13—14kWhkg™!
Al In recent decades secondary production, i.e., re-
cycling of scrap and waste material, has attained 30%
of total production with high regional variations. Up to
95% less energy is needed to produce Al via secondary
production.

T (°C)
1020 4

1000

980 | A-Na,AlIF,+L

a-Na;AlF,
962.5°C +L
960
B-Na,AlF;+ a-Na, AlE,
940 >
0 5 10 15 20 25

ALO; (mol %)

Fig. 6.2 Phase diagram of cryolithe NajAlFs-alumina
Al,Oj (after [6.1])

density is shown in Fig. 6.3. The contraction of 6.5%
upon solidification corresponds to an increase in den-
sity from 2.37 gcm ™3 in the liquid state to 2.55 gcm ™3
in the solid state. The temperature dependence of the
coefficient of thermal expansion is given in Table 6.1.
The specific heat in the solid state increases with
temperature from 720 kJ at —100 °C, to 900kJ at 20 °C,
and 1110kJ at 500°C. At its melting point Al has
a specific heat of 1220kJ (solid) and 1040kJ (lig-
uid). In the liquid state the specific heat rises further,
e.g., to 1060kJ at 800°C. Aluminum has a high re-
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Fig. 6.3 Density of solid and liquid aluminum as a func-
tion of temperature (after [6.1])
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Fig. 6.4 Electrical conductivity of as-cast binary alloys
based on high-purity aluminum as a function of the alloy-
ing element concentration (after [6.5, 6])

flectivity for light, heat, and electromagnetic radiation.
The Young’s modulus E of aluminum materials is usu-
ally taken to be 70 GPa; it varies between 60 and

Table 6.1 Coefficient of thermal expansion of Al 99.99 as
a function of temperature (after [6.1])

Temperature range Average linear coefficient of thermal

(o) expansion (107 ¢ K1)
(—200)—20 18.0
(—200)—20 21.0
20—100 23.6
20—200 24.5
20—400 26.4
20—600 28.5

Electrical conductivity y (m Q' mm?)

10

0 2 4 6 g8 10 12 14
Alloying element content (Wt%)

Fig. 6.5 Electrical conductivity of as-cast binary alu-
minum alloys (containing larger amounts of the alloying
additions) as a function of concentration of the alloying el-
ement (after [6.5,6])

78 GPa depending on alloy composition. The shear
modulus G varies between 22 and 28 GPa, the value
for refined aluminum is 25.0 GPa. Poisson’s ratio v
varies between 0.32 and 0.40 (0.35 for refined alu-
minum).

Unalloyed aluminum has an electrical conductiv-
ity of 34—38m Q™! mm™2. Because of this relatively
high conductivity, a large fraction of unalloyed Al and
Al-Mg-Si alloys are used for electrical conductors.
The temperature dependence of the electrical conduc-
tivity depends on alloying additions, impurities, and
microstructure (Figs. 6.4-6.6). Superconductivity oc-
curs at 7, = 1.2K in refined grades of aluminum (>
99.99 wt%). The electrical conductivity of high-purity
aluminum is still high at 4.2 K.

29| 9 1ed
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Electrical conductivity y (m Q' mm2)

36.2
1
35.8
:
2
354
3
35.0 >
0 20 40 60 80 100

Degree of cold work (%)

Fig. 6.6 Electrical conductivity of unalloyed Al
(0.21 wt% Fe; 0.11 wt% Si) as a function of the de-
gree of cold work and the degree of supersaturation and/or
intermediate annealing temperature (after [6.5]): (1) inter-
mediate annealing temperature 350 °C; (2) intermediate
annealing temperature 500 °C; (3) as extruded

6.2.2 Mechanical Properties

The ultimate tensile strength of pure aluminum in-
creases markedly with increasing amounts of alloying
or impurity additions, as shown in Fig. 6.7. Unal-
loyed aluminum is soft (tensile strength 10—30MPa,
Table 6.2) and, like all fcc metals, shows a low rate of
work hardening.

6.2.3 Chemical Properties

Aluminum, as a relatively reactive element, is a very
strong base as shown by its position in the electro-
chemical series and its low standard potential (Vy =
—1.66 V) [6.7]. Therefore, it is not possible to obtain
the element from aqueous solutions by electrolysis.
Similarly, it is not possible to obtain aluminum via
a carbothermic reaction. In chemical compounds, alu-
minum is positively charged and trivalent (A’T). It
reacts readily with hydrochloric acid and caustic soda,
but less readily with sulfuric acid; dilute sulfuric acid
does not attack aluminum. It is not attacked by cold

Tensile strength R, (N mm2)
A

40

04 05 06 07 08 09
Alloying additions (Wt%)

0 01 02 03

Fig. 6.7 Effect of small additions of alloying elements or
impurities on the ultimate tensile strength of aluminum of
high purity (99.98 wt% Al, soft condition, 5 h, 360 °C) (af-
ter [6.5])

nitric acid at any concentration, and hardly so when
heated. The reaction with sodium hydroxide is given by:
2Al1+ 2NaOH + 3H,0 — 2Na[Al(OH)4] + 3H,.

Aluminum-based materials are nonflammable. Even
turnings and chippings do not ignite. Extremely fine alu-
minum particles can undergo spontaneous combustion
and thus cause explosions. The heat of formation of alu-
minum oxide Al,Os is about 1590kJ mol~!, making
aluminum a very effective deoxidizer for the steel in-
dustry and in metallothermic metal reduction processes
(aluminothermy; e.g., 3V,0s5 4+ 10Al — 6V + 5A1,03
and aluminothermic welding, e.g., the Thermite process
3Fe;04 + 8Al — 9Fe + 4A1,0;).

Important aluminum compounds include aluminum
oxide Al,O3, which is commonly called alumina (in
powder form) or corundum (in coarse crystalline form),
and aluminum hydroxide AI(OH)j (hydrated alumina,
usually extracted from bauxite in the Bayer pro-
cess).

Table 6.2 Typical mechanical properties of refined aluminum (Al 99.98) (after [6.1])

Condition  Proof stress R,.2 Ultimate tensile strength Ry,
(MPa) (MPa)

Soft 10—25 39—49

Hard 69—98 88—118

Elongation at fracture Aj9p  Brinell hardness number HB

(%)
30—45 15
1-3 25
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The properties of aluminum strongly depend on the
concentration of alloying additions and impurities.
Even the low residual contents of Fe and Si in unalloyed
aluminum (Al 99—-A1 99.9) have a marked effect.

The main alloying elements of Al materials are Cu,
Si, Mg, and Zn while Mn, Fe, Cr, and Ti are frequently
present in small quantities, either as impurities or addi-
tives. Ni, Co, Ag, Li, Sn, Pb, and Bi are added to pro-
duce special alloys. Be, B, Na, Sr, and Sb may be added
as important trace elements. All of these elements af-
fect the structure and thus the properties of an alloy.
The compositions of the more important aluminum ma-
terials are discussed below, using the relevant phase
diagram. All alloying components are completely solu-
ble in liquid aluminum if the temperature is sufficiently
high. However, these elements have only limited solu-
bility in solid solution (Table 6.3). Continuous solid sol-
ubility does not occur in any of the alloy systems of Al.

Aluminum-rich solid solutions are often formed and
are referred to as a-phase, aaj-phase, or a-Al solid so-
Iution. Most of the phases occurring in equilibrium with
«-Al are hard. They consist of elements or intermetal-
lic compounds such as Al,Cu, AlgMgs, Al¢Mn, Al;Fe,
and AlLi.

6.3.1 Binary Al-Based Systems

Aluminum-Copper
Al-Cu forms a simple eutectic system in the range
from O to 53 wt% Cu, as shown in Fig. 6.8. The «-Al
solid solution and the intermetallic compound Al,Cu
(6-phase) are in equilibrium. At intermediate temper-
atures, metastable transition phases may form and pre-
cipitate from the supersaturated solid solution. These
metastable phases may be characterized according to

(0

A
800

700
600

500 5.7% 33.2%
400
300

Al + AL Cu AlLCu

200

53.2%|{53.9%

0 10 20 30 40 50 60
Copper content (Wt%)

Fig. 6.8 Al-Al,Cusection of the Al-Cu system (after [6.8])

their crystal structure, the nature of the phase boundary
they form, and their size:

® From room temperature up to & 150 °C the coher-
ent Cu-rich Guinier—Preston I zones (GP I phase)
form; they are only 1—2 {001} layers thick and have
a highly strained, coherent phase boundary with the
«-Al matrix phase.

® At =~ 80 to &~ 200°C the GP II phase, also called
0" -phase, forms; it has a superlattice structure
based on the Al fcc lattice and has a coherent in-
terface also, but the particle size grows larger than
that of GP L.

® Above ~ 150 °C the 6’-phase forms; it is only par-
tially coherent.

® Above = 300°C the incoherent, stable 6-phase
Al,Cu is formed (overaging).

These phase transformations are decisive for the
precipitation-hardening behavior of Al-Cu-based tech-
nical Al alloys.

Aluminum-Silicon
Al-Si forms a simple eutectic system (Fig. 6.9). At
room temperature the solubility of Si in Al is negligible.
Thanks to the good casting properties of the Al-Si eu-
tectic, this alloy system forms the basis of a major part
of the Al-based casting alloys. However, when slowly
cooled (e.g., in sand casting), a degenerate form of eu-

T (°C)
1500 4

1430 °C

1400
1300
1200
1100
1000
900
800
700
600

500 :
Al +Si

00 >
0 10 20 30 40 50 60 70 80 90 100
Silicon content (Wt%)

Fig. 6.9 Al-Si system; the dashed line shows the extent to
which alloys can be supercooled (after [6.9])
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Table 6.3 Solubility of some elements in aluminum solid solutions (after [6.8, 10])

Element Temperature Phase Tg or Tp  Solubility (wt%) at
of eutectic (E) or peritectic (P) in equilibrium (Wt%)
equilibrium (°C) with Al solid solution 500°C 400°C 300°C 200°C
Cu 547 (E) Al,Cu 5.7 44 1.6 0.6 0.2
Fe 655 (E) ALsFe =~ 0.04 0.005 < 0.001
Li 602 (E) AlLi 4.7 2.8 2.0 1.5 1.0
Mg 450 (E) AlgMgs 17.4 ~ 12.0 12.2 6.6 35
Mn 657 (E) AlgMn 1.82 0.36 0.17 0.02
Si 577 (E) Si 1.65 0.8 0.3 0.07 0.01
Zn 275 Eutectoid equilibrium Zn 31.6 14.5
T (0O T (°C) 697°C 19.8%
900 4 700 ,
S
800
S + Al;Fe 600 7% 8% 16.8%
Al '
700
500
0.04% 1.8% 655 °C Al g
600
400
Al+AlsFe
500
300
400 >
0 1 2 3 4 5 6 7 8 9 10
Iron content (Wt%) 200 >
0 5 10 15 20

Fig. 6.10 Al-Fe system up to 10 wt% Fe

Fig. 6.1 Al3Fe needles formed after annealing commer-
cially pure aluminum sheet (Al 99.5) for 65h at 590 °C,
magnification 800 x (after [6.11])

Lithium content (Wt%)

Fig. 6.12 Al-Li system for up to 20 wt% Li (after [6.10])

tectic microstructure may occur. Instead of the desired
fine eutectic array, the alloy develops a structure that is
characterized by larger, plate-like primary Si crystals,
leading to very brittle behavior. This degenerate behav-
ior can be suppressed by the addition of small amounts
of Na, Sb, or Sr to the melt at about 720—780 °C. This
modification causes a lowering of the eutectic tempera-
ture and a shift in concentration of the eutectic point, as
indicated in Fig. 6.9; the extent of the shift is dependent
on the rate of solidification.

