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Aluminum Mill and Engineered
Wrought Products

Jack W. Bray, Reynolds Metals Company

ALUMINUM mill products are those
aluminum products that have been subject-
ed to plastic deformation by hot- and cold-
working mill processes (such as rolling,
extruding, and drawing, either singly or in
combination), so as to transform cast alu-
minum ingot into the desired product form.
The microstructural changes associated
with the working and with any accompany-
ing thermal treatments are used to control
certain properties and characteristics of the
worked, or wrought, product or alloy.

Typical examples of mill products include
plate or sheet (which is subsequently
formed or machined into products such as
aircraft or building components), household
foil, and extruded shapes such as storm
window frames. A vast difference in the
mechanical and physical properties of alu-
minum mill products can be obtained
through the control of the chemistry, pro-
cessing, and thermal treatment.

Wrought Alloy Series

Aluminum alloys are commonly grouped
into an alloy designation series, as de-
scribed earlier in the article ‘‘Alloy and
Temper Designation Systems for Aluminum
and Aluminum Alloys’’ in this Volume. The
general characteristics of the alloy groups
are described below, and the comparative
corrosion and fabrication characteristics
and some typical applications of the com-
monly used grades or alloys in each group
are presented in Table 1.

Txxx Series. Aluminum of 99.00% or high-
er purity has many applications, especially
in the electrical and chemical fields. These
grades of aluminum are characterized by
excellent corrosion resistance, high thermal
and electrical conductivities, low mechani-
cal properties, and excellent workability.
Moderate increases in strength may be ob-
tained by strain hardening. Iron and silicon
are the major impurities. Typical uses in-
clude chemical equipment, reflectors, heat
exchangers, electrical conductors and ca-

pacitors, packaging foil, architectural appli-
cations, and decorative trim.

2xxx Series. Copper is the principal alloy-
ing element in 2xxx series alloys, often with
magnesium as a secondary addition. These
alloys require solution heat treatment to
obtain optimum properties; in the solution
heat-treated condition, mechanical proper-
ties are similar to, and sometimes exceed,
those of low-carbon steel. In some instanc-
es, precipitation heat treatment (aging) is
employed to further increase mechanical
properties. This treatment increases yield
strength, with attendant loss in elongation;
its effect on tensile strength is not as great.

The alloys in the 2xxx series do not have
as good corrosion resistance as most other
aluminum alloys, and under certain condi-
tions they may be subject to intergranular
corrosion. Therefore, these alloys in the
form of sheet usually are clad with a high-
purity aluminum or with a magnesium-sili-
con alloy of the 6xxx series, which provides
galvanic protection of the core material and
thus greatly increases resistance to corro-
sion.

Alloys in the 2xxx series are particularly
well suited for parts and structures requir-
ing high strength-to-weight ratios and are
commonly used to make truck and aircraft
wheels, truck suspension parts, aircraft fu-
selage and wing skins, and structural parts
and those parts requiring good strength at
temperatures up to 150 °C (300 °F). Except
for alloy 2219, these alloys have limited
weldability, but some alloys in this series
have superior machinability.

3xxx Series. Manganese is the major al-
loying element of 3xxx series alloys. These
alloys generally are non-heat treatable but
have about 20% more strength than lxxx
series alloys. Because only a limited per-
centage of manganese (up to about 1.5%)
can be effectively added to aluminum, man-
ganese is used as a major element in only a
few alloys. However, three of them—3003,
3X04, and 3105—are widely used as gener-
al-purpose alloys for moderate-strength ap-
plications requiring good workability.

These applications include beverage cans,
cooking utensils, heat exchangers, storage
tanks, awnings, furniture, highway signs,
roofing, siding, and other architectural ap-
plications.

4xxx Series. The major alloying element in
4xxx series alloys is silicon, which can be
added in sufficient quantities (up to 12%) to
cause substantial lowering of the melting
range without producing brittleness. For
this reason, aluminum-silicon alloys are
used in welding wire and as brazing alloys
for joining aluminum, where a lower melting
range than that of the base metal is re-
quired. Most alloys in this series are non-
heat treatable, but when used in welding
heat-treatable alloys, they will pick up some
of the alloying constituents of the latter and
so respond to heat treatment to a limited
extent. The alloys containing appreciable
amounts of silicon become dark gray to
charcoal when anodic oxide finishes are
applied and hence are in demand for archi-
tectural applications. Alloy 4032 has a low
coefficient of thermal expansion and high
wear resistance, and thus is well suited to
production of forged engine pistons.

5xxx Series. The major alloying element in
Sxxx series alloys is magnesium. When it is
used as a major alloying element or with
manganese, the result is a moderate-to-
high-strength work-hardenable alloy. Mag-
nesium is considerably more effective than
manganese as a hardener, about 0.8% Mg
being equal to 1.25% Mn, and it can be
added in considerably higher quantities. Al-
loys in this series possess good welding
characteristics and good resistance to cor-
rosion in marine atmospheres. However,
certain limitations should be placed on the
amount of cold work and the safe operating
temperatures permissible for the higher-
magnesium alloys (over about 3.5% for op-
erating temperatures above about 65 °C, or
150 °F) to avoid susceptibility to stress-
corrosion cracking.

Uses include architectural, ornamental,
and decorative trim; cans and can ends;
household appliances; streetlight standards;
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Table 1 Comparative corrosion and fabrication characteristics and typical applications of wrought aluminum alloys

Resistance to corrosion Weldability(f)
Stress- r Resistnn_ce|
corrosion  Workability spot and
Alloy temper General(a) cracking(b) (cold)e)  Machinability(e) Gas Arc seam Brazeability(f) Solderability(g) Some typical applications of alloys
10500, ..ot A A A E A A B A A Chemical equipment, railroad tank cars
HI2. ..o A A A E A A A A A
Hl4. ... A A A D A A A A A
H16. ... A A B D A A A A A
HI8. ..o A A B D A A A A A
1060 0. ... A A A E A A B A A Chemical equipment, railroad tank cars
HI2. .o A A A E A A A A A
Hl4. ..o A A A D A A A A A
H16. ... A A B D A A A A A
HI8........ . A A B D A A A A A
11000, ... A A A E A A B A A Sheet-metal work, spun hollowware,
HI2 ..o A A A E A A A A A fin stock
Hl4. ... i A A A D A A A A A
H16. ... A A B D A A A A A
HI8. .. A A C D A A A A A
11450, ... oo A A A E A A B A A Foil, fin stock
HI2. ..o A A A E A A A A A
Hl4. . ... A A A D A A A A A
HI6. ... A A B D A A A A A
HI8. ..ot A A B D A A A A A
1990, ... A A A E A A B A A Electrolytic capacitor foil, chemical
HI2. ... A A A E A A A A A equipment, railroad tank cars
Hl4. ... A A A D A A A A A
H16. ... A A B D A A A A A
5 1§ PN A A B D A A A A A
13500 ... oo A A A E A A B A A Electrical conductors
HI2, HI11l. ... A A A E A A A A A
Hi4, H24................ocooe A A A D A A A A A
H16, H26............ccvviuinnn A A B D A A A A A
5 1§ N A A B D A A A A A
20001 T3 oo D(c) D C A D D D D C Screw-machine products
T4, T451 ... D(c) D B A D D D D C
O D B D A D D D D C
2004 0. ... ... s s s D D D B D C Truck frames, aircraft structures
T3, T4, T451. ......ooiiviinnn. D(c) C C B D B B D C
T6, T651, T6510, T6511......... D C D B D B B D C
20240, ...t s s s D D D D D C Truck wheels, screw-machine
T4, T3, T351, T3510, T3511..... D(¢c) C C B C B B D C products, aircraft structures
T361 .o D(c) C D B D C B D C
T6 oo D B C B D C B D C
T861, T81, T851, T8510, T8511 .. D B D B D C B D C
T72 e B -
2036 T4 ..o e C s B C B B D s Auto-body panel sheet
2124 T8S1 .o D B D B D C B D C Military supersonic aircraft
2218T61 ... D C s S e e C s C Jet engine impellers and rings
A2 D C B D C B D C
2219 0. o s cee s s D A B D Structural uses at high temperatures
T31, T351, T3510, T3511........ D(c) C C B A A A D NA (to 315 °C, or 600 °F) high-strength
1 I D(c) C D B A A A D weldments
T81, T851, T8510, T8511........ D B D B A A A D
T8 et D B D B A A A D
2618 TO61 ... ..ot D C v B D C B D NA Aircraft engines
30030.. ... e A A A E A A B A A Cooking utensils, chemical equipment,
HI2 ..., A A A E A A A A A pressure vessels, sheet-metal work,
2 0 A A B D A A A A A builder’s hardware, storage tanks
H16.....oovviiiiiiiiiiiia A A C D A A A A A
5 1§ P A A C D A A A A A
H25. . A A B D A A A A A
3004 0. ... A A A D B A B B B Sheet-metal work, storage tanks
H32. .o A A B D B A A B B
5 17 S A A B C B A A B B
H36. .. ..o A A C C B A A B B
5 K A A C C B A A B B
31050, ... A A A E B A B B B Residential siding, mobile homes,
HI2. ... o A A B E B A A B B rain-carrying goods, sheet-metal
Hl4. . ..o A A B D B A A B B work
H16. ..o A A C D B A A B B
HI8. . i A A C D B A A B B
(continued)

(a) Ratings A through E are relative ratings in decreasing order of merit, based on exposures to sodium chloride solution by intermittent spraying or immersion. Alloys with A and B ratings can be used in
industrial and seacoast atmospheres without protection. Alloys with C, D, and E ratings generally should be protected at least on faying surfaces. (b) Stress-corrosion cracking ratings are based on service

experience and on laboratory tests of specimens exposed to the 3.5% sodium chloride alternate immersion test. A = No known instance of failure in service or in laboratory tests. B = No known instance
of failure in service; limited failures in laboratory tests of short transverse specimens. C = Service failures with sustained tension stress acting in short transverse direction relative to grain structure; limited
failures in laboratory tests of long transverse specimens. D = Limited service failures with sustained longitudinal or long transverse stress. (c) In relatively thick sections the rating would be E. (d) This rating
may be different for material held at elevated temperature for long periods. (e) Ratings A through D for workability (cold), and A through E for machinability, are relative ratings in decreasing order of ment.
(f) Ratings A through D for weldability and brazeability are relative ratings defined as follows: A = Generally weldable by all commercial procedures and methods. B = Weldable with special techniques
or for specific applications; requires preliminary trials or testing to develop welding procedure and weld performance. C = Limited weldability because of crack sensitivity or loss in resistance to corrosion
and mechanical properties. D = No ¢ ly used welding methods have been developed. (g) Ratings A through D and NA for solderability are relative ratings defined as follows: A = Excellent. B = Good.
C = Fair. D = Poor. NA = Not applicable
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Table 1 (continued)

Resistance to corrosion — Weldability(f)
Stress- Resistance
corrosion  Workability spot and
Alloy temper General(a) cracking(b) (cold)(e) Machinability(e) Gas Arc seam Brazeability(f) Solderability(g) Some typical applications of alloys
H25. ... A A B D B A A B B
4032T6 ..o C B R B D B C D NA Pistons
4043 L. B A NA C NA NA NA NA NA Welding electrode
50050. .. . i A A A E A A B B B Appliances, utensils, architectural,
HI2. ... A A A E A A A B B electrical conductors
Hl4. . ... A A B D A A A B B
Hl6.........coviiiiiii i, A A C D A A A B B
HI8. ... A A C D A A A B B
H32........cooiiiiiiioiinn A A B E A A A B B
H34. ... ... i, A A C D A A A B B
H36. ... oo A A C D A A A B B
H38....oovvviiiiiiiin A A D A A A B B
5050 0. .0 cinne s A A A E A A B B C Builders’ hardware, refrigerator trim,
H32. . A A A D A A A B C coiled tubes
H34.. ... A A B D A A A B C
H36.........ccoiiiiiiiin.. A A C C A A A B C
H38. ..., A A C C A A A B C
50520, ...t A A A D A A B C D Sheet-metal work, hydraulic tube,
H32..... i A A B D A A A C D appliances
H34.. ... ... A A B C A A A C D
H36..........cc i, A A C C A A A C D
H38. ... A A C C A A A C D
5056 0. ... .00 A(d) B(d) A D C A B D D Cable sheathing, rivets for magnesium,
Hill. ... ..., A(d) B(d) A D C A A D D screen wire, zippers
H12,H32..........ciiiin.. A(d) B(d) B D C A A D D
HI4, H34. ... .................. A(d) B(d) B C C A A D D
HI8, H38.............ccout. A(d) C(d) C C C A A D D
HI192. ... .ot B(d) D(d) D B C A A D D
H392. ...t B(d) D(d) D B C A A D D
5083 0. ... A(d) A(d) B D C A B D D Unfired, welded pressure vessels,
H321, H116.................... A(d) Ald) C D C A A D D marine, auto aircraft cryogenics, TV
5 0 8 P A(d) B(d) C D C A A D D towers, drilling rigs, transportation
5086 0. ... .. A(d) A(d) A D CcC A B D D equipment, missile components
H32, HI16..................... A(d) A(d) B D C A A D D
H34.. . . ... A(d) B(d) B C C A A D D
H36..............c.a. A(d) B(d) C C C A A D D
H38. ... ... A(d) B(d) C C C A A D D
5 3 1 A(d) A(d) B D C A A D D
SIS4 0. . A(d) A(d) A D CcC A B D D Welded structures, storage tanks,
H32. ... A(d) A(d) B D C A A D D pressure vessels, salt-water service
H34.... . ... .. A(d) A(d) B C C A A D D
H36............coiiiiiiiit A(d) A(d) C C C A A D D
H38.......oo A(d) A(d) C C C A A D D
S1820. ..o A A(d) A D CcC A B D D Automobile body sheet, can ends
H19.. ... A A(d) D B C A A D D
5252 H24 . ..o A A B D A A A C D Automotive and appliance trim
H2S. ... A A B C A A A C D
H28. ... .. A A C C A A A C D
5254 0. ..o A(d) A(d) A D C A B D D Hydrogen peroxide and chemical
H32.... . A(d) A(d) B D C A A D D storage vessels
H34.. . ... .. . A(d) A(d) B C C A A D D
H36..........coiiiiiiia.. A(d) A(d) C C C A A D D
H38... ..o A(d) A(d) C C C A A D D
5356 .. A A NA B NA NA NA NA NA Welding electrode
5454 0. ... ... .., A A A D C A B D Welded structures, pressure vessels,
H32..... .. .. A A B D C A A D marine service
H34.. . . ... ... A A B C C A A D NA
Hill........oooi i, A A B D C A A D
5456 0. ..o A(d) B(d) B D C A B D High-strength welded structures,
HIll. ... ., A(d) B(d) C D C A A D storage tanks, pressure vessels,
H321,HI15. ... A(d) B(d) C D C A A D NA marine applications
S457 0. i A A A E A A B B B
5652 0. ... A A A D A A B C D Hydrogen peroxide and chemical
H32........... ..., A A B D A A A C D storage vessels
H34.... . ... ..ol A A B C A A A C D
H36...........oiiiiiit, A A C C A A A C D
H38........o i A A C C A A A C D
S65TH241 ... ..o A A A D A A A B Anodized auto and appliance trim

{continued)