Aluminum-Iron
Figure 6.10 shows the Al-rich part of this system. The
solubility of Fe in Al is very low. In the range shown
Al;Fe is formed by a peritectic reaction at 1160 °C. The
eutectic between the Al phase and AlsFe crystallizes in
a degenerate manner to form brittle needles of Al;Fe.
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Magnesium content (wt%)

Fig. 6.13 Al-AlgMgs section of Al-Mg system (after [6.8])

The formation of Al3Fe needles also occurs in Al-Fe-Si
alloys such as commercially (available) pure aluminum
(Fig. 6.11).

Aluminum-Lithium
The Al-rich part of this system is shown in Fig. 6.12.
The AI(Li) solid solution and the n-phase (Al;Li) are in

a) T (°C) b)
8004
S
S+ A14Mn
Al+S 4.1% 710 °C
L 1 .9%/ S + AlgMn
0, 0,
Al 1.8%  657°C
600
Al + AléMIl
500
400 >

0 1 2 3 4 5 6 7 8 9 10
Manganese content (wt%)

equilibrium. Al-Li-based alloys are used for their low
density.

Aluminum-Magnesium

This system is shown in Fig. 6.13. The solid phases are
the «-Al solid solution and the B-AlgMgs intermetal-
lic compound. The high solubility of Mg in Al can be
put to practical use for solid solution hardening. The
B-phase precipitates preferentially at grain boundaries,
forming a continuous network at the grain boundaries
of the Al-rich « solid solution, e.g., after slow cooling
from temperatures above 400 °C, especially in alloys
containing more than 3 wt% Mg. Precipitates of the §-
phase are less noble electrochemically than the a-phase
and are thus subject to preferential attack by corrosive
media. Accordingly the disadvantage of Al-Mg alloys
is their potentially high susceptibility to intergranular
corrosion.

Aluminum-Manganese

The Al-rich part of this system includes the inter-
metallic phases Al;Mn (above 710°C) and AlgMn
(Fig. 6.14a). The «-Al solid solution and the AlgMn
phase form a eutectic (Fig. 6.14b). The solubility of
Mn in Al at room temperature is negligibly small. In
hypereutectic Al-Mn alloys, precipitation of primary,
bar-shaped Al;Mn crystals occurs in the eutectic struc-
ture. These have a marked embrittling effect. Therefore,
the maximum Mn content is limited to 2 wt% in com-
mercial Al-Mn alloys.

Aluminum-Titanium
Intermetallic phases with a significantly higher melt-
ing point (dissociation temperature) than Al exist

Fig. 6.14 (a) Al-Mn
equilibrium system up

to 10 wt% Mn. (b) Mi-
crostructure of an as-cast
Al-1 wt% Mn alloy (TEM
micrograph, magnification
7000 x) (after [6.11])
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Fig. 6.15 Al-Ti system (after [6.8])

in this system: Al;Ti (1340°C) and AlTi (1460°C)
(Fig. 6.15). The structure of Al-rich Al-Ti alloys con-
sists of Al;Ti and an Al-rich solid solution.

Aluminum-Zinc
Zn is highly soluble in Al. The eutectic point occurs
at a Zn-rich concentration (Fig. 6.16). The liquidus
and solidus temperatures depend markedly on tempera-
ture.

6.3.2 Ternary Al-Based Systems

Most technical Al alloys contain more than two compo-
nents because of the presence of impurity and alloying
elements.

Aluminum-Iron-Silicon
Figure 6.17 shows the Al-rich corner as a section for
0.5 wt% Fe. This concentration range is of particular in-
terest for commercially pure, unalloyed Al. Apart from
the solid solution and the AlFe and Si phases there are
two ternary phases, i.e., @-Al;Fe;Si and §-AlgFe;Si,.
The exact compositions are subject to discussion and

Zinc content (Wt%)

Fig. 6.16 Al-Zn system (after [6.8])

there are corresponding differences in the description
of the solidification and precipitation processes. At the
level of Fe and Si contents found in commercially pure
aluminum (Al 4 Si < 1 wt%), a-Al;,Fe;Si will form as
a result of the transformation of the a-solid solution
and AlFe with decreasing temperature, as shown in
Fig. 6.11. If the temperature further decreases, precipi-
tation of B-AlgFe,Si, and even Si will occur. Because
of the low rate of diffusion at low temperatures it is
possible that all four phases coexist with the Al-rich
solid solution phase. The solid solution becomes su-
persaturated in Fe and Si at the cooling rates used in
industrial practice. Moreover, nonequilibrium ternary
phases form, often locally at the grain boundaries of the
as-cast microstructure. Fe and Si are in solution inside
the grains. For a given cooling rate, the maximum Fe
solubility decreases with increasing Si content of the
alloy, whereas the Si solubility is independent of Fe
content [6.12—14]. Thermodynamically, such nonequi-
librium microstructures are very stable. The primary
nonequilibrium ternary phases only decompose to the
secondary equilibrium phases Al;Fe and Si at about

600°C [6.15].
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Fig. 6.17 Section through the Al-Fe-Si phase diagram at
0.5 wt% Fe (after [6.3]) <«

Aluminum-Magnesium-Silicon
Figure 6.18a,b shows the Al-rich corner as a qua-
sibinary section Al-Mg,Si (Mg/Si ratio 1:0.58). It
divides the system into the two simple ternary eutec-
tic systems shown. The fine-grained microstructure of
Al-Mg-Si alloys consists of «-Al(Mg,Si) and numer-
ous intermetallic compounds, such as Mg,Si (forming
a characteristic particle shape called Chinese script),
AlgMn, and AlsFe. Mg,Si has an important effect on
properties. Its solid solubility in the aluminum matrix is
temperature-dependent and, thus, leads to hardening ef-
fects, which are exploited in technical alloys. A coarse
network of intermetallic phases impairs forming behav-
ior, but annealing before further processing produces
finely dispersed precipitates. These improve workabil-
ity but are, also, effective in retarding recrystallization.

Aluminum-Copper-Magnesium
In addition to the two binary phases, AlsMgs (8) and
Al,Cu (), there are two ternary phases, Al,CuMg (S)
and AlgMg4Cu (T), in equilibrium with the Al-rich
solid solution. The microstructure of castings shows

400 > various ternary eutectics which, in addition to Al,Cu,
0 1 2 3 . . . . . .
St toom cwteat (00) also contain Mg, Si, resulting from Si as an impurity,
and AICuMg [6.1].
a) T (°C) b) 7 (°C)
700 4 L 700 4
L
L+a
600 585°C 650
1.85%
Al+L
500 600
a
. Al +Mg,Si+L
A 550 |Alf AT+ MgSi+L
L Al+Si
300 500
o+ M,Si 73}
éﬁ Al + Mg,Si
200 450 n
o
4
100 400|| <
— Quasibinary
> 350 >
0 0.5 1.0 1.5 2.0 2.5 3.0 0 2 4 6 8 10 12
Al Mg,Si content (Wt%) Mg,Si content (Wt%)

Fig. 6.18a,b Al-Mg-Si system. (a) Quasibinary section Al-Mg,Si (after [6.8]); (b) section at a constant Si content of

1 wt% (after [6.3])
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Aluminum-Copper-Lithium
In addition to binary phases between all three elements,
three ternary phases, Al;CuyLi, Al,CuLi, and Al;Li;Cu
occur in equilibrium with the Al-rich solid solution in
the aluminum-rich corner of this system.

Aluminum-Zinc-Magnesium
The Al-rich corner consists of two binary phases,
AlgMgs and MgZn,, and a ternary phase T with a nom-
inal composition Al,Mg,;Zn; having a wide range
of homogeneity. The Al-MgZn, and AI-T sections
may be regarded as quasibinary systems with eutec-
tic temperatures at 475 and 489 °C, respectively. The

6.4 Classification of Aluminum Alloys

Technical aluminum alloys are subdivided first into the
two main groups of cast and wrought alloys (Fig. 6.19).
Typically, the alloying content of casting alloys is
10—12 wt%. This is significantly higher than the value
for wrought alloys, most of which contain only a total
of 1-2 wt% alloying elements; their content may be as
high as 6 or even 8 wt% in individual cases.

Aluminum alloys are further subdivided, depending
on whether or not an alloy can be hardened by the addi-
tion of alloying elements, as is the case with:

Casting alloys

Al Si

Al Mg

Al Si Mg

|
|
Al Si Cu |
|
|

Al Mg Si

Al Cu |

Al Zn Mg \

Al-AlgMgs-T range constitutes a ternary eutectic, Tg =
450°C. In the Al-T-Zn range there is a four-phase re-
action in which the T phase transforms to Mg,Zn. At
high Zn contents, Mg,Zn;; transforms to MgZn, in
another four-phase reaction at 365 °C. MgZn, subse-
quently solidifies eutectically at 343 °C together with
Al and Zn. There is evidence of eutectic solidifica-
tion in the as-cast structure of these alloys. If ternary
Al-Zn-Mg alloys are solution-treated at temperatures
above 450 °C they consist of a homogeneous «-phase
solid solution that is supersaturated with respect to
one phase at least, corresponding to its composi-
tion [6.1].

® Precipitation-hardenable alloys that can be strength-
ened by aging and

® Nonprecipitation-hardenable alloys that can be
strengthened by work-hardening only.

The addition of further alloying elements will al-
ways cause hardening, but not all elements have the
same hardening effect. Hardening will also depend on
whether the solute atoms are present in solid solution or
as particles. Alloy hardening can be divided into:

‘Wrought alloys

Al Fe Si

Work-
hardenable
alloys

Age-
hardenable
alloys

Al Cu (Mg) Li

Fig. 6.19 Schematic array of cast and wrought aluminum alloys. The numbers are given according to European stan-
dardization. In the case of wrought alloys the numbers are the same as those used in North American standardization
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® Solid-solution hardening (as with nonprecipitation
hardening, work-hardenable alloys) and

® Hardening due to elements that are initially in solid
solution and are precipitating as second phases (as
is the case with age-hardenable alloys).

It should be noted that age-hardenable alloys
can be strengthened by the use of a suitable heat
treatment whereas the same heat treatment of al-
loys that are not age-hardenable leads to a loss in
strength.

6.5 Structure and Basic Mechanical Properties of Wrought
Work-Hardenable Aluminum Alloys

6.5.1 Al-Fe-Si and Unalloyed Aluminum
(1xxx)

Al-Fe-Si contains about 0.6 wt% Fe and 0.8 wt% Si that
has been added deliberately. The properties of Al-Fe-Si
alloys, and of unalloyed aluminum, are strongly influ-
enced by the elements that are in solid solution and the
binary and higher phases that form. Increasing amounts
of alloying additions lead to a marked increase in
strength but there is a decrease in electrical conductivity
since transition elements have a high effective scatter-
ing power for electrons.

6.5.2 Wrought Al-Mn (3xxx)

Manganese additions increase the strength of unalloyed
aluminum (Fig. 6.20). The chemical resistance is not
impaired. These alloys have very good forming prop-
erties when the Mn content is below the maximum
solubility of Mn in the Al-rich «-phase, i. €., practically
below 1.5 wt%. At higher Mn content, brittle AlgMn
crystals form and impair workability.

If Al-Mn alloys are rapidly solidified as in continu-
ous casting, considerable supersaturation of Mn occurs.
Fe reduces the solubility for Mn and promotes its pre-

Tensile strength Ry, Elongation
0.2% Proof stress Ryo. (MPa) to fracture 4 (%)
A 450
100
80 40
60
40 30
20
% 02z 04 06 08 102

Manganese content (wt%)

Fig. 6.20 Effect of manganese additions on the strength
of aluminum; alloys based on 99.5 wt% Al, quenched from
565 °C, sheet samples, 1.6 mm thick (after [6.16])

cipitation in the form of multicomponent phases. Fe is
often added to counteract supersaturation and for an in-
crease of the tensile strength (Fig. 6.21). Depending on
the amount of precipitation, Mn can inhibit recrystal-
lization.

6.5.3 Wrought Al-Si (&xxx)

Aside from 1 to 12.5 wt% Si, wrought Al-Si alloys con-
tain other elements such as Mg, Fe, Mn, or Cu.

6.5.4 Wrought Al-Mg and AlI-Mg-Mn
(5xxx)

The two nonage-hardening alloy systems Al-Mg and
Al-Mg-Mn cover the entire compositional range from
0.5 to 5.5 wt% Mg, from O to 1.1 wt% Mn, and from 0

Elongation to fracture 4 (%)
Brinell hardness HB

Tensile strength Ry,
0.2% Proof stress Ry (MPa)
120

100

» 25
0.01 0.15 0.3 0.5 0.7

Iron content (Wt%)

Fig. 6.21 Effect of iron and silicon on the strength of an
Al-Mn alloy containing 1.2 wt% Mn; soft condition, sheet
sample (after [6.17])
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Fig. 6.22a,b Effect of Mn content on the mechanical
properties of Al-Mg alloys: (a) tensile strength and 0.2
proof stress; (b) elongation to fracture (after [6.16]) »

to 0.35 wt% Cr. Alloys with more than 5.6 wt% Mg are
of no significance as wrought alloys.

In Al-Mg alloys both tensile strength and 0.2%
proof stress increase with increasing Mg content,
whereas elongation shows a steady decrease up to about
3wt% Mg, beyond which it increases again slightly.
Embrittlement does not occur at low temperatures. The
solubility of Mg in the Al-rich solid solution decreases
rapidly with decreasing temperature. Thus, most Al-Mg
alloys are effectively supersaturated at room tempera-
ture. This is of practical significance in alloys contain-
ing more than 3 wt% Mg, where precipitation of the
B-AlgMgs can occur, especially after prior cold work-
ing. This is not associated with any beneficial increases
in strength but leads to deterioration in the corrosion
resistance by intergranular corrosion (Fig. 6.13). It is
necessary to avoid the formation of continuous net-
works of 8 particles at the grain boundaries. Individual
B particles can be obtained by a globulization treatment
(200—250 °C), followed by slow cooling.

Another means to increase strength is the addition
of Mn. Al-Mn-Mg alloys show an additional increase
in tensile strength, which is significantly higher than
for binary Al-Mn alloys (Fig. 6.22). The alloys show
good toughness and can be used at low temperatures.
If the Mn content exceeds 0.6 wt%, the recrystalliza-
tion temperature can be increased to such an extent that
recrystallization does not occur during extrusion. With
extruded sections, there is an increase in tensile strength
and proof stress in the longitudinal direction termed the
press effect.

a) Tensile strength Ry,
0.2% Proof stress Ry (MPa)

400 4
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300
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6.6 Structure and Basic Mechanical Properties of Wrought
Age-Hardenable Aluminum Alloys

6.6.1 Wrought Al-Cu-Mg and Al-Cu-Si-Mn
(2xxx) Alloys

The 2xxx series alloys usually contain 3.5—5.5 wt% Cu
and additions of Mg, Si, and Mn and residual Fe. They
show a significant increase in tensile strength by aging
(310—440 MPa). Natural (room temperature) or artifi-
cial aging (at elevated temperature) may be preferable,
depending on the alloy composition (Fig. 6.23). Addi-
tions of up to 1.5 wt% Mg increase both tensile strength
and proof stress. At these Mg contents, the Al-rich solid

solution is in equilibrium with the ternary Al,CuMg
phase which, together with the 6-phase (Al,Cu), is
responsible for hardening. Mn additions increase the
strength (Fig. 6.24) and can also cause a press effect.
For achieving good ductility, the Mn content is limited
to ~ 1 wt%.

6.6.2 Wrought Al-Mg-Si (6xxx)

Al-Mg-Si alloys are the most widely used wrought
age-hardenable alloys. Hardening is attributable to the
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a) Tensile strength Ry,
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Fig. 6.23a,b Behavior of wrought Al-Cu-alloys. (a) Effect of copper on the strength of binary Al-Cu alloys; base mate-
rial 99.95 wt% Al, 1.6 mm thick sheet (after [6.16]): (1) soft annealed; (2) solution annealed and quenched; (3) naturally
aged; (4) artificially aged. (b) Effect of Mn on the strength of an Al-Cu-Mg alloy with ~ 4 wt% Cu and 0.5 wt% Mg;

naturally aged (after [6.16])

Tensile strength R, (MPa)
A

320

240
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Manganese content (wt%)

Fig. 6.24 Effect of Mg,Si on tensile strength (after [6.1]):
(a) stoichiometric composition, (b) 0.3 wt% excess Mg,
(c) 0.3 wt% excess Si. The solid line refers to alloys that
were quenched + immediate aging at 160 °C, the dashed
line represents data for alloys that were quenched + inter-
mediate aging for 24 h at 20 °C + aging at 160 °C

formation of the Mg, Si phase. The compositional range
of interest is 0.30—1.5wt% Mg, 0.20—1.6 wt% Si,
up to 1.0wt% Mn, and up to 0.35wt% Cr. This is
equivalent to about 0.40—1.6 vol% Mg,Si and varying

amounts of free Si and/or Mg. Some alloys are close
to the pseudobinary section Al-Mg,Si, in others there
is a significant excess of Si. This affects the maximum
attainable strength values because of the resulting vari-
ations in the amount of Mg,Si, as shown in Fig. 6.25
for the quenched and artificially aged condition. Ad-
ditions of 0.2—1.0 wt% Mn lead to an increase in the
notch impact toughness of Al-Mg-Si alloys (Fig. 6.26),
and affect the recrystallization behavior. Additions of
Cr cause similar effects.

6.6.3 Wrought Al-Zn-Mg and Al-Zn-Mg-Cu
Alloys (7xxx)

Additions of Zn to Al lead to an insignificant increase in
strength. Combined additions of Zn and Mg cause age
hardening and thus an increase in strength (Figs. 6.25
and 6.26). The sum of the Zn and Mg contents is limited
to about 6—7% because of the risk of stress corrosion
cracking at higher levels in Cu-free Al-Zn-Mg alloys;
this results in medium strength. Zr, Mn, and Cr are
added to reduce the tendency to recrystallize. If suit-
ably heat-treated, such alloys have adequate corrosion
resistance. It is important that cooling after solution
treatment is not too rapid and that the proper precipi-
tation treatment, usually step aging, is used. The alloys
are of interest for welded structures because of their
low quench sensitivity. The low-strength heat-affected
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Fig. 6.25 Effect of Mn and Fe on the notch impact tough-
ness of EN AW-A1SilMgMn (former AIMgSil) Al-alloy
with 1 wt% Si and 0.75 wt% Mg; artificially aged, flat bars,
60 x 10 mm? (after [6.17])

zone formed during welding is restored to full hard-
ness without the need for renewed solution treatment.
Al-Zn-Mg alloys usually contain 0.1-0.2 wt% Zr and
some Ti in order to improve their weldability and re-
sistance to stress corrosion cracking. Cu additions are
avoided, despite their favorable effect on stress corro-
sion cracking, because they increase susceptibility to
weld cracking.

6.6.4 Al-Zn-Mg-Cu Alloys

The addition of 0.5—2.0 wt% Cu strengthens Al-Zn-Mg
alloys. Cu also reduces the tendency for stress corrosion
cracking so that the upper limit for (Zn + Mg) can be
increased to 9 wt%, provided additions of Cr are also
made. The Zn/Mg ratio should preferably lie between 2
and 3. Al-Zn-Mg-Cu alloys can be aged both naturally
and artificially. They attain the highest strength levels of
all aluminum alloys. The actual hardening mechanism
is attributable to Mg and Zn. Cu increases the rate of
aging and acts as a nucleus for the hardening phases.
Figure 6.27 shows some properties as a function of the
Zn content at constant Cu content and two different Mg
contents.