(a) Ratings A through E are relative ratings in decreasing order of merit, based on exposures to sodium chloride solution by intermittent spraying or immersion. Alloys with A and B ratings can be used in
industrial and seacoast atmospheres without protection. Alloys with C, D, and E ratings generally should be protected at least on faying surfaces. (b} Stress-corrosion cracking ratings are based on service
experience and on laboratory tests of specimens exposed to the 3.5% sodium chioride alternate immersion test. A = No known instance of failure in service or in laboratory tests. B = No known instance
of failure in service; limited failures in laboratory tests of short transverse specimens. C = Service fajlures with sustained tension stress acting in short transverse direction relative to grain structure; limited
failures in laboratory tests of long transverse specimens. D = Limited service failures with sustained longitudinal or long transverse stress. (c) In relatively thick sections the rating would be E. (d) This rating
may be different for material held at elevated temperature for long periods. (¢) Ratings A through D for workability (cold), and A through E for machinability. are relative ratings in decreasing order of merit.
(f) Ratings A through D for weldability and brazeability are relative ratings defined as follows: A = Generally weldable by all commercial procedures and methods. B = Weldable with special techniques
or for specific applications; requires preliminary trials or testing to develop welding procedure and weld performance. C = Limited weldability because of crack sensitivity or loss in resistance to corrosion
and mechanical properties. D = No commonly used welding methods have been developed. (g) Ratings A through D and NA for solderability are relative ratings defined as follows: A = Excellent. B = Good.
C = Fair. D = Poor. NA = Not applicable
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Table 1 (continued)
Resistance to corrosion Weldability(f)
Stress- r Reslstan—cel
corrosion  Workability spot and
Alloy temper General(a) cracking(b) (cold)(e) Machinability(e) Gas Arc seam Brazeability(f) Solderability(g) Some typical applications of alloys
H25. i A A B D A A A B NA
H26.........c e A A B D A A A B
H28. ... A A C D A A A B
6005 TS5 .. oo ieeeinnes B A C C A A A A NA Heavy-duty structures requiring good
corrosion-resistance applications,
truck and marine, railroad cars,
furniture, pipelines
6009T4 ... A A A C A A A A B Automobile body sheet
6010T4 ........coviiiiiiiiennn, A A B C A A A A B Automobile body sheet
6061 0........iviiiiiiiiia B A A D A A B A B Heavy-duty structures requiring good
T4, T451, T4510, T4511 ......... B B B C A A A A B corrosion resistance, truck and
T6, T651, T652, T6510, T6511 B A C C A A A A B marine, railroad cars, furniture,
pipelines
6063 Tl ...ccvve e A A B D A A A A B Pipe railing, furniture, architectural
Td e A A B D A A A A B extrusions
TS, T52 i A A B C A A A A B
............................ A A C C A A A A B
T83 T831, T832...........c..s A A C C A A A A B
60660.............coiieiiia., C A B D D B B D Forgings and extrusions for welded
T4, T4510, T4511. . ............. C B C C D B B D NA structures
T6, T6510, T6511........ccunun.. C B C B D B B D
6070 T4, T4511. ........covvvennn B B B C A A A B NA Heavy-duty welded structures,
TO.. oo iiiiieieaieees B B C C A A A B pipelines
6101 T6, T63........cevvvetiennn A A C C A A A A NA High-strength bus conductors
T61, T64 ...ovvveivavnannnns A A B D A A A A
6151 T6, T652. .......ccvvvennnn. v o s e cee oo B Moderate-strength, intricate forgings
for machine and auto parts
(721 ) B 3 O A A C A A A A NA High-strength electric conductor wire
6262 T6, T651, T6510, T6511 ...... B A C B A A A A NA Screw-machine products
T B A D B A A A A
6351, TS, T6...covvniineiinennn B A C C A A A A B Heavy-duty structures requiring good
corrosion resistance, truck and
tractor extrusions
6463 Tl ...ovviii i A A B D A A A A Extruded architectural and trim
T A A B C A A A A NA sections
X A A C C A A A A
TOOST53 ..o ieas B B C A B B B B B Heavy-duty structures requiring good
corrosion resistance, trucks, trailers,
dump bodies
7049 T73, T7351, T7352........... C B D B D C B D D Aircraft and other structures
T76, T7651 .................... C B D B D C B D D
7050 T74, T7451, T7452........... C B D B D C B D D Aircraft and other structures
T76, T761 ....covieiveinn C B D B D C B D D
TOT2 o e e A A A D A A A A A Fin stock, cladding alloy
TOTS 0. .o s cee D D C B D D Aircraft and other structures
T6, T651, T652, T6510, T6511 . C(c) C D B D C B D D
T73, T7351 .o ovviiii e C B D B D C B D D
T175, T74, T7452 ... .............. C B D B D C B D D Aircraft and other structures, forgings
I 1 L) s v D C B D D Aircraft and other structures
T6, T651, T6510, T6511 ......... C(o) C D B D C B D D
T475T6, T651......ccoviivninnn. C D B D C B D D Aircraft and other structures
T73, T7351, T7352..... ..o vnne C B D B D C B D D
T76, T7651 ..........covvvnnnn. C B D B D C B D D
(a) Ratings A through E are relative ratings in decreasmg order of merit, based on Xp es to sodium chloride solution by intermittent spraying or immersion. Alloys with A and B ratings can be used in

industrial and seacoast atmospheres without protection. Alloys with C, D and E ratings generally should be protected at least on faying surfaces. (b) Stress~corroswn cracking ratings are based on service
expenence and on laboratory tests of specimens exposed to the 3.5% sodlum chloride alternate immersion test. A = No known instance of failure in service or in laboratory tests. B = No known instance
of failure in service; limited failures in laboratory tests of short transverse specimens. C = Service failures with sustained tension stress acting in short transverse direction relative to grain structure; limited
failures in laboratory tests of long transverse specimens. D = Limited service failures with sustained Iongnudmal or long transverse stress. (c) In relatlvely thick sections the rating would be E. (d) Thls ratmg
may be different for material held at elevated temperature for long periods. (e) Ratings A through D for workability (cold), and A through E for machinability, are relative ratings in decreasing order of merit.
(f) Ratings A through D for weldablhty and brazeability are relatlve ratings defined as follows: A = Generally weldable by all commercial procedures and methods. B = Weldable with special techmques

or for specific applications; requires prehmmary trials or testing to develop welding procedure and weld performance. C = Limited weldability because of crack sensitivity or loss in resistance to corrosion

and mechanical properties. D = No ¢ ly used
C = Fair. D = Poor. NA = Not applicable

Iding hods have been developed. (g) Ratings A through D and NA for solderability are relative ratings defined as follows: A = Excellent. B = Good.

boats and ships, cryogenic tanks; crane
parts; and automotive structures.

6xxx Series. Alloys in the 6xxx series
contain silicon and magnesium approxi-
mately in the proportions required for for-
mation of magnesium silicide (Mg,Si), thus
making them heat treatable. Although not
as strong as most 2xxx and 7xxx alloys, 6xxx
series alloys have good formability, weld-
ability, machinability, and corrosion resis-
tance, with medium strength. Alloys in this

heat-treatable group may be formed in the
T4 temper (solution heat treated but not
precipitation heat treated) and strengthened
after forming to full T6 properties by pre-
cipitation heat treatment. Uses include ar-
chitectural applications, bicycle frames,
transportation equipment, bridge railings,
and welded structures.

7xxx Series. Zinc, in amounts of 1 to 8%,
is the major alloying element in 7xxx series
alloys, and when coupled with a smaller

percentage of magnesium results in heat-
treatable alloys of moderate to very high
strength. Usually other elements, such as
copper and chromium, are also added in
small quantities. 7xxx series alloys are used
in airframe structures, mobile equipment,
and other highly stressed parts.

Higher strength 7xxx alloys exhibit re-
duced resistance to stress corrosion crack-
ing and are often utilized in a slightly over-
aged temper to provide better combinations



of strength, corrosion resistance, and frac-
ture toughness.

Types of Mill Products

Commercial wrought aluminum products
are divided basically into five major catego-
ries based on production methods as well as
geometric configurations. These are:

® Flat-rolled products (sheet, plate, and
foil)

® Rod, bar, and wire

¢ Tubular products

® Shapes

® Forgings

In the aluminum industry, rod, bar, wire,
tubular products, and shapes are termed
mill products, as they are in the steel indus-
try, even though they often are produced by
extrusion rather than by rolling. Aluminum
forgings, although usually not considered
mill products, are wrought products and are
briefly reviewed in this section.

In addition to production method and
product configuration, wrought aluminum
products also may be classified into heat-
treatable and non-heat-treatable alloys. Ini-
tial strength of non-heat-treatable (lxxx,
3xxx, 4xxx, and 5xxx) alloys depends on the
hardening effects of elements such as man-
ganese, silicon, iron, and magnesium, singly
or in various combinations. Because these
alloys are work hardenable, further
strengthening is made possible by various
degrees of cold working, denoted by the H
series of tempers, as discussed earlier in
this Volume in the article on temper desig-
nations of aluminum and aluminum alloys.
Alloys containing appreciable amounts of
magnesium when supplied in strain-hard-
ened tempers usually are given a final ele-
vated-temperature treatment, called stabi-
lizing, to ensure stability of properties.
Initial strength of heat-treatable (2xxx, 4xxx,
6xxx, 7xxx, and some 8xxx) alloys is en-
hanced by addition of alloying elements
such as copper, magnesium, zinc, lithium,
and silicon. Because these elements, singly
or in various combinations, show increasing
solid solubility in aluminum with increasing
temperature, it is possible to subject them
to thermal treatments that will impart pro-
nounced strengthening.

Flat-rolled products include sheet, plate,
and foil. They are manufactured by either
hot or hot-and-cold rolling, are rectangular
in cross section and form, and have uniform
thickness.

Plate. In the United States, plate refers to
a product whose thickness is greater than
0.250 in. (6.3 mm). Plate up to 8 in. (200
mm) thick is available in some alloys. It
usually has either sheared or sawed edges.
Plate can be cut into circles, rectangles, or
odd-shape blanks. Plate of certain alloys—
notably the high-strength 2xxx and 7xxx
series alloys—also are available in Alclad
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form, which comprises an aluminum alloy
core having on one or both sides a metal-
lurgically bonded aluminum or aluminum
alloy coating that is anodic to the core, thus
electrolytically protecting the core against
corrosion. Most often, the coating consists
of a high-purity aluminum, a low magne-
sium-silicon alloy, or an alloy containing 1%
Zn. Usually, coating thickness (one side) is
from 2.5 to 5% of the total thickness. The
most commonly used plate alloys are 2024,
2124, 2219, 7050, 7075, 7150, 7475, and 7178
for aircraft structures; 5083, 5086, and 5456
for marine, cryogenics, and pressure ves-
sels; and 1100, 3003, 5052, and 6061 for
general applications.

Sheet. In the United States, sheet is clas-
sified as a flat-rolled product with a thick-
ness of 0.006 to 0.249 in. (0.15 to 0.63 mm).
Sheet edges can be sheared, slit, or sawed.
Sheet is supplied in flat form, in coils, or in
pieces cut to length from coils. Current
facilities permit production of a limited
amount of extra-large sheet, for example,
up to 200 in. (5 m) wide by 1000 in. (25 m)
long. The term strip, as applied to narrow
sheet, is not used in the U.S. aluminum
industry. Aluminum sheet usually is avail-
able in several surface finishes such as mill
finish, one-side bright finish, or two-side
bright finish. It may also be supplied em-
bossed, perforated, corrugated, painted, or
otherwise surface treated; in some in-
stances, it is edge conditioned. As with
aluminum plate, sheet made of the heat-
treatable alloys in which copper or zinc are
the major alloying constituents, notably the
high-strength 2xxx and 7xxx series alloys,
also is available in Alclad form for increased
corrosion resistance. In addition, special
composites may be obtained such as Alclad
non-heat-treatable alloys for extra corro-
sion protection, for brazing purposes, or for
special surface finishes.

With a few exceptions, most alloys in the
Ixxx, 2xxx, 3xxx, Sxxx, and 7xxx series are
available in sheet form. Along with alloy
6061, they cover a wide range of applica-
tions from builders’ hardware to transpor-
tation equipment and from appliances to
aircraft structures.

Foil is a product with a thickness less
than 0.006 in. (0.15 mm). Most foil is sup-
plied in coils, although it is also available in
rectangular form (sheets). One of the largest
end uses of foil is household wrap. There is
a wider variety of surface finishes for foil
than for sheet. Foil often is treated chemi-
cally or mechanically to meet the needs of
specific applications. Common foil alloys
are limited to the higher-purity lxxx series
and 3003, 5052, 5056, 8111, and 8079 (Al-
1.0Fe-0.15Si).

Bar, rod, and wire are all solid products
that are extremely long in relation to their
cross section. They differ from each other
only in cross-sectional shape and in thick-
ness or diameter. In the United States,

when the cross section is round or nearly
round and over 3 in. (10 mm) in diameter, it
is called rod. It is called bar when the cross
section is square, rectangular, or in the
shape of a regular polygon and when at least
one perpendicular distance between parallel
faces (thickness) is over 3 in. (10 mm).
Wire refers to a product, regardless of its
cross-sectional shape, whose diameter or
greatest perpendicular distance between
parallel faces is less than 3% in. (10 mm).

Rod and bar can be produced by either
hot rolling or hot extruding and brought to
final dimensions with or without additional
cold working. Wire usually is produced and
sized by drawing through one or more dies,
although roll flattening is also used. Alclad
rod or wire for additional corrosion resis-
tance is available only in certain alloys.
Many aluminum alloys are available in bar,
rod, and wire; among these alloys, 2011 and
6262 are specially designed for screw-ma-
chine products, 2117 and 6053 for rivets and
fittings. Alloy 2024-T4 is a standard material
for bolts and screws. Alloys 1350, 6101, and
6201 are extensively used as electrical con-
ductors. Alloy 5056 is used for zippers and
alclad 5056 for insect screen wire.

Tubular products include tube and pipe.
They are hollow wrought products that are
long in relation to their cross section and
have uniform wall thickness except as af-
fected by corner radii. Tube is round, ellip-
tical, square, rectangular, or regular polyg-
onal in cross section. When round tubular
products are in standardized combinations
of outside diameter and wall thickness,
commonly designated by ‘‘Nominal Pipe
Sizes”’ and ‘“‘ANSI Schedule Numbers,”
they are classified as pipe.

Tube and pipe may be produced by using
a hollow extrusion ingot, by piercing a solid
extrusion ingot, or by extruding through a
porthole die or a bridge die. They also may
be made by forming and welding sheet.
Tube may be brought to final dimensions by
drawing through dies. Tube (both extruded
and drawn) for general applications is avail-
able in such alloys as 1100, 2014, 2024,
3003, 5050, 5086, 6061, 6063, and 7075. For
heat-exchanger tube, alloys 1060, 3003, al-
clad 3003, 5052, 5454, and 6061 are most
widely used. Clad tube is available only in
certain alloys and is clad only on one side
(either inside or outside). Pipe is available
only in alloys 3003, 6061, and 6063.

Shapes. A shape is a product that is long
in relation to its cross-sectional dimensions
and has a cross-sectional shape other than
that of sheet, plate, rod, bar, wire, or tube.
Most shapes are produced by extruding or
by extruding plus cold finishing; shapes are
now rarely produced by rolling because of
economic disadvantages. Shapes may be
solid, hollow (with one or more voids), or
semihollow. The 6xxx series (Al-Mg-Si) al-
loys, because of their easy extrudability,
are the most popular alloys for producing
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shapes. Some 2xxx and 7xxx series alloys
are often used in applications requiring
higher strength.

Standard structural shapes such as I
beams, channels, and angles produced in
alloy 6061 are made in different and fewer
configurations than similar shapes made of
steel; the patterns especially designed for
aluminum offer better section properties
and greater structural stability than the steel
design by using the metal more efficiently.
The dimensions, weights, and properties of
the alloy 6061 standard structural shapes,
along with other information needed by
structural engineers and designers, are con-
tained in the Aluminum Construction Man-
ual, published by the Aluminum Associa-
tion, Inc.

Most aluminum alloys can be obtained as
precision extrusions with good as-extruded
surfaces; major dimensions usually do not
need to be machined because tolerances of
the as-extruded product often permit man-
ufacturers to complete the part with simple
cutoff, drilling, or other minor operations.

In many instances, long aircraft structural
elements involve large attachment fittings at
one end. Such elements often are more
economical to machine from stepped alumi-
num extrusions, with two or more cross
sections in one piece, rather than from an
extrusion having a uniform cross section
large enough for the attachment fitting.

Aluminum Alloy Forgings. Aluminum al-
loys can be forged into a variety of shapes
and types of forgings with a broad range of
final part forging design criteria based on
the intended application. As a class of al-
loys, however, aluminum alloys are gener-
ally considered to be more difficult to forge
than carbon steels and many alloy steels.
Compared to the nickel/cobalt-base alloys
and titanium alloys, aluminum alloys are
considerably more forgeable, particularly in
conventional forging-process technology, in
which dies are heated to 540 °C (1000 °F) or
less.

Figure 1 illustrates the relative forgeabil-
ity of ten aluminum alloys that constitute
the bulk of aluminum alloy forging produc-
tion. This arbitrary unit is principally based
on the deformation per unit of energy ab-
sorbed in the range of forging temperatures
typically employed for the alloys in ques-
tion. Also considered in this index is the
difficulty of achieving specific degrees of
severity in deformation as well as the crack-
ing tendency of the alloy under forging-
process conditions. There are wrought alu-
minum alloys, such as 1100 and 3003, whose
forgeability would be rated significantly
above those presented; however, these al-
loys have limited application in forging be-
cause they cannot be strengthened by heat
treatment.

The 15 aluminum alloys that are most
commonly forged, as well as recommended
temperature ranges, are listed in Table 2.

Forging temperature, °F

Table 2 Recommended forging
temperature ranges for aluminum alloys
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Forgeability and forging temperatures of var-
ious aluminum alloys

Fig. 1

All of these alloys are generally forged to
the same severity, although some alloys
may require more forging power and/or
more forging operations than others. The
forging temperature range for most alloys is
relatively narrow (generally <55 °C, or 100
°F), and for no alloy is the range greater
than 85 °C (155 °F). Obtaining and maintain-
ing proper metal temperatures in the forging
of aluminum alloys is critical to the success
of the forging process. Die temperature and
deformation rates play key roles in the
actual forging temperature achieved.

Forging Methods. Aluminum alloys are
produced by all of the current forging meth-
ods available, including open-die (or hand)
forging, closed-die forging, upsetting, roll
forging, orbital (rotary) forging, spin forg-
ing, mandrel forging, ring rolling, and extru-
sion. Selection of the optimal forging meth-
od for a given forging shape is based on the
desired forged shape, the sophistication of
the forged-shape design, and cost. In many
cases, two or more forging methods are
combined in order to achieve the desired
forging shape and to obtain a thoroughly
wrought structure. For example, open-die
forging frequently precedes closed-die forg-
ing in order to prework the alloy (especially
when cast ingot forging stock is being em-
ployed) and in order to preshape (or pre-
form) the metal to conform to the subse-
quent closed dies and to conserve input
metal.