Tensile strength R | (MPa)
4004
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100

Zinc content (Wt%)

Fig. 6.26 Effect of Zn and Mg on the strength and aging
effect of Al-Zn-Mg alloys (after [6.17]): (a) solution treat-
ment at 450 °C and quenching, (b) solution treatment at
450°C and quenching plus natural aging for 3 months,
(c) aging effect, i.e., the increase in strength attributable
to natural aging; difference between (a) and (b)
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Fig. 6.27 Effect of zinc on the tensile properties of Al-Zn-
Mg-Cu alloys; solution treated at 460 °C, quenched, aged
for 12h at 135 °C, 1.5 wt% Cu (after [6.16])
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6.7 Structure and Basic Mechanical Properties

of Aluminum Casting Alloys
6.7.1 Al-Si Casting Alloys

Because of the Al-Si eutectic (Fig. 6.9), these alloys,
containing 5 to < 20wt% Si, have good casting prop-
erties. The tensile strength increases with the Si content
(Fig. 6.28). Apart from Si other elements may be added,
e.g., for the modification of the eutectic. Cu is present in
residual amounts and impairs chemical resistance if lev-
els exceed 0.05 wt%. Additions of about 1 wt% Cu yield
an increase in solid solution hardening and thus reduce
the tendency for smearing during machining. Residual
Fe reduces sticking tendency, but leads to the formation
of B-AlFeSi needles that reduce strength and ductility.
Therefore, the Fe content must be limited. An addition
of Mn has a favorable effect on the sticking tendency.
Mn leads to the formation of a quaternary phase, but it
poses no problem because of its globular shape. Piston
alloys have hypereutectic compositions of up to 25 wt%
Si. During solidification, primary Si crystals are formed
that increase wear strength and reduce thermal expan-
sion.

Tensile strength R, (MPa) Elongation to fracture 4 (%)

2004 430
150 25
100 20
50 15
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Fig. 6.28 Effect of Si on the strength and ductility of Al-Si
casting alloys; (1) modified and (2) unmodified sand cast-
ings (after [6.1])

6.7.2 Al-Si-Mg Casting Alloys

These alloys contain about 5, 7, or 10 wt% Si and be-
tween 0.3 and 0.5 wt% Mg. The optimum amount of
Mg decreases with increasing Si content. Mg causes
high strength and a moderate ductility depending on the
temper (Fig. 6.29). The alloys can be age hardened both
naturally and artificially. Fe leads to a reduction in stick-
ing tendency, but also to a drastic reduction in ductility.

6.7.3 Al-Mg Casting Alloys

These alloys contain 3—12 wt% Mg. Strength increases
with increasing Mg content (Fig. 6.30). Above about
7wt% Mg, the alloy has to be heat-treated to ho-
mogenize the structure and thus obtain good tensile
properties. With Mg contents of up to 5 wt%, Si addi-
tions of up to 1 wt% are possible, and these lead mainly
to improvements in the casting properties. The addi-
tion of Si causes hardening due to the formation of

Tensile strength R, Elongation to fracture 4 (%)

0.2% Proof stress Ry (MPa) Brinell hardness HB
320, HB 4110
100
280 90
80
240 70
60
200 5
4
160 3
2
120 1
»/ 0
0 0.2 0.4 0.6

Magnesium content (Wt %)

Fig. 6.29 Effect of Mg on the mechanical properties
of EN AC-Al SilOMg casting alloy (with 9.5 wt% Si,
0.45 wt% Fe, and 0.3 wt% Mn), sand cast and artificially
aged (after [6.18-20])
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Fig. 6.30a,b Effect of Mg on the mechanical properties of Al-Mg casting alloys, sand cast, untreated and homogenized

(after [6.1]): (a) as-cast condition, (b) homogenized
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Fig. 6.31 Effect of Mg on the strength of cast Al-Zn-Mg
alloys; sand casting, artificially aged (after [6.1])

6.7.4 Al-Zn-Mg Casting Alloys

They contain 4—7 wt% Zn and 0.3—0.7 wt% Mg. They
can be naturally or artificially age hardened in the
as-cast condition, without the need for prior solution
treatment. Mg has a significant effect on the mechanical
properties in the aged condition (Fig. 6.31). If the Mg
content is limited, Al-Zn-Mg casting alloys can exhibit
particularly good elongation to fracture.
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6.8 Technical Properties of Aluminum Alloys

The applications of aluminum and its alloys are de-
pendent on the properties. In most cases, mechanical
properties are an important criterion for assessing the
suitability of an Al alloy for a specific application.
Other properties, such as electrical conductivity or
corrosion resistance, may also be included in the assess-
ment process.

6.8.1 Mechanical Properties
Hardness
The Brinell hardness number HB ranges from 15 for

unalloyed Al in the soft temper to about 140 for an arti-
ficially aged Al-Zn-Mg-1.5 wt% Cu alloy.
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Fig. 6.32 Ranges of tensile strength for some important
wrought aluminum alloys EN AW- (after [6.1])
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Fig. 6.33 Ranges of tensile strength for some important
aluminum casting alloys EN AC- (after [6.1])

Tensile Strength

Figures 6.32 and 6.33 indicate the typical levels of
strength attainable with wrought and cast aluminum
alloys, respectively. There will be a range of tensile
strengths in specific alloying systems because of pos-
sible additional increases in strength due to hardening
by cold work or precipitation. The different alloying el-
ements cause differing degrees of strengthening.

Strength at Elevated Temperatures
An example of the temperature and time dependence of
the different mechanical properties is given in Fig. 6.34.
With regard to the resistance to softening the materials
can be classified as follows, depending on their temper:

® Wrought alloys in the soft temper and as-cast
nonage-hardenable casting alloys are all practically
thermally stable.

® For cold-worked wrought alloys, partially annealed
to obtain an intermediate temper, the increase in
strength due to forming is diminished with increas-
ing temperature and exposure time.

® Artificially aged alloys do not undergo any perma-
nent changes on annealing until approaching the
aging temperature. At higher temperatures, aging
continues from the point where it was interrupted
during the aging process (Figs. 6.35 and 6.36).

Strength (MPa)

400 ,

300

200

100

0 100 200 300 400
Test or annealing temperature (°C)

Fig. 6.34 Properties of EN AW-AlMglSiCu 6061-
T6 at elevated temperatures; 1.0 wt% Mg, 0.6 wt% Si,
0.3 wt% Cu, 0.25 wt% Cr, artificially aged (after [6.1]):
(1) tensile strength R;,, at 20 °C, (2) stress rupture strength,
(3) duration of exposure, (4) fatigue strength, (5) tensile
strength at test temperature, (6) solution treated
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Fig. 6.35a-d Effect of temporary exposure to elevated temperature on the mechanical properties of artificially aged
EN AW-Al SilMgMn (6082) at 20 °C (after [6.1]): (a) 0.2% proof stress; (b) tensile strength; Ry.2; (c) elongation to

fracture A; (d) Brinell hardness
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Fig. 6.36a—c Effect of temporary exposure to elevated temperature on the hardness and tensile strength at 20 °C of cast
EN AC-AI Sil0Mg(a) (43000) alloy, artificially aged (after [6.21]). (a) 0—4 h; (b) 1—180d; (c) 1-360d

® Naturally aged alloys usually exhibit increased
hardening when exposed to higher temperatures as
a result of artificial aging. At higher temperatures,
the behavior is similar to that of artificially aged al-
loys.

High-Temperature Mechanical Properties

in Short-Term Tests
In materials that are not thermally stable, there will be
an effect due to irreversible changes in properties. Its
magnitude depends on the temperature and duration of
exposure (Figs. 6.37 and 6.38).
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Fig. 6.37 High-temperature tensile strength of EN AC-
Al Mg5 (51300) and EN AC-Al Mg5(Si) (51400) casting
alloys, sand cast, after 30 min prior exposure to the test
temperature (after [6.22])
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Fig. 6.39 Creep rupture behavior of EN AC-Al SilMgMn
(6082), T6 alloy, strain-hardened, min. tensile strength
320 MPa; extruded rods, 25 mm diameter (after [6.23, 24])
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Fig. 6.40 Creep rupture behavior of EN AC-

Al SilOMg(a) (43000) casting alloy, artificially aged,
100 h prior exposure to the test temperature (after [6.23,
24])

Creep Behavior
Creep of Al alloys starts to play an important role at
temperatures above 100—150 °C (Figs. 6.39 and 6.40).

Fig. 6.38 High-temperature tensile strength of casting al-
loys (after [6.21]): (1) as-cast EN AC-Al Sil12(Fe) (44300);
(2) EN AC-Al Si10Mg(a) (43000) after preheating for 8§ d
at the test temperature <
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Fig. 6.41a,b Mechanical properties of unalloyed aluminum AA
1100 (Al 99) at low temperatures (after [6.1]): (a) tensile strength
Ry, and 0.2% proof stress Ry.2; (b) elongation A

Material, amount of cold work, and degree of age-
hardening can affect creep behavior in various ways.
With nonage-hardenable alloys, the effect of cold work-
ing is more pronounced at low temperatures, below
about 150°C. At higher temperatures, the behavior
rapidly approaches that of the softened material. Thus,
more highly alloyed materials in the soft temper may ex-
hibit better creep properties than cold-worked alloys that
are less highly alloyed. Artificially aged alloys should
only be exposed for prolonged periods to temperatures
that are significantly lower than the temperature of arti-
ficial aging, otherwise overaging will lead to a complete
loss of strength.

Mechanical Properties at Low Temperatures
On the basis of its fcc crystal structure, Al and its al-
loys show neither a rapid increase in yield stress nor
a rapid decrease in fracture toughness with decreas-
ing temperature (Figs. 6.41-6.43). Tests carried out on
Al-Mn, Al-Mg, Al-Mg-Si, Al-Cu-Mg, and Al-Zn-Mg
wrought alloys at —268 °C showed that the values of
elongation to fracture at extremely low temperatures
were even higher than at room temperature. In most
cases, tensile strength and 0.2% proof stress increased
weakly with decreasing temperature. Casting alloys be-
have similarly to wrought alloys at low temperatures.
The behavior will depend on composition, temper (es-
pecially size, shape, and distribution of precipitates),
and on the casting process used (Fig. 6.44).

Fatigue
Composition, heat treatment, and method of processing
has a marked effect on fatigue strength. Solid solu-
tion hardening, cold work, and age hardening all lead
to an increase in fatigue strength. For a given alloy
composition, extruded sections usually have a higher
fatigue strength than sheet or forgings. Fine grains are
generally beneficial whereas coarse grains and coarse
intermetallic phase particles can lead to a reduction in
fatigue strength. Often there is an increase in fatigue
strength with decreasing sample thickness, especially
with bending stresses. Moreover, the effect of rough-
ness or surface defects in thin specimens is usually
less than that in thicker samples. With wrought alu-
minum alloys, there is a marked difference between

a) Tensile strength Ry, b) 0
0.2% Proof stress Ry (MPa) Elongation 4 (%) Reduction of area Z (%)
400, 804 804
Al Mgd O/H111

Al Mg4.5Mn0.7 O/H111

300 60 60 Al'Mg2.5 O/HI11
AlMg2.5 O/H111

AlMg2.5 O/Hl111 Al Mg4 O/H111

200 40 b—n

100

A
L, M
3\0 201 Al Mg4.5Mn0.7 O/HITTS 20

AlMg4 O/H111 )

Al Mg4.5Mn0.7 O/H111

0

> 0
—200 0 20 —-200

T (°C)

—100

0 20
T (°C)

»> 0
020 -200
T (°C)

—-100 —-100

Fig. 6.42a—c Mechanical properties at low temperatures for some Al-Mg and Al-Mg-Mn alloys in the soft temper (after [6.1]).
(a) Tensile strength Ry, and 0.2 proof stress Ry.2; (b) elongation A,7; (c) reduction of area alloys EN AW-5086 (Al Mg4), EN AW-
5052 (Al Mg2.5), and EN AW-5083 (Al Mg4.5Mn0.7), all in soft temper O/H111
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Fig. 6.43a,b Effect of cold working on the tensile properties of EN AW-Al Mg2.5 (5052) at low temperatures (af-
ter [6.1]). (a) Tensile strength and 0.2 proof stress; (b) elongation and reduction of area
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Fig. 6.44 Mechanical properties of artificially aged
EN AC-44100 (Al Sil2(b)) and EN AC-43000
(Al SilOMg(a)) casting alloys at low temperatures
(after [6.21]). The solid line represents 43000, artificially
aged; the dashed line represents 44100, as-cast

age-hardenable alloys and nonage-hardenable alloys.
It manifests itself in the shape of the S—N curve

Bending fatigue strength oy, (MPa)

400 4
Q
300
o Al ZnMgCul.5F53

200

Al Mg5W25 o
100 >

104 103 10° 107 108

Number of stress cycles N

Fig. 6.45 Typical S—N curves for reverse bending tests
on an age-hardenable and a nonage-hardenable alloy (af-
ter [6.1]), EN AW-7075 (Al Zn5.5MgCu, T651) and
EN AW-5019 (Al Mg5, O)

(Fig. 6.45), which is almost horizontal after about
10° cycles for nonage-hardenable alloys and after about
108 cycles for age-hardenable alloys. Figure 6.45 illus-
trates that the choice of 10% cycles as the ultimate num-
ber of stress cycles is regarded as adequate. Figure 6.46
shows fatigue curves for a number of casting alloys.

6.8.2 Technological Properties

Abrasion Resistance
The wear resistance of Al alloys is low, especially in
the absence of lubricants. There is no relation between
hardness, strength and abrasion resistance. Under suit-
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Fig. 6.46 Bending fatigue strength of two aluminum pres-
sure die-casting alloys; flat samples with cast skin (af-
ter [6.1]): (1) fracture; (2) fracture, with evidence of
defect; (3) no fracture; (4) GD-Al Si6Cu3; (not in EN);
(5) EN AC-44300 (Al Si12(Fe))

able conditions of lubrication, aluminum alloys can be
safely used where they will encounter friction, as shown
by their widespread use in the fabrication of pistons and
sliding bearings. Wear can be drastically reduced by the
suitable surface treatments.

Sheet Formability
Typical values for deep-drawing indices for commonly
used sheet materials are shown in Fig. 6.47, whereas
typical values of strain-hardening exponent n and de-
gree of anisotropy r are given in Table 6.4. The r value

Erichsen cupping index (mm)

Table 6.4 Typical values of strain-hardening exponent n
and degree of anisotropy r for some aluminum-base mate-
rials based on data from various sources (after [6.1]); n.a. —
not available

Material EN AW- Temper n r
Al199.5 1050A  O/H111 0.25 0.62
Al Mnl 3103 O/H111 0.15 n.a.
Al Mg3 5754 O/H111  0.20 0.64
Al Mg3 5754 H14 0.16 0.75
Al Mg3 5754 H18 0.12 1.10
Al Mg2Mn0.8 5049 O/H111  0.20 0.66
Al Mg2Mn0.8 5049 H112 0.20 0.92
Al Mg4.5Mn 5063 O/H111 0.15 n.a.

is strongly dependent on the manufacturing process
in particular, as is the case with all texture-dependent
properties. In general, materials with high » and r val-
ues are deep-drawable.

Machinability
There are difficulties involved in classifying aluminum
alloys according to their machinability. In general, soft
wrought alloys perform worse than other materials re-
gardless of the machining conditions because of chip
shape. Harder wrought alloys perform somewhat better
and special machining alloys and casting alloys perform
best of all. In Si-containing alloys, including wrought
alloys, there is a marked increase in tool wear with in-
creasing Si content if the relatively hard Si is present in
its elemental form.

12,
5005A H12
10| 1200 O/HILY 5005A O/H111
5754 OH/111 i
8 1200 H12 1050A H12 _——"’%659—6/_11.111
6 ‘5754 H14
‘ L
3103 O/H111 /,/'/ Fig. 6.47 Dependence of deep-
- drawing index on sheet thickness
//' for different aluminum sheet alloys
3103 H16‘ T (after [6.1]). The alloys are: EN AW-
el 1200A (Al 99.0), EN AW-5005A
/,/”' (A1 Mgl(C)), EN AW-5754 (Al Mg3),
6082 T61 EN AW-5049 (Al MgZMnO.S),
4 > > EN AW-6082 (Al SilMgMn),
0 0.5 1.0 1.5 200 0.5 1.0 1.5 2.0

Sheet thickness (mm)

Sheet thickness (mm)

EN AW-2017A (Al Cud4MgSi(A)),
EN AW-3103 (Al Mnl)



Aluminum and Aluminum Alloys

6.8 Technical Properties of Aluminum Alloys

6.8.3 Physical Properties

The most important physical properties of pure Al
are listed in Chap. 4, Tables 4.39—4.45. Characteristic
ranges of property variations with the amount of impu-
rities or alloying elements are compiled in Table 6.5.

Coefficient of Thermal Expansion

Values of the average linear coefficient of thermal ex-
pansion for some Al-based materials at temperatures of
practical significance are given in Table 6.6. Alloying
leads to only small changes in the coefficient of ther-
mal expansion (Tables 6.5 and 6.6). Si additions with
1.2% reduction in the coefficient of thermal expansion
for each wt% Si have the greatest effect of the alloying
elements commonly used. This effect is applied to the
manufacture of piston alloys.

Specific Heat
The specific heat of aluminum in the solid state in-
creases continuously from 0 at 0 K to a maximum at the
melting point. This is only the case with alloys when
there are no solid state reactions. The effect of alloying
elements in solution is not very marked.

Elastic Properties

The Young’s modulus of Al and its alloys is usually
taken to be about 70 GPa. Values given in the litera-
ture for aluminum of all grades of purity and aluminum
alloys range from about 60 to 78 GPa. Unalloyed and
low-alloyed materials are found in the lower part of
the range. The age-hardenable alloys are in the mid-
dle to upper part. The Young’s modulus is dependent
on texture, because the elastic anisotropy as expressed
by the ratio of the elastic moduli for single crystals
with [111] and [100] orientations is 1.17. Furthermore,
cold working and test temperature have a marked effect
(Fig. 6.48).

Electrical Conductivity

The electrical conductivity is influenced largely by al-
loying or impurities and the structure. Elements present
in solid solution lead to a greater reduction in electri-
cal conductivity than precipitates (Figs. 6.4 and 6.5).
By use of a suitable combination of heat treatment and
cold working, it is possible to obtain microstructures
with an adequate combination of tensile strength and
electrical conductivity. This is shown in Fig. 6.49, us-
ing E-Al MgSi wire as an example.

Behavior in Magnetic Fields
Aluminum is weakly paramagnetic. The specific sus-
ceptibility of Al and its alloys is about 7.7 x
10~°m? kg~! at room temperature.

Young’s modulus (GPa)
804

Al CuMg2

70

60

50

40

30

0 100 200 300 400 500 T (°C)

Fig. 6.48 Dependence of Young’s modulus E of differ-
ent Al alloys on temperature; determined using 9 mm thick
plate (after [6.25])

Elongation 4 (%)
Electrical conductivity
K (m Q' mm7?)

34

Tensile strength Ry,
0.2% proof stress Ry (MPa)

400 %

300

“““““ 31
200 30
4
29
100 10
5
0 T » 0
0 4 8 12 16 20
Aging time (h)

Fig. 6.49 Changes in the mechanical properties and elec-
trical conductivity of electrical-grade E-Al MgSi (=~ 6101)
alloy wire during artificial aging at 160 °C; solution treated
at 525 °C, water quenched, naturally aged for 14d, 95%
cold-worked and then artificially aged (after [6.5])

Nuclear Properties
Thanks to its small absorption cross section for thermal
neutrons, aluminum is often used in reactor components
requiring low neutron absorption.

Optical Properties
The integral reflection is almost independent of the
technical brightening process applied, but it depends on
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Table 6.5 Examples of physical properties of aluminum alloys (after [6.1]%)

Designation
EN AW- Chemical
composition
Wrought alloys
1098 A199.98
1050A Al99.5
1200 Al 99
8011A Al FeSi(A)
3103 Al Mnl
3003 Al Mn1Cu
3105 Al Mn0.5Mg0.5
3004 Al MnIMgl
5005A Al Mn1(C)
5052 Al Mg2.5
5754 Al Mg3
5019 Al Mg5
5049 Al Mg2Mn0.8
5454 Al Mg2.7Mn
5086 Al Mg4
5083 Al Mg4.5Mn0.7
6060 Al MgSi
6181 Al SilMg0.8
6082 Al SilMgMn
6012 Al MgSiPb
2011 Al Cu6BiPb
2007 Al Cu4PbMgMn
2117 Al Cu2.5Mg0.5
2017A Al Cu4MgSi(A)
2024 Al Cu4Mgl
2014 Al Cu4SiMg
7020 Al Zn4.5Mgl
7022 Al Zn5Mg3Cu
7075 Al Zn5.5MgCu
Casting alloys
44100 Al Sil2(b)
47000 Al Si12(Cu)
43000 Al Sil0Mg(a)
43200 Al Sil0Mg(Cu)
42000 Al Si7Mg
51000 Al Mg3(b)
51300 Al Mg5
51400 Al Mg5(Si)
51200 Al Mg9
46200 Al Si8Cu3
45000 Al Si6Cu4
21100 Al Cu4Ti
21000 Al Cud4MgTi

Density
(gem™)