Most aluminum alloy forgings are pro-
duced in closed dies. However, open-die
forging is frequently used to produce small
quantities of aluminum alloy forgings when
the construction of expensive closed dies is
not justified or when such quantities are
needed during the prototype fabrication
stages of a forging application. The quantity
that warrants the use of closed dies varies

Aluminum Forging temperature range
alloy °C °F
1100......covvvvnnnt 315405 600-760
2014. ... .... 420460 785-860
2025 .. 420450 785-840
2219, 425470 800-880
2618, 410455 770-850
3003.. ... 315405 600-760
4032.......ineinntn 415460 780-860
5083..........00000 405460 760--860
6061................. 430480 810-900
7010...........c.o. . 370-440 700-820
FO39. . 380-440 720-820
T049. ... 360440 680-820
7050.......cooiiiinn 360440 680-820
TOTS. oo 380440 720-820
(075 405455 760--850

considerably, depending on the size and
shape of the forging and on the application
for the part. However, open-die forging is
by no means confined to small or prototype
quantities, and in some cases, it may be the
most cost-effective method of aluminum
forging manufacture. For example, as many
as 2000 pieces of biscuit forgings have been
produced in open dies when closed dies did
not provide sufficient economic benefits.
Further information on the forging of alumi-
num alloys is given in Forming and Forg-
ing, Volume 14 of the 9th Edition of Mezals
Handbook.

Design of Shapes

Aluminum shapes can be produced in a
virtually unlimited variety of cross-
sectional designs that place the metal where
needed to meet functional and appearance
requirements. Full utilization of this capa-
bility of the extrusion process depends prin-
cipally on the ingenuity of designers in
creating new and useful configurations. The
cross-sectional design of an extruded shape,
however, can have an important influence
on its producibility, production rate, cost of
tooling, surface finish, and ultimate produc-
tion cost. The optimum design of an extrud-
ed shape must take into account alloy thick-
ness or thicknesses involved, and the size,
type, and complexity of the shape. There-
fore, the extruder should be consulted dur-
ing design to ensure adequate dimensional
control, satisfactory finish, and lowest cost
while retaining the desired functional and
appearance characteristics.

Classification of Shapes. The complexity
of a shape producible as an extrusion is a
function of metal-flow characteristics of the
process and the means available to control
flow. Control of metal flow places a few
limitations on the design features of the
cross section of an extruded shape that
affect production rate, dimensional and sur-
face quality, and costs. Extrusions are clas-
sified by shape complexity from an extru-
sion-production viewpoint into solid,



hollow, and semihollow shapes. Each hol-
low shape—a shape with any part of its
cross section completely enclosing a void—
is further classified by increasing complex-
ity as follows:

® Class 1: A hollow shape with a round
void 25 mm (1 in.) or more in diameter
and with its weight equally distributed on
opposite sides of two or more equally
spaced axes

® Class 2: Any hollow shape other than
Class 1, not exceeding a 125 mm (5 in.)
diam circle and having a single void of not
less than 9.5 mm (0.375 in.) diam or 70
mm? (0.110 in.?) area

® Class 3: Any hollow shape other than
Class 1 or 2

A semihollow shape is a shape with any
part of its cross section partly enclosing a
void having the following ratios for the area
of the void to the square of the width of the
gap leading to the void:

Gap width
r mm in. Ratio
0.9-1.5 0.035-0.061 ............ Over 2
1.6-3.1 0.062-0.124 .. .......... Over 3
3.2-6.3 0.125-0.249 .. .......... Over 4
6.4-12.6 0.250-0.499 .. .......... Over 5
12.7 and greater 0.500 and greater....... Over 6

Alloy Extrudability. Aluminum alloys dif-
fer in inherent extrudability. Alloy selection
is important because it establishes the min-
imum thickness for a shape and has a basic
effect on extrusion cost. In general, the
higher the alloy content and the strength of
an alloy, the more difficult it is to extrude
and the lower its extrusion rate.

The relative extrudabilities, as measured
by extrusion rate, for several of the more
important commercial extrusion alloys are
given below:

Extrudability, %

Alloy of rate for 6063
1350 oo 160
1060 .o 135
T100 . oo 135
3003 i 120
6063 .. 100
6061 ..o e 60
2010 o s 35
SO86 vt e 25
2014 e 20
083 e 20
2024 oo s 15
FOTS et 9
A £ T R N 8

Actual extrusion rate depends on pres-
sure, temperature, and other requirements
for the particular shape, as well as ingot
quality.

Shape and Size Factors. The important
shape factor of an extrusion is the ratio of
its perimeter to its weight per unit length.
For a single classification, increasing shape
factor is a measure of increasing complexi-
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Fig. 2 Four examples of interconnecting extrusions
8 < that fit together or fit other products, and
four examples of joining methods

ty. Designing for minimum shape factor
promotes ease of extrusion.

The size of an extruded shape affects ease
of extrusion and dimensional tolerances. As
the circumscribing circle size (smallest di-
ameter that completely encloses the shape)
increases, extrusion becomes more diffi-
cult. In extrusion, the metal flows fastest at
the center of the die face. With increasing
circle size, the tendency for different metal
flow increases, and it is more difficult to
design and construct extrusion dies with
compensating features that provide uniform
metal-flow rates to all parts of the shape.

Ease of extrusion improves with increas-
ing thickness; shapes of uniform thickness
are most easily extruded. A shape whose
cross section has elements of widely differ-
ing thicknesses increases the difficulty of
extrusion. The thinner a flange on a shape,
the less the length of flange that can be
satisfactorily extruded. Thinner elements at
the ends of long flanges are difficult to fill
properly and make it hard to obtain desired
dimensional control and finish. Although it
is desirable to produce the thinnest shape
feasible for an application, reducing thick-
ness can cause an increase in cost of extru-
sion that more than offsets the savings in
metal cost. Extruded shapes 1 mm (0.040
in.) thick and even less can be produced,
depending on alloy, shape, size, and design.
Manufacturing limits on minimum practical
thickness of extruded shapes are given in
Table 3.

Size and thickness relationships among
the various elements of a shape can add to
its complexity. Rod, bar, and regular shapes
of uniform thickness are easily produced.
For example, a bar 3.2 mm (0.125 in.) thick,
arod 25 mm (1 in.) in diameter, and an angle
19 by 25 mm (0.75 by 1 in.) in cross section,
and 1.6 mm (0.0625 in.) thick are readily
extruded, whereas extrusion of a 75 mm (3
in.) bar-type shape with a 3.2 mm (0.125 in.)
flange is more difficult.

e

Free-moving hinge

Bolt lock

Fig. 3 Two examples of extrusions with nonperma-
8. nent interconnections

Semihollow and channel shapes require a
tongue in the extrusion die, which must
have adequate strength to resist the extru-
sion force. Channel shapes become increas-
ingly difficult to produce as the depth-to-
width ratio increases. Wide, thin shapes are
difficult to produce and make it hard to
control dimension. Channel-type shapes
and wide, thin shapes may be fabricated if
they are not excessively thin. Thin flanges
or projections from a thicker element of the
shape add to the complexity of an extruded
design. On thinner elements at the extrem-
ities of high flanges, it is difficult to get
adequate fill to obtain desired dimensions.
The greater the difference in thickness of
individual elements comprising a shape, the
more difficult the shape is to produce. The
effect of such thickness differences can be
greatly diminished by blending one thick-
ness into the other by tapered or radiused
transitions. Sharp corners should be avoid-
ed wherever possible because they reduce
maximum extrusion speed and are locations
of stress concentrations in the die opening
that can cause premature die failure. Fillet
radii of at least 0.8 mm (0.031 in.) are
desirable, but corners with radii of only 0.4
mm (0.015 in.) are feasible.

In general, the more unbalanced and un-
symmetrical an extruded-shape cross sec-
tion, the more difficult that shape is to
produce. Despite this, production of grossly
unbalanced and unsymmetrical shapes is
the basis of the great growth that has oc-
curred in the use of aluminum extrusions,
and such designs account for the bulk of
extruded shapes produced today.

Interconnecting Shapes. It is becoming
increasingly common to include an inter-
connecting feature in the design of an ex-
truded shape to facilitate its assembly to a
similar shape or to another product. This
feature can be a simple step to provide a
smooth lapping joint, or a tongue and
groove for a nesting joint (see Fig. 2). Such
connections can be secured by any of the
common joining methods. Of special inter-
est when the joint is to be arc welded is the
fact that lapping and nesting types of inter-
connections can be designed to provide
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Table 3 Standard manufacturing limits (in inches) for aluminum extrusions

[ Mini wall thick in. 1
1060, 2014, 2024, 2219,
Diameter of circomscribing 1100, 5086, 5083, 7001,
circle, in. 3003 6063 6061 5454 7075, 7079, 7178
Solid and semihollow shapes, rod, and bar
0.5-2. i 0.040 0.040 0.040 0.040 0.040
P R 0.045 0.045 0.045 0.050 0.050
34 0.050 0.050 0.050 0.050 0.062
L 0.062 0.062 0.062 0.062 0.078
56 e 0.062 0.062 0.062 0.078 0.094
[ 0.078 0.078 0.078 0.094 0.109
T8 e 0.094 0.094 0.094 0.109 0.125
810 ... .. 0.109 0.109 0.109 0.125 0.156
1011 ... 0.125 0.125 0.125 0.125 0.156
11-12 o 0.156 0.156 0.156 0.156 0.156
12417 oo 0.188 0.188 0.188 0.188 0.188
17-20 .o 0.188 0.188 0.188 0.188 0.250
2024 ..o 0.188 0.188 0.188 0.250 0.500
Class 1 hollow shapes(a)
1.25-3 . et 0.062 0.050 0.062
34 e 0.094 0.050 0.062 cee s
L 0.109 0.062 0.062 0.156 0.250
56 e e 0.125 0.062 0.078 0.188 0.281
[ 0.156 0.078 0.094 0.219 0.312
T8 e 0.188 0.094 0.125 0.250 0.375
89 0.219 0.125 0.156 0.281 0.438
9-10 ... 0.250 0.156 0.188 0.312 0.500
101275 oo 0.312 0.188 0.219 0.375 0.500
127514 . ..o 0.375 0.219 0.250 0.438 0.500
14-16 ..., 0.438 0.250 0.375 0.438 0.500
16-20.25. .. ..o, 0.500 0.375 0.438 0.500 0.625
Class 2 and 3 hollow shapes(b)
0.5-1. oo 0.062 0.050 0.062
1-2 0.062 0.055 0.062
. 0.062 0.078

0.078 0.094

0.094 0.109

0.109 0.125

0.125 0.156

0.156 0.188

0.188 0.250

(a) Minimum inside diameter is one-half the circamscribing diameter, but never under 1 in. for alloys in first three columns or under 2
in. for alloys in last two columns. (b) Minimum hole size for all alloys is 0.110 sq. in. in area or 0.375 in. in diam.

edge preparation and/or integral backing for
the weld (see the sketch at bottom left in
Fig. 2).

Interlocking joints can be designed to
incorporate a free-moving hinge (see top
sketch in Fig. 3) when one part is slid
lengthwise into the mating portion of the
next extrusion. Panel-type extrusions with
hinge joints have found application in con-
veyor belts and roll-up doors.

A more common type of interlocking fea-
ture used in interconnecting extrusions is
the nesting type that requires rotation of
one part relative to the mating part for
assembly (see bottom sketch in Fig. 3).
Such joints can be held together by gravity
or by mechanical devices. If a nonperma-
nent joint is desired, a bolt or other fastener
can be used, as illustrated in the bottom
sketch in Fig. 3.

When a permanent joint is desired, a
snapping or crimping feature can be added
to interlocking extrusions (see Fig. 4).
Crimping also can be used to make a per-
manent joint between an interlocking extru-
sion and sheet (Fig. 4). Extrusions also can
be provided with longitudinal teeth or ser-

rations, which will permanently grip smooth
surfaces as well as surfaces provided with
mating teeth or serrations; this is illustrated
in the sketch at the bottom of Fig. 4.

Applications for interconnecting extrusions
include doors, wall, ceiling and floor panels,
pallets, aircraft landing mats, highway signs,
window frames, and large cylinders.

Physical Metallurgy

The principal concerns in the physical
metallurgy of aluminum alloys include the
effects of composition, mechanical work-
ing, and/or heat treatment on mechanical
and physical properties. In terms of proper-
ties, strength improvement is a major objec-
tive in the design of aluminum alloys be-
cause the low strength of pure aluminum
(about a 10 MPa , or 1.5 ksi, tensile yield
strength in the annealed condition) limits its
commercial usefulness. The two most com-
mon methods for increasing the strength of
aluminum alloys are to:

@ Disperse second-phase constituents or
elements in solid solution and cold work the
alloy (non-heat-treatable alloys)

o
e
o
-
<3

T,
s

Crimped joints

"W////(// \\\\\\\1

) A
Q222U T NNSD)

o
b

Z
VS S

Toothed or serrated
joints

Six examples of interconnecting extrusions
that lock together or lock to other products

Fig. 4

® Dissolve the alloying elements into sol-
id solution and precipitate them as coherent
submicroscopic particles (heat-treatable or
precipitation-hardening alloys)

The factors affecting these strengthening
mechanisms and the fracture toughness and
physical properties of aluminum alloys are
discussed in the following portions of this
section.

Phases in Aluminum Alloys

The elements that are most commonly
present in commercial aluminum alloys to
provide increased strength—particularly
when coupled with strain hardening by cold
working or with heat treatment, or both—
are copper, magnesium, manganese, sili-
con, and zinc. These elements all have
significant solid solubility in aluminum, and
in all cases the solubility increases with
increasing temperature (see Fig. 5).

Of all the elements, zinc has the greatest
solid solubility in aluminum (a maximum of
66.4 at%). In addition to zinc, the solid
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tion of temperature for alloying elements
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solubilities of silver, magnesium, and lithi-
um are greater than 10 at% (in order of
decreasing maximum solubility). Gallium,
germanium, copper, and silicon (in decreas-
ing order) have maximum solubilities of less
than 10 but greater than 1 at%. All other
elements are less soluble. With the one
known exception of tin (which shows a
retrograde solid solubility between the melt-
ing point of aluminum and the eutectic
temperature, 228.3 °C, with a maximum of
0.10% at approximately 660 °C), the maxi-
mum solid solubility in aluminum alloys
occurs at the eutectic, peritectic, or mono-
tectic temperature. With decreasing tem-
perature, the solubility limits decrease. This
decrease from appreciable concentrations
at elevated temperatures to relatively low
concentrations at low temperatures is one
fundamental characteristic that provides the
basis for substantially increasing the hard-
ness and strength of aluminum alloys by
solution heat treatment and subsequent pre-
cipitation aging operations.

For those elements in concentrations be-
low their solubility limits, the alloying ele-
ments are essentially in solid solution and
constitute a single phase. However, no ele-
ment is known to have complete miscibility
with aluminum in the solid state. Among the
commercial alloys, only the bright-finishing
alloys such as 5657 and 5252, which contain
0.8 and 2.5% Mg (nominal), respectively,
with very low limits on all impurities, may
be regarded as nearly pure solid solutions.

Second-Phase Constituents. When the
content of an alloying element exceeds the
solid-solubility limit, the alloying element
produces ‘‘second-phase’ microstructural
constituents that may consist of either the
pure alloying ingredient or an intermetallic-
compound phase. In the first group are
silicon, tin, and beryllium. If the alloy is a
ternary or higher-order alloy, however, sil-
icon or tin may form intermetallic-com-
pound phases. Most of the other alloying
elements form such compounds with alumi-
num in binary alloys and more complex
phases in ternary or higher-order alloys.

Manganese and chromium are included in
the group of elements that form predomi-
nantly second-phase constituents, because
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in commercial alloys they have very low
equilibrium solid solubilities. In the case of
many compositions containing manganese,
this is because iron and silicon are also
present and form the quaternary-phase
Al,,(Fe,Mn),Si. In alloys containing copper
and manganese, the ternary-phase
Al,oCu,Mn;, is formed. Most of the alloys in
which chromium is present also contain
magnesium, so that during solid-state heat-
ing they form Al;,Mg,Cr, which also has
very low-equilibrium solid solubility. Smelt-
er-grade primary metal, whether in ingot or
wrought-product form, contains a small vol-
ume fraction of second-phase particles,
chiefly iron-bearing phases—the metastable
Al Fe, the stable Al,Fe, which forms from
Al¢Fe on solid-state heating, and Al,,Fe,Si.
Proportions of the binary and ternary phas-
es depend on relative iron and silicon con-
tents.

In quaternary systems, intermetallic
phases of the respective binary and ternary
systems are occasionally isomorphous,
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: CuMg,Alg
+ Mg,Zn,Al,, Mg,Zn,, + CusMg,Als, and
MgZn, + CuMgAl. The first pair have sim-
ilar lattice parameters and form extensive
mutual solid solution, the others less so.
Neither CugMg,Als nor CuMgAl are equi-
librium phases in aluminum-copper-magne-
sium, although both Mg,Zn,; and MgZn,
are equilibrium phases in aluminum-magne-
sium-zinc. Another instance is in the alumi-
num-iron-manganese-silicon quaternary sys-
tem; here the stable phase (FeMn);Si,Al,s
(body-centered cubic) can vary from
Mn,Si,Al,s, @ = 1.2652 nm (12.652 A) to
~(Mny ;Fe, 0)3Si,Als, @ = 1.2548 nm (12.548
A). The stable phase of the closest composi-
tion in aluminum-iron-silicon is Fe,SiAlg
(hexagonal); the hexagonal-to-cubic transi-
tion is also accomplished by small additions
of vanadium, chromium, molybdenum, and
tungsten, and larger additions of copper (Ref
1). Such chemical stabilization effects, cou-
pled with the metastability introduced by
casting, frequently cause complex alloy struc-
ture. :

Prediction of Intermetallic Phases in Alu-
minum Alloys. The wide variety of interme-
tallic phases in aluminum alloys, which oc-
cur because aluminum is  highly
electronegative and trivalent, has been the
subject of considerable study (Ref 2-4). De-
tails depend on ratios and total amounts of
alloying elements present and require refer-
ence to the phase diagrams for prediction. It
must be kept in mind, however, that meta-
stable conditions frequently prevail that are
characterized by the presence of phases
that are not shown on the equilibrium dia-
grams. Transition metals, for example, ex-
hibit frequent metastability, in which one

phase introduced during fast solidification
transforms in the solid state to another, for
example, FeAl, — FeAl;, or a metastable
variant precipitates from supersaturated
solid solution such as MnAl,,.

Calculation of Phase Diagrams. Recently,
considerable advances have been made in
the thermodynamic evaluation of phase di-
agrams, particularly through the application
of computer techniques (Ref 5). The avail-
able data and computational procedures
have been systemized internationally since
1971 through the CALPHAD (Computer
Coupling of Phase Diagrams and Thermo-
chemistry) project (Ref 6). Application for
multicomponent aluminum alloy phase dia-
gram prediction has some inherent problems,
particularly regarding the unexpected occur-
rence of ternary intermetallic phases, but is
rapidly becoming an effective procedure. As
of 1980, the following ternary aluminum-con-
taining systems have been examined: Al-Fe-
Ti, Al-Ga-Ge, Al-Ga-In, Al-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: Al-Ca, Al-Ce, Al-Co, Al-Cr, Al-
Cu, Al-Mn, Al-Mo, Al-Nb, Al-O, Al-P, and
Al-Si (Ref 7). In principle, any ternary or
quaternary combination of these binary sys-
tems can be analyzed.

Strengthening Mechanisms

The predominant objective in the design
of aluminum alloys is to increase strength,
hardness, and resistance to wear, creep,
stress relaxation, or fatigue. Effects on
these properties are specific to the different
combinations of alloying elements, their al-
loy phase diagrams, and to the microstruc-
tures and substructures they form as a re-
sult of solidification, thermomechanical
history, heat treatment, and/or cold work-
ing. These factors, to a large extent, depend
on whether the alloy is a non-heat-treatable
alloy or a heat-treatable (precipitation-
strengthening) alloy.

Strength at elevated temperatures is im-
proved mainly by solid-solution and sec-
ond-phase hardening because at least for
temperatures exceeding those of the precip-
itation-hardening range—230 °C (450 °F)
and over—the precipitation reactions con-
tinue into the softening regime. For super-
sonic aircraft and space vehicle applications
subject to aerodynamic heating, the heat-
treatable alloys of the 2xxx group can be
used for temperatures up to about 150 °C
(300 °F).

Strengthening in non-heat-treatable alloys
occurs from solid-solution formation, sec-
ond-phase microstructural constituents,
dispersoid precipitates, and/or strain hard-
ening. Wrought alloys of this type are main-
ly those of the 3xxx and Sxxx groups con-
taining magnesium, manganese, and/or
chromium as well as the lxxx aluminums
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Table 4 Solid-solution effects on strength of principal solute elements in super-purity

aluminum

Difference in [ Strength/addition values(b) I

atomic radlf, [ Yield strength/% addition(c) — 1 Tensile strength/% addition(d) —
Element  r,—ra, %(a)  MPa/at% ksi/at% MPa/wt% ksi/wt% MPa/at% ksi/at% MPa/wt% ksi/wt%
Si......... -3.8 9.3 1.35 9.2 133 40.0 5.8 39.6 5.75
Zn......... -6.0 6.6 0.95 29 0.42 20.7 3.0 15.2 2.2
Cu......... -10.7 16.2 2.35 13.8 2.0 88.3 12.8 43.1 6.25
Mn........ -11.3 (e) ©) 30.3 4.4 © ©) 53.8 7.8
Mg........ +11.8 17.2 2.5 18.6 2.7 51.0 7.4 50.3 7.3

(a) Listed in order of increasing percent difference in atomic radii. (b) Some property—percent addition relationships are nonlinear.
Generally, the unit effects of smaller additions are greater, (c) Increase in yield strength (0.2% offset) for 1% (atomic or weight basis)
alloy addition. (d) Increase in ultimate tensile strength for 1% (atomic or weight basis) alloy addition. (e) 1 at% of manganese is not

soluble.

and some alloys of the 4xxx group that
contain only silicon. Non-heat-treatable
casting alloys are of the 4xx.x or Sxx.x
groups, containing silicon or magnesium,
respectively, and the 1xx.x aluminums.

Solid-Solution Strengthening. For those
elements that form solid solutions, the
strengthening effect when the element is in
solution tends to increase with increasing
difference in the atomic radii of the solvent
(Al) and solute (alloying element) atoms.
This factor is evident in data obtained from
super-purity binary solid-solution alloys in
the annealed state, presented in Table 4, but
it is evident that other effects are involved,
chief among which is an electronic bonding
factor. The effects of multiple solutes in
solid solution are somewhat less than addi-
tive and are nearly the same when one
solute has a larger and the other a smaller
atomic radius than that of aluminum as
when both are either smaller or larger.
Manganese in solid solution is highly effec-
tive in strengthening binary alloys. Its con-
tribution to the strength of commercial al-
loys is less, because in these compositions,
as a result of commercial mill fabricating
operations, the manganese is largely precip-
itated.

The principal alloys that are strengthened
by alloying elements in solid solution (often
coupled with cold work) are those in the
aluminum-magnesium (5xxx) series, ranging
from 0.5 to 6 wt% Mg. These alloys often
contain small additions of transition ele-
ments such as chromium or manganese, and
less frequently zirconium to control the
grain or subgrain structure and iron and
silicon impurities that usually are present in
the form of intermetallic particles. Figure 6
illustrates the effect of magnesium in solid
solution on the yield strength and tensile
elongation for most of the common alumi-
num-magnesium commercial alloys.

Strengthening From Second-Phase Con-
stituents. Elements and combinations that
form predominantly second-phase constitu-
ents with relatively low solid solubility in-
clude iron, nickel, titanium, manganese,
and chromium, and combinations thereof.
The presence of increasing volume fractions
of the intermetallic-compound phases
formed by these elements and the elemental

silicon constituent formed by silicon during
solidification or by precipitation in the solid
state during postsolidification heating also
increases strength and hardness. The rates
of increase per unit weight of alloying ele-
ment added are frequently similar to but
usually lower than those resulting from sol-
id solution. This ‘‘second-phase’’ hardening
occurs even though the constituent particles
are of sizes readily resolved by optical
microscopy. These irregularly shaped parti-
cles form during solidification and occur
mostly along grain boundaries and between
dendrite arms.

Grain Refinement With Dispersed Precip-
itates. Manganese and/or chromium addi-
tions in wrought aluminum alloys allow the
formation of complex precipitates that not
only retard grain growth during ingot re-
heating but also assist in grain refinement
during rolling. This method involves rapid
solidification and cooling during the casting
of ingots, so that a solid-solution state is
formed with concentrations of manganese
and/or chromium that greatly exceed their
equilibrium solubility. During reheating of
the as-cast ingot for wrought processing,
this supersaturated metastable solid solu-
tion is designed to cause solid-state precip-
itation of complex phases. This precipita-
tion does not cause appreciable hardening,
nor is it intended that it should. Its purpose
is to produce finely divided and dispersed
particles that retard or inhibit recrystalliza-
tion and grain growth in the alloy during
subsequent heatings. The precipitate parti-
cles of Al,,(Fe,Mn);Si, Al,;Cu,Mn;, or
Al;,Mg,Cr are incoherent with the matrix,
and concurrent with their precipitation the
original solid solution becomes less concen-
trated. These conditions do not provide
appreciable precipitation hardening.
Changes in electrical conductivity consti-
tute an effective measure of the complete-
ness of these precipitation reactions that
occur in preheating.

The newer ‘‘in-line’’ or integrated pro-
cesses that shorten the path from molten
metal to wrought product, avoiding ingot
preheating and reducing the overall time-
temperature history, are changing this con-
ventional or traditional picture. It seems
very probable that in order to obtain the
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best results from such processes, traditional
alloy compositions should be adjusted tak-
ing into account the fact that larger propor-
tions of these elements would be expected
to remain in solid solution through such
abbreviated and truncated thermomechani-
cal operations. New capabilities may be
obtained with currently standard alloys in
some instances, but it would not be expect-
ed that a particular alloy would exhibit the
same properties when produced by the two
types of processes.

For alloys that are composed of both
solid-solution and second-phase constitu-
ents and/or dispersoid precipitates, all of
these components of microstructure con-
tribute to strength, in a roughly additive
manner. This is shown in Fig. 7 for Al-Mg-
Mn alloys in the annealed condition.

Strain hardening by cold rolling, drawing,
or stretching is a highly effective means of
increasing the strength of non-heat-treatable
alloys. Work- or strain-hardening curves for
several typical non-heat-treatable commer-
cial alloys (Fig. 8) illustrate the increases in
strength that accompany increasing reduc-
tion by cold rolling of initially annealed tem-
per sheet. This increase is obtained at the
expense of ductility as measured by percent
elongation in a tensile test and by reducing
formability in operations such as bending
and drawing. It is often advantageous to use
material in a partially annealed (H2x) or
stabilized (H3x) temper when bending, form-
ing, or drawing is required, since material in
these tempers has greater forming capability
for the same strength levels than does strain-
hardened only (Hlx) material (see Table 5,
for example).

All mill products can be supplied in the
strain-hardened condition, although there
are limitations on the amounts of strain that
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can be applied to products such as die
forgings and impacts. Even aluminum cast-
ings have been strengthened by cold press-
ing for certain applications. The heat-treat-
able alloys described below can also be
subjected to strain hardening.

Heat-treatable (precipitation-hardening)
aluminum alloys for wrought and cast prod-
ucts contain elements that decrease in sol-
ubility with decreasing temperature, and in
concentrations that exceed their equilibri-
um solid solubility at room- and moderately
higher temperatures. However, these fea-
tures alone do not make an alloy capable of
(precipitation hardening) during heat treat-
ment. The strengths of most binary alloys
containing magnesium, silicon, zinc, chro-
mium, or manganese alone exhibit little
change from thermal treatments regardless
of whether the solute is completely in solid
solution, partially precipitated, or substan-
tially precipitated.

The mechanism of strengthening by age
hardening involves the formation of coher-
ent clusters of solute atoms (that is, the
solute atoms have collected into a cluster
but still have the same crystal structure as
the solvent phase). This causes a great deal
of strain because of mismatch in size be-
tween the solvent and solute atoms. The
cluster stabilizes dislocations, because dis-
locations tend to reduce the strain, similar
to the reduction in strain energy of a single
solute atom by a dislocation. When disloca-
tions are anchored or trapped by coherent
solute clusters, the alloy is considerably
strengthened and hardened.

However, if the precipitates are semico-
herent (sharing a dislocation-containing in-
terface with the matrix), incoherent (sharing
a disordered interface, akin to a large-angle
grain boundary, with the matrix), or are
incapable of reducing strain behavior be-
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Table 5 Tensile-property data illustrating
typical relationships between strength and
elongation for non-heat-treatable alloys in
H1l.x versus H2x or H3x tempers

Tensile Yield
Alloy and strength strength Elonga-
temper MPa ksi MPa ksi tion, %
3105-H14..... 172 25 152 22 5
3105-H25..... 179 26 159 23 8
3105-H16..... 193 28 172 25 4

cause they are too strong, a dislocation can
circumvent the particles only by bowing
into a roughly semicircular shape between
them under the action of an applied shear
stress. Consequently, the presence of the
precipitate particles, and even more impor-
tantly the strain fields in the matrix sur-
rounding the coherent particles, provide
higher strength by obstructing and retarding
the movement of dislocations. The charac-
teristic that determines whether a precipi-
tate phase is coherent or noncoherent is the
closeness of match or degree of disregistry
between the atomic spacings on the lattice
of the matrix and on that of the precipitate.

Heat treatment for  precipitation
strengthening includes a solution heat treat-
ment at a high temperature to maximize
solubility, followed by rapid cooling or
quenching to a low temperature to obtain a
solid solution supersaturated with both sol-
ute elements and vacancies. Solution heat
treatments are designed to maximize the
solubility of elements that participate in
subsequent aging treatments. They are most
effective near the solidus or eutectic tem-
perature, where maximum solubility exists
and diffusion rates are rapid. However, care
must be taken to avoid incipient melting of
low-temperature eutectics and grain-bound-
ary phases. Such melting results in quench
cracks and loss in ductility. The maximum
temperature may also be set with regard to
grain growth, surface effects, and economy
of operation. The minimum temperature
should be above the solvus, or the desired
properties derived from aging will not be
realized. The optimum heat-treatment range
may be quite small, with a margin of safety
sometimes only =5 K.

The high strength is produced by the
finely dispersed precipitates that form dur-
ing aging heat treatments (which may in-
clude either natural aging or artificial aging
as described below). This final step must be
accomplished not only below the equilibri-
um solvus temperature, but below a meta-
stable miscibility gap called the Guinier-
Preston (GP) zone solvus line. The
supersaturation of vacancies allows diffu-
sion, and thus zone formation, to occur
much faster than expected from equilibrium
diffusion coefficients. In the precipitation
process, the saturated solid solution first
develops solute clusters, which then be-
come involved in the formation of transi-
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Fig. 9
tional (nonequilibrium) precipitates. The fi-
nal structure consists of equilibrium
precipitates, which do not contribute to age
hardening (precipitation strengthening).

Natural aging refers to the spontaneous
formation of a G-P zone structure during
exposure at room temperature. Solute at-
oms either cluster or segregate to selected
atomic lattice planes, depending on the al-
loy system, to form the G-P zones, which
are more resistant to movement of disloca-
tions through the lattice, and hence are
stronger. Curves showing the changes in
tensile yield strength with time at room
temperature (natural aging curves) for three
wrought commercial heat-treatable alloys of
different alloy systems are shown in Fig. 9.
The magnitudes of increase in this property
are considerably different for the three al-
loys, and the differences in rate of change
with time are of practical importance. Be-
cause 7075 and similar alloys never become
completely stable under these conditions,
they are rarely used in the naturally aged
temper. On the other hand, 2024 is widely
used in this condition.

Of the binary alloys, aluminum-copper
alloys exhibit natural aging after being solu-
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Fig. 10 Natural aging curves for binary Al-Cu alloys quenched in water at 100 °C (212 °F)

tion heat treated and quenched. The
amounts by which strength and hardness
increase become larger with time of natural
aging and with the copper content of the
alloy from about 3% to the limit of solid
solubility (5.65%). Natural aging curves for
slowly quenched, high-purity Al-Cu alloys
with 1 to 4.5% Cu are shown in Fig. 10. The
rates and amounts of the changes in
strength and hardness can be increased by
holding the alloys at moderately elevated
temperatures (for alloys of all types, the
useful range is about 120 to 230 °C, or 250 to
450 °F). This treatment is called precipita-
tion heat treating or artificial aging. In the
Al-Cu system, alloys with as little as 1% Cu,
again slowly quenched, start to harden after
about 20 days at a temperature of 150 °C, or
300 °F (see Fig. 11). The alloys of this
system, having less than about 3% Cu,
show little or no natural aging after low-
cooling-rate quenching, which introduces
little stress.

Artificial aging includes exposure at tem-
peratures above room temperature so as to
produce the transitional (metastable) forms
of the equilibrium precipitate of a particular
alloy system. These transitional precipitates
remain coherent with the solid-solution ma-

trix and thus contribute to precipitation
strengthening. With further heating at tem-
peratures that cause strengthening or at
higher temperatures, the precipitate parti-
cles grow, but even more importantly con-
vert to the equilibrium phases, which gen-
erally are not coherent. These changes
soften the material, and carried further,
produce the softest or annealed condition.
Even at this stage, the precipitate particles
are still too small to be clearly resolved by
optical microscopy, although etching ef-
fects are readily observed—particularly in
alloys containing copper.

Precipitation heat treatment or artificial
aging curves for the Al-Mg-Si wrought alloy
6061 (which is widely used for structural
shapes) are shown in Fig. 12. This is a
typical family of curves showing the
changes in tensile yield strength that accrue
with increasing time at each of a series of
temperatures. In all cases, the material had
been given a solution heat treatment fol-
lowed by a quench just prior to the start of
the precipitation heat treatment. For de-
tailed presentation of heat-treating opera-
tions, parameters, and practices, see Heat
Treating, Volume 4 of the 9th Edition of
Metals Handbook.