2.70
2.70
2.71
2.71
2.73
2.73
2.71
2.72
2.69
2.68
2.66
2.64
2.71
2.68
2.66
2.66
2.70
2.70
2.70
2.75
2.82
2.85
2.74
2.80
2.78
2.80
2.77
2.78
2.80

2.65
2.65
2.65
2.65
2.70
2.70
2.60
2.60
2.60
2.75
2.75
2.75
2.75

Freezing range

()

660

646657
644-657
640-655
645-655
643-654
635-654
629-654
630-650
607-649
610-640
575-630
620-650
602-646
585-641
574-638
585-650
585-650
585-650
585-650
535-640
507-650
554-650
512-650
505-640
507-638
600-650
485-640
480-640

575-585
570-585
575-620
570-620
550-625
580-650
560-630
560-630
510-620
510-610
510-620
550-640
540-640

Electrical
conductivity
MR~ mm—2)

37.6

34-36
33-34
34-35
22-28
23-29
25-27
23-25
23-31
19-21
20-23
15-19
20-25
19-21
17-19
16-19
28-34
24-32
24-32
24-32
22-26
18-22
21-25
18-28
18-21
20-29
19-23
19-23
19-23

17-27
16-23
17-26
16-20
21-32
16-24
15-22
16-21
11-15
14-18
15-18
16-20
16-20

Thermal
conductivity
(Wm™ 1K)

232

210-220
205-210
210-220
160-200
160-200
180-190
160-190
160-220
130-150
140-160
110-140
140-180
130-150
120-140
110-140
200-220
170-220
170-220
170-220
160-180
130-160
150-180
130-200
130-150
140-200
130-160
130-160
130-160

120-190
110-160
120-180
110-140
150-220
110-170
100-160
110-150

80-110
100-130
110-130
110-140
110-140

Coefficient
of linear expansion
10—%K—1)

23.6
23.5
235
235
235
232
232
232
23.6
23.8
23.9
24.1
23.7
23.6
23.8
24.2
23.4
23.4
23.4
23.4
23.1
23

23.8
23.0
22.9
22.8
23.1
23.6
23.4

20
20
20
20
22
23
23
23
24
22
22
23
23

2 The actual values will depend on the material composition within the permitted range; electrical and thermal conductivity will
also depend on the material structure
b Where a eutectic structure is expected to form because of segregation, this will solidify at the lowest temperature given
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Table 6.6 Linear coefficient of thermal expansion of some Al alloys for different ranges of temperature (after [6.1])

Designation Average coefficient of linear expansion (105 K1), for the range
(according to EN 573.3 and EN 1706) —50—20°C 20—100°C 20—200°C 20—-300°C
1098 A199.98 21.8 23.6 24.5 25.5
1050A A199.5 21.7 23.5 24.4 25.4
3003 Al Mn1Cu 21.5 23.2 24.1 25.2
3004 Al Mn1Mgl 21.5 232 24.1 25.1
5005A Al Mgl1(C) 21.8 23.6 24.5 25.5
5019 Al Mg5 22.5 24.1 25.1 26.1
5474 Al Mg3Mn 21.9 23.7 24.6 25,6
6060 Al MgSi0.5 21.8 23.4 24.5 25,6
2011 Al Cu6BiPb 21.4 23.1 24.0 25,0
44100 Al Sil2(b) - 20.0 21.0 22.0

the purity of the metal. It is 84—85% for high-purity
aluminum Al 99.99 and 83—84% for unalloyed alu-
minum Al 99.9. Higher amounts of diffuse reflection

can be obtained by mechanical or chemical pretreat-
ment, such as sand blasting or strong pickling before
brightening.

6.9 Thermal and Mechanical Treatment

Thermal and mechanical treatments have a great in-
fluence on the properties of aluminum and its al-
loys. Moreover, these treatments influence some phys-
ical properties, for example the electrical conductivity.
Thus, these treatments are used to obtain a material with
an optimum of properties required.

6.9.1 Work Hardening

Strengthening by work hardening can be achieved by
both cold- and warm working. Figures 6.50-6.52 il-

Tensile strength R,

0.2% Proof stress Ry, (MPa) Elongation 4 (%)

200 450
160 40
120 30
80 20
40 10
y:
0 » 0
0 20 40 60 80 100

Degree of cold work € (%)

Fig. 6.50 Hardening of EN AW-A199.5 strip (0.15 wt%
Si, 0.28 wt% Fe) 1050 A, after recrystallization annealing
and subsequent cold-rolling (after [6.26])

lustrate the effect of cold working. During hot work-
ing, strengthening and softening processes occur si-
multaneously; with aluminum-based materials, this

a) Tensile strength Ry,

0.2% Proof stress Ry (MPa)
300 4
250

200

150

100

Rp0.2

50

0 20 40 60 80 100
. Degree of cold work € (%)
b) Elongation 4 (%)

A
40
30
20
10

0 >
0 20 40 60 80 100

Degree of cold work & (%)

Fig. 6.51a,b Typical mechanical properties ((a) tensile
strength and 0.2 proof stress; (b) elongation) of (1) con-
tinuously cast and rolled strip and (2) strip produced
conventionally by hot-rolling and then cold-rolling cast bil-
lets of EN AW-Al Mnl1 (3103) (after [6.27])
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Fig. 6.52 Tensile strength of various wrought nonage-hardenable Rolling temperature (°C)

aluminum alloys (EN AW) as a function of the degree of cold work
(after [6.26]): Al Mg4.5 — 5082; Al Mg5 — 5019; Al Mg3 — 5754;
Al Mg2.5 — 5052; Al Mgl - 5005; Al 99.5 — 1050A; Al 99.8 —
1080; Al Mg4.5Mn — 5083; Al Mg2.7Mn — 5454; Al Mg2Mn0.8 —
5049; Al Mn0.5Mg0.5 — 3105; Al Mn - 3103; Al MnCu - 3003

Fig. 6.53 Effect of rolling temperature on hardness; spec-
imens quenched after hot-rolling wrought alloys EN AW-:
A199.0Cu - 1100; Al Mn1Mg2 — 3004; Al Mg2.5 — 5052;
Al Mg4.5 — 5082 (after [6.30])

will be above about 150—200°C. Therefore, hard-
ness decreases with increasing hot-working tempera-

6.9.2 Thermal Softening

ture (Figs. 6.53 and 6.54). The formation of subgrains
occurs in the microstructure; their size increases with
increasing rolling temperature. Alloying atoms, such as
Mg, impede growth or coarsening of the subgrains.

a) Tensile strength R,, (MPa)

200,
1
160 2
3
120
80
200 240 280 320 360 400

Annealing temperature (°C)

b) Tensile strength R, (MPa)

Figure 6.54a,b shows typical softening curves for alu-
minum alloys in three characteristic stages: recovery,
recrystallization, and grain growth. In the case of the
untreated continuously cast and rolled strip shown in

Elongation 4 (%)
4 5 6

200 »50
17()1’\ 40
o| > &n 30
110 20
80 \ 10
500 4 0

01 02 05 1 2 5 10 20 50 100

Annealing temperature (°C)

Fig. 6.54a,b Typical softening curves for cold-rolled Al 99.5 (after [6.28,29]). (a) Recrystallization after different ini-
tial tempers to 90% cold work and subsequent annealing for 1h at different temperatures: (1) continuously cast and
rolled strip, subsequently cold-worked without an intermediate annealing treatment; (2) as 1 but with an intermediate
annealing treatment for 1h at 580 °C; (3) strip conventionally produced using permanent mold casting and hot-rolling.
(b) Continuously cast and rolled strip, cold-worked 90% and then annealed at 320 °C for time shown; (4) recovery;

(5) recrystallization; (6) grain growth
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Grain size (ULm)
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Fig. 6.55 Grain size after complete recrystallization of
A199.99 and Al RMg? as a function of degree of cold work
(annealed at 350—415 °C until complete recrystallization)
(after [6.1])

Fig. 6.54a, recrystallization will occur at temperatures
between about 260 and 290 °C. In Fig. 6.54b, recrystal-
lization starts after about half an hour and is complete
after about an hour. The softening curves depend not
only on the alloy composition but also on the degree
of prior cold working to a marked extent. Further fac-
tors are the content of alloying and impurity elements,
annealing time, heating rate, the microstructure prior
to deformation and prior thermomechanical treatment,
which can also include the casting process used to pro-
duce the starting material. The softening due to recov-
ery or partial recrystallization is very important when
producing semifinished products of medium hardness
(e.g., half-hard). The relationship between the degree
of cold work and grain size is apparent in Fig. 6.55. If
the degree of cold work is below a critical value, no
recrystallization will occur. This threshold depends on
material and prior thermomechanical treatment, and is
about 2—15%. If the degree of cold work is near the
critical value, coarse grains can form during recrys-
tallization, as clearly shown in the three-dimensional
diagram in Fig. 6.56.

Other elements can affect the recrystallization tem-
perature and the grain size after recrystallization. Mg
does not have a marked effect (Fig. 6.57), while Mn,
Fe, Cr, Ti, V, and Zr increase the recrystallization tem-
perature (Fig. 6.58 delaying effect = plateau). This is
dependent on the amount and distribution of these ele-
ments, i. e., whether they are present as precipitates or in
supersaturated solid solution, and/or whether they form
intermetallic phases. In Fig. 6.59 it is clearly apparent
that solution treatment reduces the degree of supersatu-

3
; ——L
Grain
S1ze
(um) \ z
10* 3 L7 7 6%500
10 T 77T A
> 2 2L/ s
10 LA I T FHFLL 7T foo
10 YA T AL T o
4
1 é S AAT 227%/400
10" V V V ‘/ I/ 350
102 300 Annealing
temperature
10° (°C)

03 6 10 20 30 40 50 60 70 80 90 100
Reduction in thickness by rolling (%)

Fig. 6.56 Recrystallization diagram showing grain size of EN AW-
Al 99.6 (1060) as a function of cold work and annealing for 2h
at the temperatures shown (after [6.1]): (1) coarse grains in the
region of critical degree of cold work (primary recrystallization);
(2) area of primary recrystallization with fine and medium-sized

grains; (3) coarse grains as a result of secondary recrystallization

Vickers hardness HV'1
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Fig. 6.57 Effect of Al-Mg alloy composition (wrought and
alloy EN AW-) on the softening behavior; the material was
90% cold-worked and annealed for 1h at the temperature
shown (after [6.29])

ration and that the range over which tensile strength and
0.2% proof stress decrease rapidly with temperature is
thus shifted to significantly lower temperatures. Inter-
actions between the various elements present can also
affect recrystallization behavior.
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Fig. 6.58 Comparison of softening curves for cast and
hot-rolled Al 99.5 and AIMnl strip; material cold-worked
90% and annealed for 1h at the temperature shown (af-
ter [6.29]): (1) cast and hot-rolled AIMn1 (3103) strip; (2)
cast and hot-rolled Al 99.5 (1050A) strip; (3) recrystalliza-
tion range

6.9.3 Soft Annealing, Stabilization

With cold-worked materials, soft annealing consists of
recrystallization annealing. The duration of the treat-
ment, degree of cold work, and intermediate annealing
treatments need to be selected with grain size in mind.
In age-hardenable alloys, soft annealing permits most
of the supersaturated components to precipitate out in
coarse form or coherent or partially coherent phases to
transform to incoherent stable phases. Soft annealing
of casting alloys involves annealing the as-cast struc-
ture at 350—450°C. With age-hardenable alloys, this
is also possible using a solution treatment followed by
furnace cooling or nonforced air cooling. Al-Mg alloys

Table 6.7 Conditions for aging treatments®

0.2% proof stress Ry.2 (MPa) Elongation 4 (%)

A A
300
-
250 50
200 40
150 30
100 20
50 10
-
0RT 200 250 300 350 400 450 500

Annealing temperature (°C)

Fig. 6.59 Softening curves for continuously cast and
rolled EN AW-Al Mnl (3103) strip after annealing for
4 h at elevated temperatures (after [6.31, 32]): (1) untreated
material, as-cast condition; (2) homogenized at 540 °C af-
ter cold working; (3) coarse grains

with more than 4 wt% Mg may have to be stabilized to
produce a structure that is not susceptible to intergran-
ular corrosion.