The commercial heat-treatable aluminum
alloys are, with few exceptions, based on
ternary or quaternary systems with respect
to the solutes involved in developing
strength by precipitation. The most promi-
nent systems are: Al-Cu-Mg, Al-Cu-Si, and
Al-Cu-Mg-Si, alloys of which are in the 2xxx
and 2xx.x groups (wrought and casting al-
loys, respectively); Al-Mg-Si (6xxx wrought
alloys); Al-Si-Mg, Al-Si-Cu, and Al-Si-Mg-
Cu (3xx.x casting alloys); and Al-Zn-Mg and
Al-Zn-Mg-Cu (7xxx wrought and 7xx.x cast-
ing alloys). In each case the solubility of the
multiple-solute elements decreases with de-
creasing temperature.

These multiple alloying additions of both
major solute elements and supplementary
elements employed in commercial alloys
are strictly functional and serve with differ-
ent heat treatments to provide the many
different combinations of properties—
physical, mechanical, and electrochemical—
that are required for different applications.
Some alloys, particularly those for foundry
production of castings, contain amounts of
silicon far in excess of the amount that is
soluble or needed for strengthening alone.
The function here is chiefly to improve cast-
ing soundness and freedom from cracking,
but the excess silicon also serves to increase
wear resistance, as do other microstructural
constituents formed by manganese, nickel,
and iron. Parts made of such alloys are
commonly used in gasoline and diesel en-
gines (pistons, cylinder blocks, and so forth).
The system of numerical nomenclature used
to designate the alloys, and that for the
strain-hardened and heat-treated tempers, is
described in the article ‘“Alloy and Temper
Designation Systems for Aluminum and Alu-
minum Alloys’ in this Volume.

Alloys containing the elements silver, lith-
ium, and germanium are also capable of pro-
viding high strength with heat treatment, and
in the case of lithium, both increased elastic
modulus and lower density, which are highly
advantageous—particularly for aerospace ap-
plications (see the article ‘‘Aluminum-Lithi-
um Alloys’’ in this Volume). Commercial use
of alloys containing these elements has been
restricted either by cost or by difficulties
encountered in producing them. Such alloys
are used to some extent, however, and re-
search is being directed toward overcoming
their disadvantages.

In the case of alloys having copper as the
principal alloying ingredient and no magne-
sium, strengthening by precipitation can be
greatly increased by adding small fractional
percentages of tin, cadmium, or indium, or
combinations of these elements. Alloys based
on these effects have been produced commer-
cially but not in large volumes because of
costly special practices and limitations re-
quired in processing, and in the case of cad-
mium, the need for special facilities to avoid
health hazards from formation and release of
cadmium vapor during alloying. Such alloys,
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Fig 1 Precipitation hardening curves for binary Al-Cu alloys quenched in water at 100 °C (212 °F) and aged

at 150 °C (300 °F)

as well as those containing silver, lithium, or
other particle-forming elements, may be used
on a selective basis in the future.

Effects on Physical and Electrochemical
Properties. The above description of the
precipitation processes in commercial heat-
treatable aluminum alloys (as well as the
heat-treatable binary alloys, none of which
is used commercially) affect not only me-
chanical properties but also physical proper-
ties (density and electrical and thermal con-
ductivities) and electrochemical properties
(solution potential). On the microstructural
and submicroscopic scales, the electrochem-
ical properties develop point-to-point nonuni-
formities that account for changes in corro-
sion resistance.

Measurements of changes in physical and
electrochemical properties have played an
important role in completely describing pre-
cipitation reactions and are very useful in
analyzing or diagnosing whether heat-treat-
able products have been properly or improp-
erly heat treated. Although they may be in-
dicative of the strength levels of products,
they cannot be relied upon to determine
whether or not the product meets specified

mechanical-property limits. Since elements in
solid solution are always more harmful to
electrical conductivity than the same ele-
ments combined with others as intermetallic
compounds, thermal treatments are applied
to ingots used for fabrication of electrical
conductor parts. These thermal treatments
are intended to precipitate as much as possi-
ble of the dissolved impurities. Iron is the
principal element involved, and although the
amount precipitated is only a few hundredths
of a percent, the effect on electrical conduc-
tivity of the wire, cable, or other product
made from the ingot is of considerable prac-
tical importance. These alloys may or may
not be heat treatable with respect to mechan-
ical properties. Electrical conductor alloys
6101 and 6201 are heat treatable. These alloys
are used in tempers in which their strength-
ening precipitate, the transition form of
Mg,Si, is largely out of solid solution to
optimize both strength and conductivity.

Metallurgical Factors of Other
Mechanical Properties

Forming. The formability of a material is
the extent to which it can be deformed in a
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particular process before the onset of fail-
ure. Aluminum sheet or aluminum shapes
usually fail by localized necking or by duc-
tile fracture. Necking is governed largely by
bulk material properties such as work hard-
ening 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 suppressed. Common examples
where fracture is encountered are at small
radius bends and at severe drawing, iron-
ing, and stretching near notches or sheared
edges.

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
improvements in functional characteristics,
such as strength and ease of machining,
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-magnesium (5xxx) series, ranging
from 0.5 to 6 wt% Mg. Figure 6 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 pro-
duced by additions of magnesium and cop-
per appear to be related to the tendency of
the solute atoms to migrate to dislocations
(strain age). This tends to increase work
hardening 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
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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 temperatures, 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. Sec-
ond-phase particles do, however, have a
large influence on fracture, as is shown in
Fig. 13 and 14. In these examples an in-
crease in the iron, nickel, or manganese
content produces an increase in the number
of microscopic particles that promote frac-
ture. The addition of magnesium promotes
an additional reduction in fracture strain
because the higher flow stresses aid in the
formation and growth of voids at the inter-
metallic particles. Magnesium in solid solu-
tion also promotes the localization of strain
into shear bands, which concentrates the
voids in a thin plane of highly localized
strain.

Precipitation-strengthened alloys are usu-
ally formed in the naturally aged (T4) con-
dition, or in the annealed (O) condition, but
only very rarely in the peak strength (T6)
condition where both the necking and frac-
ture limits are low. In Fig. 15 the effect of a
wide range of precipitate structures on
some of the forming properties is illustrated
for alloy 2036 (2.5% Cu-0.5% Mg). Curves
similar in shape can be drawn for most of
the precipitation-strengthened alloys in the
2xxx and 6xxx series. The properties in Fig.
15 were obtained from sheet tensile speci-
mens first solution heat treated, then aged

28
W, 31

=
7
//
’s

Yield strength, ksi
0 15 25 35
0 A\ T T T

Solid solution

8
\——0.9% Mn

0 2 4 6 8 10
Magnesium, %
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at temperatures ranging from room temper-
ature to 350 °C (660 °F). 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,
which are important characteristics of the
high-strength aluminum alloys used in aero-
space applications, are known to be influ-
enced by the following three types of con-
stituent particles:

Size

Type 'u—m -ndT] Typical examples
Constituent

particles...... 2-50 0.08-2 Cu,FeAl,, CuAl,,

FeAlg

Dispersoid

particles...... 0.01-  0.0004&~  ZrAl;, CrMg,Al,,

0.5 0.02
Strengthening
precipitates... 0.001- 0.00004—  Guinier-Preston

0.5 0.02 zones

Consequently, the design of damage-toler-
ant aluminum alloys such as 7475, 7050, or
2124 has been primarily based upon the
control of microstructure through composi-
tion and fabrication practice.

Effect of Second-Phase Constituents on
Fracture Toughness. It is generally accept-
ed that the fracture of brittle constituent
particles leads to preferential paths for
crack advance and reduced fracture tough-
ness. Consequently, an often-used ap-
proach 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 16
illustrates the influence of base metal purity
on the fracture resistance of alloy 7475
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Fig. 15

sheet. The partially soluble constituents ex-
ert a similar effect on the fracture behavior
of other high-strength alloys. Figure 17
shows the reduction in toughness experi-
enced as the volume fraction of Al,CuMg is
increased in alloy 7050 plate.

For superior toughness, the amount of
dispersoid-forming element should be held
to the minimum required for control of grain
structure, mechanical properties, or resis-
tance to stress-corrosion cracking. Results
for 7xxx alloy sheet (Fig. 18) show the
marked decrease in unit propagation energy
as chromium is increased. Substitution of
other elements, such as zirconium or man-
ganese, for chromium can also influence
fracture toughness. However, the observed
effects of the different dispersoids on frac-
ture toughness can quite possibly be related
to the particular toughness parameter cho-
sen and the influence of the dispersoid on
the grain structure of the wrought product.

The primary effect of hardening precipi-
tates on fracture toughness of high-strength
aluminum alloys is through the increase in
yield strength and depends upon the partic-
ular working and heat-treatment practices
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applied to the wrought products. However,
composition changes, particularly magne-
sium level, can produce significant effects
on toughness of 7xxx alloys. These varia-
tions in composition do not alter the basic
character of the hardening precipitates, but
exert a subtle influence on the overall pre-
cipitate structure.

Effect of Second-Phase Constituents on
Fatigue Behavior. Although the three types
of constituent particles may influence fa-
tigue behavior, the effect of constituent
particles on fatigue behavior is highly de-
pendent upon the type of fatigue test or the
stress regime chosen for evaluation. Conse-
quently, the design of aluminum alloys to
resist failure by fatigue mechanisms has not
proceeded to the same extent as for fracture
toughness. In the case of large constituent
particles, for example, reduced iron and
silicon contents do not always result in
improved fatigue resistance commensurate
with the previously described improve-
ments in fracture toughness. Increased pu-
rity level does not, for instance, produce
any appreciable improvement in notched or
smooth S-N fatigue strength.

In terms of fatigue crack growth (FCG)
rates, no consistent differences have been
observed for low- and high-purity 7xxx alloy
variants at low to intermediate AK levels.
However, at high stress-intensity ranges,
FCG rates are notably reduced for low iron
and silicon alloys. The reason for the ob-
served improvement is undoubtedly related
to the higher fracture toughness of high-
purity metals. At high stress-intensity rang-
es, where crack growth per cycle (da/dN)
values are large, localized fracture and void
nucleation at constituent particles become
the dominant FCG mechanism. For samples
subjected to periodic spike overloads, low-
purity alloys were shown to exhibit slower
overall FCG rates than higher-purity mate-
rials. This effect was attributed to localized
crack deviation induced by the insoluble
constituents. Secondary cracks at these
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particles acted to lower crack tip stress-
intensity values and to reduce measured
FCQG rates.

No clear-cut influence of dispersoid par-
ticles on the fatigue behavior of aluminum
alloys has emerged. Two separate studies
have concluded that dispersoid type has
little effect on either FCG resistance or
notched fatigue resistance of 7xxx alloys.
The only expected effect of dispersoid type

on fatigue performance should occur for
high AK fatigue crack growth, where mech-
anisms similar to those for fracture tough-
ness predominate.

Within a given alloy system, slight
changes in composition that influence hard-
ening precipitates have not been shown to
influence the S-N fatigue resistance of alu-
minum alloys. However, significant differ-
ences have been observed in comparison of
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alloys of different systems. For instance,
2024-T3 is known to outperform 7075-T6 at
stresses where fatigue lives are short (~10°
cycles). The superior fatigue performance
of alloy 2024-T3 in the 10° 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 fa-
tigue crack growth. The superior perfor-
mance for 2024-T3 plate versus 7075-T6
extends over the entire da/dN-AK range, as
shown in Fig. 19. Within the 7xxx alloy
system, increasing copper content improves
FCG performance in high humidity. This
result was attributed to an increased resis-
tance of the high-copper alloy to corrosion
in the moist environment.

Fatigue designers are currently beginning
to use increasingly complex ‘‘spectrum’’
FCG tests to predict the performance of
materials in service. Early work in the area
of spectrum fatigue showed that high-tough-
ness alloy 7475-T76 performed better than
either 2024-T3 or 7075-T6.

General Effects of Alloying

Although the predominant reason for al-
loying is to increase strength, alloying also
has important effects on other characteris-
tics of aluminum alloys. Some of these
effects are discussed below. Effects of spe-
cific elements are discussed in the section
“‘Specific Alloying Elements and Impuri-
ties” in this article.

Alloy Effects on Physical Properties. Most
of the physical properties—density, melt-
ing-temperature range, heat content, coeffi-
cient of thermal expansion, and electrical
and thermal conductivities—are changed by
addition of one or more alloying elements.
The rates of change in these properties with
each incremental addition are specific for
each element and depend, in many cases
drastically, on whether a solid solution or a
second phase is formed. In those cases in
which the element or elements may be
either dissolved or precipitated by heat
treatment, certain of these properties, par-
ticularly density and conductivity, can be
altered substantially by heat treatment.
Density and conductivity of such alloys
show relatively large differences from one
temper to another.

Electrochemical properties and corrosion
resistance are strongly affected by alloying
elements that form either solid solutions, or
additional phases, or both. For those sys-
tems exhibiting substantial changes in solid
solubility with temperature, these proper-
ties may change markedly with heat-treated
tempers, and although infrequently, even
with room-temperature aging (for example,
the stress-corrosion resistance of high-Mg
5xxx alloys in strain-hardened tempers).
The strongest electrochemical effects are
from copper or zinc in solid solution. Addi-

tions of copper in solid solution change the
electrochemical solution potential in the ca-
thodic direction at the rate of 0.047 V/iwt%
(0.112 V/at%), and additions of zinc change
it in the anodic direction at the rate of 0.063
Viwt% (0.155 V/at%). These potentials are
those measured in aqueous solution of 53 g
NaCl + 3 g H,0, per liter. Magnesium and
silicon, which are the basis for the 4xxx,
5xxx, and 6xxx series wrought alloys and the
3xx.x, 4xx.x, and S5xx.x series casting alloys,
and which are prominent in the composi-
tions of many other alloys, have relatively
mild effects on solution potential and are
not detrimental to corrosion resistance.

Although aluminum is a thermodynamical-
ly reactive metal, it has excellent resistance
to corrosion in most environments, which
may be attributed to the passivity afforded
by a protective film of aluminum oxide. This
film is strongly bonded to the surface of the
metal, and if damaged re-forms almost im-
mediately. The continuity of the film is af-
fected by the microstructure of the metal—in
particular, by the presence and volume frac-
tion of second-phase particles. Corrosion
resistance is affected by this factor and by
the solution-potential relationships between
the second-phase particles or constituents
and the solid-solution matrix in which they
occur. In most environments, resistance to
corrosion of unalloyed aluminum increases
with increasing purity. The resistance of an
alloy depends not only on the microstruc-
tural relationships involving the specific
types, amounts, and distributions of the sec-
ond-phase constituents but even more
strongly on the nature of the solid solutions
in which they are present. Copper reduces
corrosion resistance despite the fact that
when in solid solution it makes the alloy
more cathodic (less active thermodynamical-
ly). This is explained by the fact that copper
ions taken into solution in aqueous, corrod-
ing media replate on the aluminum alloy
surface as minute particles of metallic cop-
per, forming even more active corrosion
couples because metallic copper is highly
cathodic to the alloy. Manganese, which in
solid solution changes solution potential in
the cathodic direction as strongly as does
copper, does not impair corrosion resistance
of commercial alloys that contain it, because
the amounts left in solid solution in commer-
cial products, which undergo extensive sol-
id-state heating in process, are very small,
and the manganese does not replate from
solution as does copper.

The differences in solution potential
among alloys of different compositions are
used to great advantage in the composite
Alclad products. In these products, the
structural component of the composite,
usually a strong or heat-treatable alloy, is
made the core of the product and is covered
by a cladding alloy of a composition that not
only is highly corrosion resistant but also
has a solution potential that is anodic to that

of the core. Analogous to the protection of
the underlying steel afforded by zinc on the
surfaces of galvanized steel products, the
aluminum alloy core is protected electrolyt-
ically by the more-anodic cladding. The
composition of the cladding material is de-
signed specifically to protect the core alloy,
so that, for those containing copper as the
principal alloying ingredient (2xxx type), the
more-anodic unalloyed aluminum (lxxx
type) serves to protect the core electrolyti-
cally. In the case of the strong alloys con-
taining zinc along with magnesium and cop-
per (such as 7049, 7050, 7075, and 7178), an
aluminum-zinc alloy (7072) or an aluminum-
zinc-magnesium alloy (7008 or 7011) pro-
vides protection. The latter provides higher
strength.

Impurity Effects. Although major differ-
ences in properties and characteristics are
usually associated with alloying additions of
one to several percent, many alloying ele-
ments produce highly significant effects
when added in small fractions of 1% or
when increased by such small amounts.
With respect to mechanical properties, this
is particularly true for combinations of cer-
tain elements. The interactions are quite
complex, and a given element may be either
highly beneficial or highly detrimental de-
pending on the other elements involved and
on the property or combination of proper-
ties needed.

The presence or absence of amounts on
the order of one thousandth of one percent of
certain impurities—sodium and calcium, for
example—may make the difference between
success or complete failure in fabricating
high-magnesium Sxxx alloy ingots into useful
wrought products. There are many other
examples of equal practical importance. Im-
purity limits specified for commercial alloys
reflect some of these effects, but producers
of mill products must adhere to even more-
restrictive limits in many cases to ensure
good product recovery.

Silicon-Modifying Additions. Additions of
similarly small percentages of both metallic
and nonmetallic substances—sodium and
phosphorus, for example—are used to en-
hance the mechanical and machining prop-
erties of silicon-containing casting alloys.

Grain-Refining Additions. Most alloys
produced as ‘‘fabricating ingots’’ for fabri-
cating wrought products, as well as those in
the form of foundry ingot, have small addi-
tions of titanium or boron, or combinations
of these two elements, in controlled propor-
tions. The purpose of these additions is to
control grain size and shape in the as-cast
fabricating ingot or in castings produced
from the foundry ingot. These grain-refining
additions have little effect on changes in
grain size that occur during or as a result of
working or recrystallization. Welding filler
alloys and casting alloys generally have
higher contents of the grain-refining ele-
ments to ensure highest resistance to crack-



Table 6 Typical physical properties of aluminum alloys
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Electrical conductivity
at 20 °C
Average coefficient of Approximate Thermal conductivity (68 °F), %IACS Electrical resistivity
thermal expansion(a) melting range(b)(c) o at 25 °C (77 °F) ] Equal Equal at 20 °C (68 °F)
Alloy pm/m - °C pin./in. - °F [_“C °F L Temper W/m - °C Btu - in./ft?- h - °F volume weight Q - mm*m £ - circ mil/ft
1060 ........ 23.6 13.1 645-655 1195-1215 0 234 1625 62 204 0.028 17
H18 230 1600 61 201 0.028 17
1100 ........ 23.6 13.1 643-655 1190-1215 0 222 1540 59 194 0.030 18
H18 218 1510 57 187 0.030 18
1350 ........ 23.75 13.2 645-655 1195-1215 All 234 1625 62 204 0.028 17
2011 ........ 22.9 12.7 540-643(d) 1005-1190(d) T3 151 1050 39 123 0.045 27
T8 172 1190 45 142 0.038 23
2014 ........ 23.0 12.8 507-638(¢) 945-1180(e) O 193 1340 50 159 0.035 21
T4 134 930 34 108 0.0515 31
T6 154 1070 40 127 0.043 26
2017 ........ 23.6 13.1 513-640(c) 955-1185(e) O 193 1340 50 159 0.035 21
T4 134 930 34 108 0.0515 31
2018 ........ 22.3 12.4 507-638(d) 945-1180(d)  T61 154 1070 40 127 0.043 26
2024 ........ 23.2 12.9 500-638(c) 935-1180(e) O 193 1340 50 160 0.035 21
T3, T4, T361 121 840 30 96 0.058 35
Té6, T81, T861 151 1050 38 122 0.045 27
2025 ........ 22.7 12.6 520-640(¢) 970-1185(e) T6 154 1070 40 128 0.043 26
2036 ........ 23.4 13.0 555-650(d) 1030-1200(d) T4 159 1100 41 135 0.0415 25
2117 ... 23.75 13.2 555-650(d) 1030-1200(d) T4 154 1070 40 130 0.043 26
2124 ........ 229 12.7 500-638(¢c) 935-1180(e)  T851 152 1055 38 122 0.045 27
218 ........ 22.3 12.4 505-635(e) 940-1175(e) T72 154 1070 40 126 0.043 26
2219 ........ 22.3 12.4 543-643(¢) 1010-1190(e) © 172 1190 44 138 0.040 24
T31, T37 112 780 28 88 0.0615 37
Té6, T81, T87 121 840 30 94 0.058 35
2618 ........ 22.3 12.4 550-638 1020-1180 T6 147 1020 37 120 0.0465 28
3003 ........ 23.2 12.9 643-655 1190-1210 0 193 1340 50 163 0.035 21
H12 163 1130 42 137 0.0415 25
H14 159 1100 41 134 0.0415 25
H18 154 1070 40 130 0.043 26
3004 ........ 23.9 13.3 630655 1165-1210 All 163 1130 42 137 0.0415 25
3105 ........ 23.6 13.1 635-655 1175-1210 All 172 1190 45 148 0.038 23
4032 ........ 19.4 10.8 532-570(e) 990-1060(e) O 154 1070 40 132 0.043 26
T6 138 960 35 116 0.050 30
4043 ... ... 22.1 12.3 575-632 1065-1170 0 163 1130 42 140 0.0415 25
4045 ... ... 21.05 11.7 575-600 1065-1110 All 172 1190 45 151 0.038 23
4343 ... 21.6 12.0 577-613 1070-1135 All 180 1250 42 158 0.0415 25
5005 ........ 23.75 13.2 632-655 1170-1210 All 200 1390 52 172 0.033 20
5050 ........ 23.75 13.2 625-650 1155-1205 All 193 1340 50 165 0.035 21
5052 ........ 23.75 13.2 607-650 1125-1200 All 138 960 35 116 0.050 30
5056 ........ 24.1 13.4 568-638 1055-1180 0 117 810 29 98 0.060 36
H38 108 750 27 91 0.063 38
5083 ........ 23.75 13.2 590-638 10951180 0 117 810 29 98 0.060 36
5086 ........ 23.75 13.2 585-640 1085-1185 All 125 870 31 104 0.055 33
5154 ...,.... 23.9 13.3 593-643 1100-1190 All 125 870 32 107 0.053 32
5252 ........ 23.75 13.2 607-650 1125-1200 All 138 960 35 116 0.050 30
5254 ........ 23.9 13.3 593-643 1100-1190 All 125 870 32 107 0.053 32
5356 ........ 24.1 13.4 570-635 1060-1175 0 117 810 29 98 0.060 36
5454 ........ 23.6 13.1 600-645 1115-1195 0 134 930 34 113 0.051S 31
H38 134 930 34 113 0.0515 31
5456 ........ 23.9 133 568-638 1055-1180 0 117 810 29 98 0.060 36
5457 ....... 23.75 13.2 630655 1165-1210 All 176 1220 46 153 0.038 23
5652 ........ 23.75 13.2 607-650 1125-1200 All 138 960 35 116 0.050 30
5657 ........ 23.75 13.2 638657 1180-1215 All 205 1420 54 180 0.0315 19
6005 ........ 234 13.0 610-655(d) 1125-1210(d) Ti1 180 1250 47 155 0.0365 22
TS 190 1310 49 161 0.035 21
6053 ........ 23 12.8 575-650(d) 1070-1205(d) 0 172 1190 45 148 0.038 23
T4 154 1070 40 132 0.043 26
T6 163 1130 42 139 0.0415 25
6061 ........ 23.6 13.1 580-650(d) 1080-1205¢(d) 0 180 1250 47 155 0.0365 22
T4 154 1070 40 132 0.043 26
T6 167 1160 43 142 0.040 24
6063 ........ 23.4 13.0 615-655 1140-1210 0 218 1510 58 191 0.030 18
T1 193 1340 50 165 0.035 21
TS 209 1450 55 181 0.032 19
T6, T83 200 1390 53 175 0.033 20
6066 ........ 23.2 12.9 565-645(¢) 1045-1195(¢) 0 154 1070 40 132 0.043 26
Té6 147 1020 37 122 0.0465 28
6070 ........ . s 565-650(¢) 1050-1200(e) T6 172 1190 44 145 0.040 24
6101 ........ 23.4 13.0 620655 1150-1210 T6 218 1510 57 188 0.030 18
Té61 222 1540 59 194 0.030 18
T63 218 1510 58 191 0.030 18
T64 226 1570 60 198 0.028 17
T65 218 1510 58 191 0.030 18
(continued)

(@) Coefficient from 20 to 100 °C (68 to 212 °F). (b) Melting ranges shown apply to wrought products of 6.35 mm (Y4 in.) thickness or greater. (c) Based on typical composition of the indicated alloys. (d)
Eutectic melting can be completely ¢liminated by homogenization. (¢} Eutectic melting is not eliminated by homogenization. (f) Although not formerly registered, the literature and some specifications have
used T736 as the designation for this temper. (g) Homogenization may raise eutectic melting temperature 10 to 20 °C (20 to 40 °F) but usually does not eliminate eutectic melting.
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Table 6 (continued)

Electrical conductivity

at 20 °C (68 °F),
Average coefficient of Approximate Thermal conductivity Z%IACS Electrical resistivity
thermal expansion(a) melting range(b)(c)  — at 25 °C (77 °F) — nal Equal at 20 °C (68 °F)
Alloy pm/m - °C pin.fin. - °F I_’F °F Sl Temper Wim - °C Btu - in./ft? - h - °F \f:llume w;light Q - mm¥m £ - circ mil/ft
6105 ........ 23.4 13.0 600-650(d) 1110-1200(d) TI 176 1220 46 151 0.038 23
TS 193 1340 50 165 0.035 21
6151 ........ 23.2 12.9 590-650(d) 1090-1200(d) O 205 1420 54 178 0.0315 19
T4 163 1130 42 138 0.0415 25
T6 172 1190 45 148 0.038 23
6201 ........ 234 13.0 607-655(d) 1125-1210(d) T81 205 1420 54 180 0.0315 19
6253 ........ 600-650 1100-1205
6262 ........ 23.4 13.0 580-650(d) 1080-1205(d) T9 172 1190 44 145 0.040 24
6351 ........ 23.4 13.0 555-650 1030-1200 T6 176 1220 46 151 0.038 23
6463 ........ 23.4 13.0 615-655 1140-1210 T1 193 1340 50 165 0.035 21
TS5 209 1450 55 181 0.0315 19
T6 200 1390 53 175 0.033 20
6951 ........ 23.4 13.0 615-655 1140-1210 0 213 1480 56 186 0.0315 19
T6 198 1370 52 172 0.033 20
7049 ........ 23.4 13.0 475-635 890-1175 T73 154 1070 40 132 0.043 26
7050 ........ 24.1 13.4 490-630 910-1165 T74(f) 157 1090 41 135 0.0415 25
7072 ........ 23.6 13.1 640-655 1185-1215 0 222 1540 59 193 0.030 18
7075 23.6 13.1 475-635(g) 890-1175(g) T6 130 900 33 105 0.0515 31
778 .. ...... 23.4 13.0 475-630(g) 890-1165(g) T6 125 870 31 98 0.055 33
8017 ........ 23.6 13.1 645-655 1190-1215 H12, H22 s s 59 193 0.030 18
H212 s s 61 200 0.028 17
8030 ........ 23.6 13.1 645-655 1190-1215 H221 230 1600 61 201 0.028 17
8176 ........ 23.6 13.1 645-655 1190-1215 H24 230 1600 61 201 0.028 17

(a) Coefficient from 20 to 100 °C (68 to 212 °F). (b) Melting ranges shown apply to wrought products of 6.35 mm (% in.) thickness or greater. (c) Based on typical composition of the indicated alloys. (d)
Eutectic melting can be completely climinated by homogenization. (¢) Eutectic melting is not eliminated by homogenization. (f) Although not formerly registered, the literature and some specifications have
used T736 as the designation for this temper. (g) Homogenization may raise eutectic melting temperature 10 to 20 °C (20 to 40 °F) but usually does not eliminate eutectic melting.

ing during solidification of welds and cast-
ings.

The elements that have relatively great
and controlling effects on grain sizes and
shapes produced by the mechanical work-
ing required to produce wrought products
(their thermomechanical history) are man-
ganese, chromium, and zirconium. Small
amounts (fractional percentages) of these
elements, singly or in combination, are in-
cluded in the compositions of many alloys
to control grain size and recrystallization
behavior through fabrication and heat treat-
ment. Such grain control has many purpos-
es, which include ensuring good resistance
to stress-corrosion cracking (SCC), high
fracture toughness, and good forming char-
acteristics. In specific alloys, these ele-
ments have highly significant supplementa-
ry beneficial effects on strength, resistance
to fatigue, or strength at elevated tempera-
tures. In order to fulfill their grain-control
functions, these elements must be precip-
itated as finely distributed particles termed
dispersoids. Their precipitation is accom-
plished primarily by the high-temperature,
solid-state heating involved in ingot pre-
heating.

Secondary Aluminum. Aluminum recov-
ered from scrap (secondary aluminum) has
been an important contributor to the total
metal supply for many years. For some
uses, secondary aluminum alloys may be
treated to remove certain impurities or al-
loying elements. Chief among the alloying
elements removed is magnesium, which is
frequently present in greater amounts in
secondary metal than in the alloys to be
produced from it. Magnesium is usually

removed by fluxing with chlorine gas or
halide salts.

Specific Alloying Elements
and Impurities

The important alloying elements and im-
purities are listed here alphabetically as a
concise review of major effects. Some of
the effects, particularly with respect to im-
purities, are not well documented and are
specific to particular alloys or conditions.

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
alloys because it was claimed that by form-
ing a protective film of antimony oxychlo-
ride, it enhances corrosion resistance in salt
water. Some bearing alloys contain up to 4
to 6% Sb. Antimony can be used instead of
bismuth to counteract hot cracking in alu-
minum-magnesium alloys.

Arsenic. The compound AsAl is a semi-
conductor. Arsenic is very toxic (as AsO,)
and must be controlled to very low limits
where aluminum is used as foil for food
packaging.

Beryllium is used in aluminum alloys con-
taining magnesium to reduce oxidation at
elevated temperatures. Up to 0.1% Be is
used in aluminizing baths for steel to im-
prove adhesion of the aluminum film and
restrict the formation of the deleterious
iron-aluminum complex. The mechanism of
protection is attributed to beryllium diffu-
sion 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 be-
cause of the diffusion of beryllium to the
surface and the formation of an oxide of
high-volume ratio. Beryllium does not af-
fect the corrosion resistance of aluminum.
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 hypersensitivity
that is related to intensity and duration of
exposure. Inhalation of dust containing be-
ryllium compounds may lead to acute poi-
soning. 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 solidification compensates for
the shrinkage of lead. A 1-to-1 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 sodium on hot cracking.

Boron is used in aluminum and its alloys
as a grain refiner and to improve conductiv-
ity by precipitating vanadium, titanium,
chromium, and molybdenum (all of which
are harmful to electrical conductivity at



Table 7 Nominal densities of aluminum

and aluminum alloys

Density

lb/in.:’—I

0.0975
0.0975
0.098
0.0975
0.0975
0.098
0.098
0.0975
0.0975
0.0975
0.102
0.101
0.101
0.102
0.101
0.101
0.100
0.099
0.100
0.101
0.103
0.100
0.099
0.098
0.098
0.098
0.097
0.097
0.096
0.096
0.099
0.097
0.097
0.098
0.097
0.097
0.095
0.096
0.096
0.096
0.096
0.096
0.096
0.096
0.097
0.096
0.097
0.097
0.096
0.097
0.096
0.097
0.097
0.097
0.097
0.098
0.097
0.098
0.098
0.097
0.097
0.098
0.097
0.097
0.098
0.098
0.097
0.098
0.100
0.100
0.103
0.102
0.098
0.101
0.102
0.098
0.098
0.098
0.098
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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 tita-
nium. Commercial grain refiners commonly
contain titanium and boron in a 5-to-1 ratio.
Boron has a high neutron capture cross
section and is used in aluminum 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 ele-
ment that finds limited use in aluminum. Up
to 0.3% Cd may be added to aluminum-
copper alloys to accelerate the rate of age
hardening, increase strength, and increase
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 Cd lower
the corrosion resistance of unalloyed alumi-
num. 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. It has
been used to confer free-cutting character-
istics, particularly to aluminum-zinc-mag-
nesium alloys; it was preferred to bismuth
and lead because of its higher melting point.
As little as 0.1% provides an improvement
in machinability. Cadmium is used in bear-
ing alloys along with silicon. The oral tox-
icity of cadmium compounds is high. In
melting, casting, and fluxing operations
cadmium oxide fume can present hazards.

Calcium has very low solubility in alumi-
num and forms the intermetallic CaAl,. An
interesting group of alloys containing about
5% Ca and 5% Zn have superplastic prop-
erties. Calcium combines with silicon to
form CaSi,, which is almost insoluble in
aluminum and therefore will increase the
conductivity of commercial-grade metal
slightly. In aluminum-magnesium-silicon al-
loys, 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 aluminum
alloys to pick up hydrogen.

Carbon may occur infrequently as an im-
purity in aluminum in the form of oxycar-
bides and carbides, of which the most com-
mon is ALC,, but carbide formation with
other impurities such as titanium is possi-
ble. AL,C; 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% Ce), has been
added experimentally to casting alloys to

increase fluidity and reduce die sticking. In
alloys containing high iron (>0.7%), it is
reported to transform acicular FeAl; 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.
Chromium is a common addition to many
alloys of the aluminum-magnesium, alumi-
num-magnesium-silicon, and aluminum-
magnesium-zing 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 impuri-
ties 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 pro-
duce 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 al-
loys, 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 sus-
ceptibility and/or improve toughness. Chro-
mium in solid solution and as a finely dis-
persed phase increases the strength of
alloys slightly. The main drawback of chro-
mium in heat-treatable alloys is the increase
in quench sensitivity when the hardening
phase tends to precipitate on the preexisting
chromium-phase particles. Chromium im-
parts a yellow color to the anodic film.

Cobalt is not a common addition to alu-
minum alloys. It has been added to some
aluminum-silicon alloys containing iron,
where it transforms the acicular 8 (aluminum-
iron-silicon) into a more rounded aluminum-
cobalt-iron phase, thus improving strength
and elongation. Aluminum-zinc-magne-
sium-copper alloys containing 0.2 to 1.9%
Co are produced by powder metallurgy.