6.9.4 Stress-Relieving

The temperatures used for thermal stress relief are rela-
tively low, i. e., at the lower end of the recovery range,
or even lower, and between 200 and 300 °C for nonage-
hardenable alloy castings, otherwise there will be an
unacceptably large loss of strength.

Alloy Annealing temperature >  Quenching Natural aging time Artificial aging
(&0) medium (d) Temperature Time

°O (h)

E-Al MgSi 525—540 Water 5-8 155—190 4—16

Al MgSi0.5 525—540 Air/water 5—8 155—190 4—16

Al MgSil 525—540 Water/air 5-8 155—190 4—16

Al Mgl1SiCu 525—540 Water/air 5—8 155—190 4—16

Al CuBiPb 515—525 Water up to 65 °C 5-8 165—185 8—16

Al CudMgSi(A) 495505 Water 5-8 ¢ ¢

Al CudMgl 495—505 Water 5-8 180—195¢ 16—24¢

Al Zn4.5Mg 460—485 Air at least min. 90 190—100/ 18—12/
I 140—160¢ 11 16—249

4 Recommendations only; exact specification as per agreement with semifinishing plant

b Metal temperature
¢ Usually only naturally aged
4 Stages I and II of step annealing
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Starting condition
e.g., stable cast structure
or other unknown
starting condition

Renewed heat treatment

Solution treatment

Solute atoms taken into
solid solution, with increase
in vacancy concentration

Quenching

Reversion Solid solution supersaturated in: . )
1. Solute atoms Artificial aging
Natural ageing O
Aging at moderately
elevated temperatures
- Coherent and .pe.irtl‘y Partly coherent precipitates;
Coherent precipitates; coherent precipitations artificial aged condition
naturally aged Temperature Temperature
condition increase Borderline conditions between | increase Artificial aging for

natural and artificial aging

a longer period

Fig. 6.60 Schematic of the age-hardening process
6.9.5 Homogenization

This treatment is used for the elimination of residual
casting stresses and segregation, for dissolution of eu-
tectoid components at grain boundaries, or to produce
a more uniform precipitation of supersaturated elements
(e.g., Mn and Fe). Additionally, the elements that are
responsible for hardening in age-hardenable alloys are
taken into solid solution. A homogenization is car-
ried out at temperatures that are composition-dependent
and close to the solidus temperature of the alloy in
question. Long exposure times are required, typically
about 10—12h but possibly even longer, depending
on the relevant diffusion coefficients and microstruc-
ture.

6.9.6 Aging
Age hardening treatments require the three steps of so-

lution treatment, quenching, and aging (Fig. 6.60). The
purpose of solution treatment is to produce a homoge-

Partially coherent and
incoherent precipitates

Softening

Artificial aging for
a longer period

Stable incoherent
equilibrium phases;
stable condition

nous a-Al solid solution. The annealing temperature
is determined by the relevant phase. It should be as
high as possible in order to avoid excessively long
annealing times, but lower than the solidus of « and
the melting point of the lowest melting phase (Ta-
ble 6.7). It should be noted that segregation effects tend
to displace the effective phase boundaries to lower tem-
peratures and incipient melting may occur. In addition,
the effect of the selected solution treatment tempera-
ture on strength levels attained after aging will vary
with alloy (Figs. 6.61 and 6.62). The annealing time
depends mainly on the initial condition of the semifin-
ished material, type of semifinished product, and the
wall thickness (Figs. 6.63 and 6.64).

During quenching, it is important to pass through
the temperature range around 200 °C as quickly as pos-
sible, in order to prevent premature precipitation of the
elements in supersaturated solid solution.

Some alloys require high cooling rates, such as
those obtained by quenching in water. For others, es-
pecially with thinner sections, cooling in a forced draft
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Tensile strength R, (MPa)

600
) _——AlZnMgCul5
500
Al CuMgl
400
Al Zn4.5Mgl Al MgSil
300(." /_
200 >
300 400 500 600

Solution treatment temperature (°C)

Fig. 6.61 Effect of solution treatment temperature on the
tensile strength of wrought aluminum alloys (after [6.1]):
EN AW-7075, Al Zn5.5MgCu, 24h at 120°C; EN AW-
2017A, Al CudMgSi(A), 5 d at room temperature; EN AW-
7020, (Al Zn4.5Mhgl), 1 month at room temperature;
EN AW-6082, Al SilMgMn, 16 h at 160 °C

Tensile strength Ry,
0.2% Proof stress Ry, (MPa)

320 4 A Brinell
----- hardness
/ HB
Rlll
240 /_/— ----- 120
R
Tl
HB
160 80
Elon-
.\ gation 4
(%)
80 /’_As//—- ______ 2
1
0 » 0
500 520 540

Solution treatment temperature (°C)

Fig. 6.62 Effect of solution treatment temperature on the
mechanical properties of EN AC-Al Sil0Mg(a) (43000)
casting alloy after subsequent aging (after [6.1])

of air or a mist spray suffices. In this case, quench-
ing takes place immediately after hot working or even
directly in the extrusion press. With most alloys it is im-
portant that the annealed material is rapidly transferred
to the quenching bath as any delay (incipient cooling)
can have a detrimental effect on strength and corrosion
resistance.

After the first two stages of the hardening process,
the solid solution will be supersaturated in both vacan-
cies and solute atoms. It will tend to attain equilibrium
conditions by precipitation of the supersaturated solute
atoms. As the process is both temperature- and time-

Brinell hardness HB
120 &

100

80

60 >
0 4 8 12 16 20
Annealing time (h)

Fig. 6.63 Effect of annealing time on the hardness of arti-
ficially aged EN AC-Al SilOMg(a) (43000) casting alloy
for different casting techniques and specimen diameters
(after [6.1]): (1) sand cast; (2) permanent mold cast

Tensile strength Ry,
0.2% Proof stress Ry (MPa) Elongation 4 (%)
450 A

450
350
300
250
200
150

100| R,

50
490

510 520 530
Solution treatment temperature (°C)

Fig. 6.64 Dependence of mechanical properties of natu-
rally aged EN AC-Al Cu4TiMgF (21000) casting alloy on
the maximum solution treatment temperature: (1) step an-
nealing; (2) single-step annealing

dependent, precipitation is basically possible either by
natural or artificial aging, i. e., at room or elevated tem-
perature, respectively.

Aging at room temperature, or slightly elevated
temperature, is accompanied by the formation of
metastable GP zones. These metastable phases in-
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Tensile strength R,

0.2% Proof stress Ry, (MPa) Elongation 4 (%)
300, 430
o o
R, o
- Q
S~ 20
e
s A A ]
o o)
Ry o
100 o 10
0 > 0
0 1 1 3 6 9

Aging time (day)

Fig. 6.65 Natural aging of EN AW-6082, Al SilMgMn al-
loy (after [6.33])

Brinell hardness HB
110,

100
90
80

70

60

0 4 8 12 16 20
Aging time (d)

Fig. 6.66 Artificial aging of EN AC-Al SilOMg (43000)
casting alloy (after [6.1])

crease the strength by differing amounts depending
on their type, size, volume fraction, and distribu-
tion. With fully coherent precipitates, the crystal lat-
tice is strongly strained locally, resulting in a marked
increase in hardness and strength, while ductility
and electrical conductivity decreases (Figs. 6.65 and
6.60).

At higher aging temperatures of about 100—200 °C,
metastable phases form that are partially coherent. The
local coherency strain is less pronounced because the
stresses are partly reduced by the formation of interfa-
cial dislocations. This would lead to a lower increase
in strength in principle. However, since the particle size
of the metastable phases formed in this range is often

0.2% Proof stress R0, (MPa)
A

400

300 135°C

150°C

200 180°C

100 L— 260 °C »

Elongation 4 (%)
304 205°C [ 190°C

20
10
L} >
0O 102 10! 10° 10! 102 10° 104
Aging time (h)

Fig. 6.67 Artificial aging curves for EN AW-2014, Al CuSiMg al-
loy (after [6.1])

larger than that of the coherent phases that result from
natural aging, there is a marked increase in strength
(Figs. 6.67 and 6.68).

Higher temperatures and longer aging times lead to
the formation of incoherent equilibrium phases (e.g.,
Al,Cu, Mg, Si, and MgZn;) and there is a reduction in
the hardening effect. This is called overaging.