Copper. Aluminum-copper alloys con-
taining 2 to 10% Cu, generally with other
additions, form important families of alloys.
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% Cu, depending upon the
influence of other constituents present. The
properties of aluminum-copper alloy sheet
in a number of thermal conditions are as-
sembled in Fig. 20. The aging characteris-
tics of binary aluminum-copper alloys have
been studied in greater detail than any other
system, but there are actually very few
commercial binary aluminum-copper al-
loys. Most commercial alloys contain other
alloying elements.
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Copper-Magnesium. The main benefit of
adding magnesium to aluminum-copper al-
loys is the increased strength possible fol-
lowing solution heat treatment and quench-
ing. In wrought material of certain alloys of
this type, an increase in strength accompa-
nied 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.

On both cast and wrought aluminum-
copper alloys, as little as about 0.5% Mg is
effective in changing aging characteristics.
In wrought products, the effect of magne-
sium additions on strength can be maxi-
mized in artificially aged materials by cold
working prior to aging (Fig. 21). In naturally
aged materials, however, the benefit to
strength from magnesium additions can de-
crease with cold working (Fig. 22). The
effect of magnesium on the corrosion resis-
tance of aluminum-copper alloys depends
on the type of product and the thermal
treatment.

Copper-Magnesium Plus Other Elements.
The cast aluminum-copper-magnesium al-
loys containing iron are characterized by
dimensional stability and improved bearing
characteristics, as well as by high strength
and hardness at elevated temperatures.
However, in a wrought Al-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
Cu,FeAl, constituent, 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 mag-
nesium to form Mg,Si precipitate and con-
tributes 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 ele-
vated temperatures. Addition of about 0.5%
Ni lowers the tensile properties of the heat-
treated, wrought Al-4%Cu-0.5%Mg alloy at
room temperature.

The alloys containing manganese form
the most important and versatile system of
commercial high-strength wrought alumi-
num-copper-magnesium alloys. The sub-
stantial effect exerted by manganese on the
tensile properties of aluminum-copper al-
loys containing 0.5% Mg is shown in Fig.
23. It is apparent that no one composition
offers both maximum strength and ductility.
In general, tensile strength increases with
separate or simultaneous increases in mag-
nesium and manganese, and the yield
strength also increases, but to a lesser ex-
tent. Further increases in tensile and partic-
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Fig. 20 Tensile properties of high-purity, wrought

* aluminum-copper alloys. Sheet specimen
was 13 mm (0.5 in.) wide and 1.59 mm (0.0625 in.)
thick. O, 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 tem-
perature

ularly yield strength occur on cold working
after heat treatment. Additions of manga-
nese and magnesium decrease the fabricat-
ing 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 com-
mercial alloys. Additions of cobalt, chromi-
um, or molybdenum to the wrought Al-
4%Cu-0.5%Mg type of alloy increase the
tensile properties on heat treatment, but
none offers a distinct advantage over man-
ganese.

Alloys with lower copper content than
the conventional 2024 and 2014 type alloys
were necessary to provide the formability
required by the automobile industry. Cop-
per-magnesium alloys developed for this
purpose are 2002, AU2G, and 2036 varia-
tions. These have acceptable formability,
good spot weldability, reasonable fusion
weldability, good corrosion resistance, and
freedom from Liider lines. The paint-baking

400 58

w
=]
3
\‘
~
[
o

- 29

[
(=1
(=]

N

Yield strength, MPa
z
\
]
\
\
\
\
Yield strength, ksi

' 4
—o— With 0.18 at. % Mg addition
— - — Without Mg

1

100 145

0 10 20
Cold work, %
Flg. 22 The effect of cold work on yield strength of

aluminum-copper alloy 2419 in naturally
aged materials. Source: Ref 8

500 25

\

]
7

L o—"1
/L

Pe o 0% cold work
! ® 2% cold work
Alloy 2419 with , 8% cold work

0.18]at.% Mlg a 20% CO'F work
L

2]
oo

400 =

SUA

Yield strength, ksi

~
w
o

300

Yield strength, MPa

AN

200

0 30 40 50
Aging time at 149 °C, h

0 1

o
~n

(a)

25

500 T T
0% cold work

2% cold work
8% cold work
20% cold work
400 58

/A——

2419 without Mg

»D>O®O

!

Yield strength, ksi

|y

]

300

Yield strength, MPa

)

/a/
—O/
~ag

[ 4
[og

200 29
0 10 20 30 40 50
Aging time at 149 °C, h

(b)

Fig. 21 Effect of cold work and Mg addition on
18- alloy 2419. (a) The effect of cold work on the
yield strength response to aging at 149 °C (300 °F) for
the alloy with 0.18 at% Mg. (b) The effect of cold work
on the yield strength response to aging at 149 °C (300
°F) for the alloy without Mg. Source: Ref 8

cycle serves as a precipitation treatment to
give final mechanical properties.

Copper and Minor Additions. 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,
specifically manganese, titanium, vanadi-
um, or zirconium. An alloy of this nature
retains its properties well at elevated tem-
peratures, fabricates readily, and has good
casting and welding characteristics. Figure
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Fig. 23 Relationship between tensile properties
18- and manganese content of Al-4%Cu-

0.5%Mg alloy, heat treated at 525 °C (980 °F)
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Table 8 Typical mechanical properties of various aluminum alloys

Elongation in
50 mm 2 in.), %

Ultimate 1.6 mm 1.3 mm Ultimate

tensile Tensile yield M in.) *in.) shearing Fatigue Modulus of

strength strength thick diam Hardness, strength endurance limit(b) elasticity(c)
Alloy and temper MPa ksi MPa ksi specimen specimen HB(a) MPa ksi MPa ksi GPa 10° psi
10600, . ..., 70 10 30 4 43 s 19 50 7 20 3 69 10.0
1060-H12 ... ................ 85 12 75 11 16 . 23 55 8 30 4 69 10.0
1060-H14 .. ..., 95 14 90 13 12 . 26 60 9 35 5 69 10.0
1060-H16 .................... 110 16 105 15 8 e 30 70 10 45 6.5 69 10.0
1060-H18 .................... 130 19 125 18 6 v 35 75 11 45 6.5 69 10.0
1100-0. . ..ooe e 90 13 35 5 35 45 23 60 9 35 5 69 10.0
IRTLIS § 2N 110 16 105 15 12 25 28 70 10 40 6 69 10.0
1M00-HM4 ... ..o, 125 18 115 17 9 20 32 75 11 50 7 69 10.0
1H00-H16 . ....ooviiiivnn s 145 21 140 20 6 17 38 85 12 60 9 69 10.0
1100-HI8 ..o 165 24 150 22 5 15 44 90 13 60 9 69 10.0
1350-0. ... 85 12 30 4 e (d) e 55 8 s e 69 10.0
1350-H12 . .......covnnaant, 95 14 85 12 v re s 60 9 cee e 69 10.0
1350-H14 . ..........oian, 110 16 95 14 e s R 70 10 s s 69 10.0
1350-H16 . .....covn el 125 18 110 16 s ce v 75 11 ree cee 69 10.0
1350-H19 . ..o 185 27 165 24 e (e) s 105 15 50 7 69 10.0
2000-T3. .o 380 55 295 43 e 15 95 220 32 125 18 70 10.2
20010-T8. ..o 405 59 310 45 e 12 100 240 35 125 18 70 10.2
2004-0. ... 185 27 95 14 s 18 45 125 18 90 13 73 10.6
2014-T4, T451 . ............... 425 62 290 42 s 20 105 260 38 140 20 73 10.6
2014-T6, T651................ 485 70 415 60 s 13 135 290 42 125 18 73 10.6
Alclad 20140 ................ 175 25 70 10 21 cee ce 125 18 s e 72 10.5
Alclad 2004-T3 ............... 435 63 275 40 20 ce s 255 37 e R 72 10.5
Alclad 2014-T4, T451 ......... 420 61 255 37 22 s s 255 37 e s 72 10.5
Alclad 2014-T6, T651 ......... 470 68 415 60 10 cee ce 285 41 s e 72 10.5
2007-0. . 180 26 70 10 e 22 45 125 18 90 13 72 10.5
2017-T4, T451................ 425 62 275 40 s 22 105 260 38 125 18 72 10.5
2018-T61..................... 420 61 315 46 ce 12 120 270 39 115 17 74 10.8
2024-0. ... i 185 27 75 11 20 22 47 125 18 90 13 73 10.6
2024-T3. ... 485 70 345 50 18 s 120 285 41 140 20 73 10.6
2024-T4, T35)................ 470 68 325 47 20 19 120 285 41 140 20 73 10.6
2024-T361(f). ...t 495 72 395 57 13 s 130 290 42 125 18 73 10.6
Alclad 2024-0 ........... ... .. 180 26 75 11 20 s s 125 18 e s 73 10.6
Alclad 2024-T3 . .............. 450 65 310 45 18 s e 275 40 s s 73 10.6
Alclad 2024-T4, T351 ......... 440 64 290 42 19 ce cee 275 40 s e 73 10.6
Alclad 2024-T361()) ........... 460 67 365 53 11 s ce 285 41 s cee 73 10.6
Alclad-2024-T81, T851 ........ 450 65 415 60 6 s cre 275 40 s e 73 10.6
Alclad 2024-T861() ........... 485 70 455 66 6 s e 290 42 e e 73 10.6
2025-T6. ..o 400 58 255 37 cee 19 110 240 35 125 18 71 10.4
2036-T4. ...l 340 49 195 28 24 s s ce s 125(g) 18 (g) 71 10.3
2117-T4. .o 295 43 165 24 re 27 70 195 28 95 14 71 10.3
2124-T85). . ... 485 70 440 64 R 8 s cee s R s 73 10.6
2218-T72. . ..o 330 48 255 37 R 11 95 205 30 e s 74 10.8
2219-0. ... 175 25 75 1 18 e cee s s e s 73 10.6
2219-T42. .. ..o 360 52 185 27 20 s s s e ce e 73 10.6
2219-T31, T350 .. ..ot 360 52 250 36 17 ce ce ces e s e 73 10.6
2219-T37. oo 395 57 315 46 11 cee cee ces ces s e 73 10.6
2219-T62. ... 415 60 290 42 10 e e e < 105 15 73 10.6
2219-T81, T851............... 455 66 350 51 10 s s e cee 105 15 73 10.6
2219-T87. .. cvi i 475 69 395 57 10 ce s s cee 105 15 73 10.6
2618-T61..................... 440 64 370 54 s 10 115 260 38 125 18 74 10.8
30030, .o 110 16 40 6 30 40 28 75 11 50 7 69 10.0
3003-H12 ..o 130 19 125 18 10 20 35 85 12 55 8 69 10.0
3003-H14 . ... 150 22 145 21 8 16 40 95 14 60 9 69 10.0
3003-H16 . .......coooiviinn e 180 26 170 25 5 14 47 105 15 70 10 69 10.0
3003-HI8 ...t 200 29 185 27 4 10 55 110 16 70 10 69 10.0
Alclad 3003-0 ................ 110 16 40 6 30 40 s 75 11 cee cee
Alclad 3003-H12.............. 130 19 125 18 10 20 ce 85 12 cee e 69 10.0
Alclad 3003-H14.............. 150 22 145 21 8 16 ce 95 14 s s 69 10.0
Alclad 3003-H16.............. 180 26 170 25 5 14 coe 105 15 s s 69 10.0
Alclad 3003-H18.............. 200 29 185 27 4 10 cee 110 16 cee e 69 10.0
3004-0. ... 180 26 70 10 20 25 45 110 16 95 14 69 10.0
3004-H32 ................ ... 215 31 170 25 10 17 52 115 17 105 15 69 10.0
3004-H34 ... ..o 240 35 200 29 9 12 63 125 18 105 15 69 10.0
3004-H36 . ......cccoiiviin. 260 38 230 33 5 9 70 140 20 110 16 69 10.0
3004-H38 ................ ... 285 41 250 36 5 6 77 145 21 110 16 69 10.0
Alclad 30040 ................ 180 26 70 10 20 25 ce 110 16 e s 69 10.0
Alclad 3004-H32.............. 215 31 170 25 10 17 e 115 17 s R 69 10.0
Alclad 3004-H34.............. 240 35 200 29 9 12 ce 125 18 s s 69 10.0
Alclad 3004-H36.............. 260 38 230 33 5 9 e 140 20 e s 69 10.0
Alclad 3004-H38.............. 285 41 250 36 5 6 s 145 21 cee e 69 10.0
31050 . o oo 115 17 55 8 24 s e 85 12 s e 69 10.0

(continued)

(a) 500 kg load and 10 mm ball. (b) Based on 500 000 000 cycles of completely reversed stress using the R.R. Moore type of machine and specimen. (c) Average of tension and compression moduli.
Compression modulus is about 2% greater than tension modulus. (d) 1350-0 wire will have an elongation of approximately 23% in 250 mm (10 in.). (¢) 1350-H19 wire will have an elongation of approximately
1% in 250 mm (10 in.). (f) Tempers T361 and T861 were formerly designated T36 and T86, respectively. (g) Based on 10 cycles using flexural type testing of sheet specimens. (h) T7451, although not
previously registered, has appeared in literature and in some specifications as T73651.
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Table 8 (continued)

Elongation in
50 mm (2 in.), %

Ultimate 1.6 mm 1.3 mm Ultimate

tensile Tensile yield (Vs in.) (4 in.) shearing Modulus of

strength strength thick diam Hardness, strength endurance limit(b) elasticity(c)
Alloy and temper MPa ksi MPa ksi specimen specimen HB(a) MPa ksi MPa ksi GPa 10° psi
3105-H12. ..ol 150 22 130 19 7 95 14 69 10.0
3105-HI4. .. ...ooi e 170 25 150 22 5 105 15 69 10.0
3105-H16. ... ... 195 28 170 25 4 110 16 69 10.0
3105-HI8. . ..o 215 31 195 28 3 115 17 69 10.0
3105-H25 . ..o 180 26 160 23 8 e s 105 15 B s 69 10.0
4032-T6 . ......ooveeeeean 380 55 315 46 o 9 120 260 38 110 16 79 11.4
50050 ... 125 18 40 6 25 s 28 75 11 s s 69 10.0
5005-HI2.........cennnn. 140 20 130 19 10 s 95 14 69 10.0
5005-H14............. ..ot 160 23 150 22 6 95 14 69 10.0
5005-H16............covnnt. 180 26 170 25 5 105 15 69 10.0
5005-HI8..............coiit, 200 29 195 28 4 s 110 16 69 10.0
S005-H32.............oiian. 140 20 115 17 11 36 95 14 69 10.0
S005-H34...............o0un 160 23 140 20 8 41 95 14 69 10.0
S005-H36..................... 180 26 165 24 6 46 105 15 69 10.0
S005-H38..................... 200 29 185 27 5 51 110 16 s cee 69 10.0
5050-0 ... 145 21 55 8 24 36 105 15 85 12 69 10.0
S050-H32..................... 170 25 145 21 9 46 115 17 9% 13 69 10.0
S050-H34..................... 195 28 165 24 8 53 125 18 90 13 69 10.0
S050-H36..................... 205 30 180 26 7 58 130 19 95 14 69 10.0
5050-H38............coovnnnn. 220 32 200 29 6 s 63 140 20 95 14 69 10.0
50520 ... 195 28 90 13 25 30 47 125 18 110 16 70 10.2
5052-H32...............ooul, 230 33 195 28 12 18 60 140 20 115 17 70 10.2
S052-H34..................... 260 38 215 31 10 14 68 145 21 125 18 70 10.2
5052-H36.............ccon.... 275 40 240 35 8 10 73 160 23 130 19 70 10.2
5052-H38.........ccovvnent. 290 42 255 37 7 8 77 165 24 140 20 70 10.2
5056-0 ...l 290 42 150 22 o 35 65 180 26 140 20 71 10.3
5056-HI8............ccovuent. 435 63 405 59 10 105 235 34 150 22 71 10.3
5056-H38.............ccoun.n. 415 60 345 50 15 100 220 32 150 22 71 103
5083-0 ... 290 42 145 21 22 s 170 25 s s 71 10.3
5083-H321, H116.............. 315 46 230 33 s 16 cee s 160 23 7 10.3
5086-0 ............iiiiii.t, 260 38 115 17 22 e 160 23 s s 7 10.3
5086-H32, H116............... 290 42 205 30 12 ce s 7 10.3
S086-H34..................... 325 47 255 37 10 185 27 7 10.3
5086-HI12..............cce... 270 39 130 19 14 s L s ... ces 7 10.3
S5154-0 ... 240 35 115 17 27 58 150 22 115 17 70 10.2
5154-H32. ...l 270 39 205 30 15 67 150 22 125 18 70 10.2
SI54-H34..................... 290 42 230 33 13 73 165 24 130 19 70 10.2
5154-H36..............ccune. 310 45 250 36 12 78 180 26 140 20 70 10.2
5154-H38...............ou 330 48 270 39 10 80 195 28 145 21 70 10.2
SIS4-HI12..........caatn. 240 35 115 17 25 63 s SR 115 17 70 10.2
S$252-H25. ..., 235 34 170 25 11 68 145 21 SR s 69 10.0
5252-H38, H28................ 285 41 240 35 5 75 160 23 s L 69 10.0
5254-0 . ...l 240 35 115 17 27 58 150 22 115 17 70 10.2
5254-H32. ....ciiiviiiinnn, 2790 39 205 30 15 67 150 22 125 18 70 10.2
S254-H34..................... 290 42 230 33 13 73 165 24 130 19 70 10.2
5254-H36..................... 310 45 250 36 12 78 180 26 140 20 70 10.2
S5254-H38...........ciiial. 330 48 270 39 10 80 195 28 145 21 70 10.2
5254-HI112.................... 240 35 115 17 25 63 s s 115 17 70 10.2
54540 .. ... 250 36 115 17 22 62 160 23 SR s 70 10.2
5454-H32..................... 275 40 205 30 10 73 165 24 70 10.2
S454-H34..................... 305 44 240 35 10 81 180 26 70 10.2
5454-HIM1.................... 260 38 180 26 14 70 160 23 70 10.2
5454-HI112............oovvenn, 250 36 125 18 18 s 62 160 23 70 10.2
5456-0 ...l 310 45 160 23 ce 24 s s s 71 10.3
5456-H112.................... 310 45 165 24 22 s ce s 71 10.3
5456-H321, H116.............. 350 51 255 37 s 16 90 205 30 7 10.3
S457-0 .o 130 19 50 7 22 s 32 85 12 69 10.0
5457-H25. .. ... oiiiieiat 180 26 160 23 12 48 110 16 69 10.0
5457-H38, H28................ 205 30 185 27 6 s 55 125 18 Lo s 69 10.0
56520 ... 195 28 90 13 25 30 47 125 18 110 16 70 10.2
S652-H32.......... ...l 230 33 195 28 12 18 60 140 20 115 17 70 10.2
S652-H34..................... 260 38 215 31 10 14 68 145 21 125 18 70 10.2
5652-H36..........ccvveunnn. 275 40 240 35 8 10 73 160 23 130 19 70 10.2
5652-H38.................. ... 290 42 255 37 7 8 77 165 24 140 20 70 10.2
S657-H25. ... ..ol 160 23 140 20 12 N 40 95 14 s Lo 69 10.0
5657-H38, H28................ 195 28 165 24 7 s 50 105 15 R s 69 10.0
60610 .......... i 125 18 55 8 25 30 30 85 12 60 9 69 10.0
6061-T4, T451 ................ 240 35 145 21 22 25 65 165 24 95 14 69 10.0
6061-T6, T651 ................ 310 45 275 40 12 17 95 205 30 95 14 69 10.0
Alclad 60610 ................. 115 17 50 7 25 cet s 75 11 s s 69 10.0
Alclad 6061-T4, T451 .......... 230 33 130 19 22 150 22 69 10.0