6.9.7 Effects of Plastic Deformation
on Age-Hardening Behavior

For wrought age-hardenable aluminum alloys, the com-
bination of heat treatments with hot and/or cold work-
ing (thermomechanical treatment) is of great practical
significance. This method can be used to obtain a better
combination of mechanical properties, such as moder-
ate ductility and higher strength. The effects of thermo-
mechanical treatments can be attributed to the fact that
all processes occurring during heat treatment are influ-
enced by the concentration of defects introduced during
working. It is not necessary to carry out both steps si-
multaneously; the heat treatment can be carried out after
forming [6.34]. As far as precipitation is concerned, lat-
tice defects facilitate diffusion and at the same time act
as nucleation sites. Thus, by deforming a material by
a certain amount prior to aging and thereby obtaining
the desired defect concentration, one can influence the
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Tensile strength R, (MPa) Elongation 4 (%)
4004
350
300
0.2% Proof
stress Ry
(MPa)
3504 250
300 | 200
250 | 150
200
150
100
50
(h) (d)
Aging time

Fig. 6.68 Artificial aging curves for EN AW-6082, Al SilMgMn
alloy after solution treatment at 520 °C and water quenching

Brinell hardness HB
150,
o /iso |

70

10! 102 103 104
Aging time (min)

Fig. 6.69 Effect of cold work on the natural aging of
EN AW-2017A Al Cud4MgSi(A) (after [6.1]); A — rolled;
B — stretched; C — without cold work

Change in 0.2 % proof stress Ry, (MPa)
150,

100

50

0 >
10! 102 103 104
Aging time (min)

Fig. 6.70 Changes in the 0.2% proof stress during natural
aging of 0.5 mm diameter wire specimens (EN AW-7022,
Al Zn5Mg3Cu) alloys after different degrees of cold work-
ing. The alloys were first solution-treated at 490 °C and
then immediately subjected to cold working as indicated
in the text (after [6.35])

size, quantity, and distribution of the precipitates that
form subsequently. It is important, however, that the fi-
nal aging treatment is carried out at a temperature below
the recrystallization temperature, as the lattice defect
concentration that is generated is fully effective only
then.

Controlled hot working, often in combination with
additional heat treatments, is another form of thermo-
mechanical treatment and is used to improve fracture
toughness, creep strength, and fatigue strength. One
tries to obtain a suitable recrystallized grain size and an
optimum distribution of lattice defects and precipitates.
Such treatments are very often used with high strength
Al-Zn-Mg-Cu alloys. They usually consist of a series
of solution treatments with controlled cooling and hot-
rolling under well-defined conditions. Cold working
carried out between the various stages of a step-aging
treatment is also referred to as thermomechanical treat-
ment. Examples are shown in Figs. 6.69 and 6.70.

6.9.8 Simultaneous Softening
and Precipitation

One of the factors that influence the softening of an
alloy is the possible supersaturation by alloying of
impurity elements. Supersaturation can be achieved de-
liberately, e.g., by solution treatment and subsequent
quenching, or, as is often the case, it may be the result
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a) Temperature
A

1T
<«——— logv

Grain-boundary migration velocity v
b) Temperature

1I

1

logt —

Aging time

Fig. 6.71a,b Effect of segregation and precipitation on
recrystallization (grain-boundary migration): (1) start of
recrystallization; (2) start of precipitation. (a) Basic effects
of solute atom clusters on the grain boundary migration
velocity (after [6.36]). Region I, high temperatures: The
grain boundary migration velocity is only weakly de-
pendent on temperature because it is unaffected by the
clustering (— high velocity). Region II: Below Tj, the
mobility of the boundaries is reduced because atom clus-
ters have to be dragged along by the boundary, and the
diffusion rate of these atoms determines the migration
velocity of the boundary (— low velocity). (b) Inter-
relationship between recrystallization and precipitation
as a TTT (time-temperature-transformation) diagram (af-
ter [6.37]). Region I: Recrystallization as a homogenous
stable solid solution, unaffected by precipitation processes,
i.e., at these temperatures there is no longer any super-
saturation. Region II: Recrystallization in a supersaturated
solid solution; the number of potential precipitation nuclei
(dislocations) decreases. Result: Fewer but larger precipi-
tations. Region III: Precipitation prior to recrystallization,
or simultaneously (7;). Result: the precipitates delay re-
crystallization significantly

Fig. 6.74 TTT diagram for Al-0.5 wt% Fe-0.15 wt% Si al-
loy Harvey cast strip after 80% cold work (after [6.38]).
(1) start of precipitation; (2) recrystallization zone »

T (°C)
A !
450 Al Fe0.25Si0.13
£=90%
400
350
300
T
250 ‘ I
102 10! 10° 10! 102
Time (min)

Fig. 6.72 TTT diagram for Al-0.25 wt% Fe-0.13 wt% Si
alloy Hunter-Engineering cast strip after 90% cold work
(after [6.28]): (1) first signs of precipitation; (2) recrystal-
lization zone

T (°C)

600
4 Al Mn0.7

550

500

450

400

350

300 >
10! 10° 10! 102 103 10*

Time (min)
Fig. 6.73 TTT diagram showing precipitation and recrys-
tallization in 90% cold-rolled, high-purity Al Mn0.7 alloy,
strip produced by permanent mold casting, hot-rolling, and
then cold-rolling (after [6.39]): (1) start of precipitation;
(2) recrystallization zone

T (°C)
500“ Al Fe0.5Si0.15
1 e=80%
T
450
2
400
350
300 \ I
1072 10! 10° 10! 102
Time (min)
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Fig. 6.75a,b TTT diagrams for precipitation and recrystallization in commercially pure Al MnlFel (0.16 wt% Si),
Hunter-Engineering cast strip after varying degrees of cold-rolling ((a) 90%, (b) 40%) (after [6.40]): (1) start of pre-

cipitation; (2) recrystallization zone

of rapid cooling, e.g., of castings. If such a supersatu-
rated material is cold-worked and then aged, it reveals
markedly different softening behavior because solute
atom clusters or precipitates are formed during recovery
at lattice defects in the deformed or recovered structure
which pin lattice defects and the formation of solute
atom clusters or of precipitates during recrystallization
at the recrystallization front, which pin down the re-
crystallization front. There is a slowing down of the
softening process as a result of these pinning effects
(Fig. 6.71a,b).

The Stage III area in Fig. 6.71b is of particular
interest, as by definition this is a thermomechanical
treatment because the lattice defects introduced by
working are fully effective during the formation of the
precipitates. Dislocations, which are present in large
quantities, act as nuclei for precipitation and this results
in the formation of numerous finely dispersed precipi-
tates. These impair subsequent recrystallization at every
stage — the formation of recrystallization nuclei, the
moving of boundaries, and the subsequent grain growth.
These effects increase the thermal resistance and delay
the loss of strength that occurs after prolonged exposure
because of grain growth. Figures 6.72—-6.76 show some

T (°C)
600
i | AIMn0.8 +0.4% Fe +0.15% Si

= 80¢
550 £ 80%

500

450

400

350

300 fi

102 107! 10° 10! 10?
Time (min)

Fig. 6.76a,b TTT diagram showing precipitation and re-
crystallization in commercially pure Al Mn0.8 alloy strip
(0.4 wt% Fe and 0.15 wt% Si) produced by strip casting
and 85% cold-rolled (after [6.41—43]): (1) start of precipi-
tation; (2) recrystallization zone

examples of TTT-diagrams for unalloyed aluminum and
for alloys.
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6.10 Corrosion Behavior of Aluminum

From a thermodynamic point of view, aluminum would
have to react with water to form hydrogen. However,
Al and Al alloys have proven to be very corrosion-
resistant in a wide range of practical applications. This
corrosion resistance is attributable to the reaction of Al
with oxygen or water vapor and the formation of a thin
but compact natural oxide film when it is exposed to
air, i.e., Al is passivated. In contrast to the oxide lay-
ers formed on many other materials, this oxide layer
is strongly adherent and thus protects the underlying
metal against further oxidation. This property explains
the good resistance of aluminum when exposed to the
weather or a large number of organic and inorganic
substances. The corrosion resistance can be increased
further by various surface treatments.

Aluminum and all standardized aluminum alloys
are nontoxic. Aluminum products are easy to clean, can
be sterilized and meet all hygienic and antitoxic require-
ments.

6.10.1 Surface Layers

Aluminum and Al alloys react with oxygen and wa-
ter vapor in the air to produce a thin, compact surface
oxide film that protects the underlying metal from
further attack (Fig. 6.77). The surface layer contains
mainly amorphous Al,O; in several layers. The so-
called barrier layer has an extremely low conductivity
for electrons and ions and thus acts as an insula-
tor in any interfacial electrochemical reactions. It thus
affords effective protection against corrosion. If me-
chanical damage of the protective layer occurs, or if the
layer is removed by pickling, it re-forms immediately.
Aluminum and Al alloys thus exhibit good corrosion
resistance to chemicals, seawater, and the weather.

The oxide film that forms on bare aluminum in dry
air at room temperature grows to a thickness of a few

R e
<50umm (59 [4

Fig. 6.77 Schematic representation of the structure of the
oxide film formed on unalloyed aluminum in dry air; the
total thickness is typically 0.005—0.02 mm (after [6.44]).
Al = aluminum; 1 = surface layer; 2 = mixed oxides; 3
= pores; 4 = barrier layer; 5 = heterogeneous components

pm in a few minutes. It then grows to about two or
three times this thickness in a few days at a continu-
ously decreasing rate, so-called self-protection. Higher
temperatures, such as those during heat treatments, ac-
celerate the rate of growth of the natural oxide layer and
lead to the growth of thicker films (Fig. 6.78). In moist
air, the oxide films grow rapidly at first but then more
slowly, and they are markedly thicker than the films
formed in dry air.

The composition of the atmosphere has a significant
effect on the behavior of the oxide layer. The aggres-
siveness of the atmosphere is particularly dependent on
the amounts of sulfur dioxide, sulfur trioxide, dust, soot,
and salts present. Rain water hitting the surface and run-
ning off flushes away these substances and thus reduces
their influence.

Tap water or natural waters cause growth of the
outer layer on top of the barrier layer of the oxide. The
growth will depend on the alloy composition, the na-
ture of the water, and temperature. In aggressive waters,
especially those containing chlorides and heavy met-
als, pitting corrosion can occur if oxygen from the air
or other oxidizing media are introduced into the water.
Traces of Cu (from copper piping or fittings containing
copper) are particularly aggressive. Copper ions enter
the oxide layer on the aluminum surface via defects

Weight gain (um cm™?)

904

80

70

60 @WC
50 650?C

40
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20

0 20 40 60 80 100 120 140 160
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Fig. 6.78 Growth of the oxide film on superpurity alu-
minum in dry oxygen during the first 160 h (after [6.15])
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and precipitate out as metallic Cu. Copper then acts as
a cathode in the resulting local galvanic element such
that Al is dissolved anodically.

6.10.2 Corrosion

If Al is exposed to acids or bases these dissolve the
oxide film. The pH value of the electrolyte strongly
influences corrosion in aqueous media. The protective
film on aluminum is practically insoluble in the pH
range from of 4.5—8.5, which explains why aluminum
is usually only used in this range.

Aluminum alloys have heterogeneous microstruc-
tural components such as intermetallic phases and re-
sulting oxides in the surface and barrier layers. This
explains why unalloyed aluminum and aluminum al-
loys have lower corrosion resistance than high-purity
aluminum.
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