(continued)

(a) 500 kg load and 10 mm ball. (b) Based on 500 000 000 cycles of completely reversed stress using the R.R. Moore type of machine and specimen. (c) Average of tension and compression moduli.
Compression modulus is about 2% greater than tension modulus. (d) 1350-0 wire will have an elongation of approximately 23

114% in 250 mm (10 in.). (f) Tempers T361 and T861 were formerly designated T36 and T86, respectively. (g) Based on 10

previously registered, has appeared in literature and in some specifications as T73651.

in 250 mm (10 in.). (e) 1350-H19 wire will have an elongation of approximately
cycles using flexural type testing of sheet specimens. (h) T7451, although not




Table 8 (continued)
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Elongation in
50 mm 2 in.), %

Ultimate 1.6 mm 1.3 mm Ultimate

tensile Tensile yield (M6 in.) Y in.) shearing Fatigue Modulus of

strength strength thick dlam Hardness, strength endurance limit(b) elasticity(c)
Alloy and temper MPa ksi MPa ksi specimen speclmen HB(a) MPa ksi MPa ksi GPa 10° psi
Alclad 6061-T6, T651 .......... 290 42 255 37 12 . 185 27 fee coae 69 10.0
6063-0 ... 90 13 50 7 cee s 25 70 10 55 8 69 10.0
6063-T1.......cocvvnvninnnn. 150 22 90 13 20 e 42 95 14 60 9 69 10.0
6063-T4 ......ooviiviinniann, 170 25 90 13 22 v s s s fee cee 69 10.0
6063-TS ..ot 185 27 145 21 12 cee 60 115 17 70 10 69 10.0
6063-T6 ........ccvnuniunnn.. 240 35 215 31 12 cee 73 150 22 70 10 69 10.0
6063-T83 . ....coiviviiiiinnnn 255 37 240 35 9 cee 82 150 22 e s 69 10.0
6063-T831 ......covvvvnvnnnnnn 205 30 185 27 10 s 70 125 18 s cee 69 10.0
6063-T832......cocvivvnunnn, 290 42 270 39 12 s 95 185 27 B R 69 10.0
6066-0 ....... ...l 150 22 85 12 R 18 43 95 14 e S 69 10.0
6066-T4, T451 ................ 360 52 205 30 s 18 90 200 29 cee cee 69 10.0
6066-T6, T651 ................ 395 57 360 52 ce 12 120 235 34 110 16 69 10.0
6070-T6 ........cooiiiinininn, 380 55 350 51 10 s s 235 34 95 14 69 10.0
6101-H111. ... ... .. ... ... 95 14 75 11 69 10.0
6101-T6 ..........covviiinn... 220 32 195 28 15 cee 71 140 20 s cee 69 10.0
6351-T4 ... ... i 250 36 150 22 20 cee s ce cee ces cee 69 10.0
6351-T6 . ..o 310 45 285 41 14 s 95 200 29 S0 13 69 10.0
6463-T1 ... ..., 150 22 90 13 20 B 42 95 14 70 10 69 10.0
6463-TS ... oo 185 27 145 21 12 s 60 115 17 70 10 69 10.0
6463-T6 ........cccovivnnnn.. 240 35 215 31 12 S 74 150 22 70 10 69 10.0
TOAS-TT3 .o 515 75 450 65 s 12 135 305 44 s cee 72 10.4
TFO49-T7352 oo 515 75 435 63 s 11 135 295 43 L cee 72 10.4
7050-T73510, T73511 .......... 495 72 435 63 cee 12 cee s s L s 72 10.4
7050-T7451Ch). .. ... oot 525 76 470 68 s 11 s 305 44 s s 72 10.4
TOS0-T765L ... 550 80 490 71 cee 11 s 325 47 s e 72 10.4
TOTS-0 . 230 33 105 15 17 16 60 150 22 s cee 72 10.4
7075-T6, T651 .. ... ... .. 570 83 505 73 11 11 150 330 48 160 23 72 10.4
Alclad 7075-0 ... .. ... 220 32 95 14 17 s e 150 22 ce s 72 10.4
Alclad 7075-T6, T651 .......... 525 76 460 67 11 315 46 cee s 72 10.4

(a) 500 kg load and 10 mm ball. (b) Based on 500 000 000 cycles of completely reversed stress using the R.R. Moore type of machine and specimen. (c) Average of tension and compression moduli.
Compression modulus is about 2% greater than tension modulus. (d) 1350-0 wire will have an elongation of approximately 23% in 250 mm (10 in.). (¢) 1350-H19 wire will have an elongation of approximately
1%4% in 250 mm (10 in.). (f) Tempers T361 and T861 were formerly designated T36 and T86, respectively. (g) Based on 107 cycles using flexural type testing of sheet specimens. (h) T7451, although not
previously registered, has appeared in literature and in some specifications as T73651.

24 illustrates the effect of 3 to 8% Cu on an
alloy of Al-0.3%Mn-0.2%Zr-0.1%V at room
temperature and after exposure at 315 °C
(600 °F) for two different periods of time.
The stability of the properties should be
noted, as reflected in the small reduction in
strength with time at this temperature.
Gallium is an impurity in aluminum and
is usually present at levels of 0.001 to
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0.02%. At these levels its effect on me-
chanical properties is quite small. At the
0.2% level, gallium has been found to
affect the corrosion characteristics and the
response to etching and brightening of
some alloys. Liquid gallium metal pene-
trates very rapidly at aluminum grain
boundaries and can produce complete
grain separation. In sacrificial anodes, an
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Fig. 24 variation of tensile properties with copper content in Al-0.3%Mn-0.2%Zr-0.1%V alloy in the T6 temper

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. Because of
this, gas porosity can form during solidifi-
cation. Hydrogen is produced by the reduc-
tion of water vapor in the atmosphere by
aluminum and by the decomposition of hy-
drocarbons. Hydrogen pickup in both solid
and liquid aluminum is enhanced by the
presence of certain impurities, such as sul-
fur 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 berylli-
um, copper, tin, and silicon decrease hydro-
gen pickup.

In addition to causing primary porosity in
casting, hydrogen causes secondary poros-
ity, blistering, and high-temperature deteri-
oration (advanced internal gas precipita-
tion) during heat treating. It probably plays
a role in grain-boundary decohesion during
SCC. Its level in melts is controlled by
fluxing with hydrogen-free gases or by vac-
uum degassing.

Indium. Small amounts (0.05 to 0.2%) of
indium have a marked influence on the age
hardening of aluminum-copper alloys, par-
ticularly at low copper contents (2 to 3%
Cu). In this respect, indium acts very much
like cadmium in that it reduces room-tem-
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Fig. 25
perature aging but increases 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 molten 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. 25) and better creep charac-
teristics at moderately elevated tempera-
tures.

Iron reduces the grain size in wrought
products. Alloys of iron and manganese
near the ternary eutectic content, such as
8006, can have useful combinations of
strength and ductility at room temperature
and retain strength at elevated tempera-
tures. 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 as 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 alumi-
num-copper-magnesium alloys. Lead com-
pounds are toxic.

Lithium. The impurity level of lithium 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 characteris-
tics of wrought products. Binary aluminum-
lithium alloys age harden but are not used
commercially. Present interest is on the
aluminum-copper-magnesium-lithium  al-
loys, which can be heat treated to strengths
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Fig. 26 Tensile properties of 13 mm (0.5 in.) alumi-
18 num-magnesium-manganese plate in O

temper

comparable to present aircraft alloys (see
the article ‘‘Aluminum-Lithium Alloys™ in
this Volume). In addition, the density is
decreased and the modulus is increased.
This type of alloy has a high volume fraction
of coherent, ordered LiAl; precipitate. In
addition to increasing the elastic modulus,
the fatigue crack growth resistance is in-
creased at intermediate levels of stress in-
tensity.

Magnesium is the major alloying element
in the Sxxx series of alloys. Its maximum
solid solubility in aluminum is 17.4%, but
the magnesium content in current wrought
alloys does not exceed 5.5%. Magnesium
precipitates preferentially at grain bound-
aries as a highly anodic phase (MgsAl; or
Mg;Alg), which produces susceptibility to
intergranular cracking and to stress corro-
sion. Wrought alloys containing up to 5%
Mg properly fabricated are stable under
normal usage. The addition of magnesium
markedly increases the strength of alumi-
num without unduly decreasing the ductili-
ty. Corrosion resistance and weldability are
good. In the annealed condition, magne-
sium alloys form Liider lines during defor-
mation.

Magnesium-Manganese. In wrought al-
loys, this system has high strength in the
work-hardened condition, high resistance to
corrosion, and good welding characteris-
tics. Increasing amounts of either magne-
sium or manganese intensify the difficulty
of fabrication and increase the tendency
toward cracking during hot rolling, particu-
larly if traces of sodium are present. The
two main advantages of manganese addi-
tions are that the precipitation of the mag-
nesium phase is more general throughout
the structure, and that for a given increase
in strength, manganese allows a lower mag-
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Fig. 27 Tensile properties of 13 mm (0.5 in.) alumi-
18- num-magnesium-manganese plate in H321
temper

nesium 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. 26 for the
O temper and in Fig. 27 for a work-hard-
ened temper. Increasing magnesium raises
the tensile strength by about 35 MPa (5 ksi)
for each 1% increment; manganese 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, that is, 1.73:1. The
maximum solubility of Mg,Si is 1.85%, and
this decreases with temperature. Precipita-
tion upon age hardening occurs by forma-
tion of Guinier-Preston zones and a very
fine precipitate. Both confer an increase in
strength to these alloys, though not as great
as in the case of the 2xxx or the 7xxx alloys.

Al-Mg,Si 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 bal-
anced ratio or with a slight excess of sili-
con. Typical of this group is 6063, widely
used for extruded architectural sections.
This easily extrudable alloy nominally con-
tains 1.190 Mg,Si. Its solution heat-treating
temperature of just over 500 °C (930 °F)
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 artifi-
cially aged to achieve moderate strength,
good ductility, and excellent corrosion re-
sistance.

The second group nominally contains
1.5% or more of magnesium + silicon and
other additions such as 0.3% Cu, which
increases strength in the Té6 temper. Ele-
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Table 9 Recommended minimum bend radii for 90° cold forming of sheet and plate

Radii(a)(b)(c)(d) for various thick P! d in terms of thick t Radii(a)(b)(c)(d) for various thicknesses expressed in terms of thickness, ¢
04mm O08mm 16mm 32mm 48mm 635mm 95mm 13 mm 0dmm O08mm I16mm 32mm 48mm 635mm 95mm I13mm
Alloy Temper (Y%asin) (¥2in) (Meim) (Win) (Gisin) (in) (Gsin) (in) Alloy Temper (Ysaim) (Y2im) (Mein) (Bin) Ghéin) (Yain) (8in) (Min)
1100 0 0 0 0 0 Yot 1z 1z 1%t 5052 H34 0 1z 1%t 2t 2t 25t 2%t 3t
H12 0 0 0 1t 1t 1t 1%t 2t H36 1t 1t 1%t 2%t o LR v HR
H14 0 0 0 1z 1z 1%t 2t 2%t H38 1z | R%13 2%t 3t ce e e s
Hle6 0 Y4t 1t 1%t 5083 0 Yot 1t 1t 1t 1%t 1%t
HI18 1z 1z 1%t 25t H321 1%t 1%t 2t 25t
2014 0 v 0 0 Yt 1t 1t 25t 4t 5086 0 0 Y4t 1t 1t 1t 1%t 1%t
T3 2%t 3t 4t 5t 5t v o H32 o Yt 1t 1141 1%t 2t 2%t 3t
T4 2%t 3t 41 5t 5t H34 %73 1t 1%t 2t 2%t 3t 3%t 4t
T6 .. 4, 4, 5, 6[ 8, “e e ‘e H36 ll/ﬁt 2, Zl/ﬁt P . e “ e Y ‘e
2024 © 0 0 0 %13 1t 1z 2%t 4 5154 v B 0 Yot 1z 1z 1z 1%¢ 1%t
T3 2%t 3t 4t S5t 5t 6t cee v H32 s Lot 1t 1%t 1%t 2t 2Vt 3%t
T361(d) .- 41 5t 6t 6t 8t 84t 9st H34 %13 1t 1%t 2 2%t 3t 3%t 41
T4 2%t 3t 4t S5t 5t 6t S S H36 1t 1%t 2t 3t B s s s
T81 4%t 5t 6t 7%t 8t 9t s LR H38 1%t 2%t 3t 4t
T861(d) .. 6t 7t 84t 9t 10¢ 1% 11%: | 5252 H25 v 0 1z LR
2036 T4 lt 1! ‘e ... PR “ e H28 ll/ﬁt 2%, P PPN .. PERERY .«
3003 0 0 0 0 0 Yat 1t 1z 1%t 5254 0 0 Yot 1z 1z 1t | R%13 1%t
HI12 0 0 0 %13 1t 1t 1%t 2t H32 S 14t 1t 1%t 1%t 2t 2%t 3%t
H14 0 0 0 1t 1t 1%t 2t 2%t H34 Vat 1t 1%t 2t 2Vt 3t 3%t 4t
Hl16 Yot 1t 1z 1%t H36 1t | k%13 2t 3t
H18 1z 1%t 2t 2%t H38 1%t 2%t 3t 41
3004 0 0 0 0 Yot 1t 1z 1t 1%t 5454 0 cee 4t 1t 1z 1t 1%t | R%13 2t
H32 0 0 Vor 1z 1t 1141t 1%t 2t H32 Vot 1t 2t 2t 2%t 3t 41
H34 0 1t 1z 1%t 1%t 2%t 2%t 3t H34 1t 1%t 2t 2%t 3t 315t 4
H36 1t 1z 1%t 2%t ce S cee S 5456 0 .. 1t 1z 1%t | R%13 2t 2t
H38 1t 1'%t 2%t 3t H321 s cee cee 2t 2%t 3t 3%t
5005 0 0 0 0 0 At 1z 1z 1%t 5652 0 0 0 0 Yot 1z 1z 1%t e
HI12 0 0 0 Vat 1z 1t | R%13 2t H32 0 0 1t 1%t 1%t | R%13 144t 2t
Hl14 0 0 0 1t 1%t 1%t 2t 2t H34 0 1t 1Vt 2t 2t 2%t 2%t 3t
Hié Vot 1z 1t 1Vt H36 1z 1t | R%13 2%t
HI18 1z 1Yt 2t 2Vt s S s s H38 1z 1%t 2%t 3t
H32 0 0 0 iat 1z 1z 1%t 2t 5657 H25 s 0 0 s
H34 0 0 0 1z 1%t 14t 2t 2%t H28 1%t 2%t B
H36 Vot 1z 1t | R%13 ce S ce R 6061 0 0 0 0 1z 1z 1t | k%13 2t
H38 1t 1At 2t 2%t B s s B T4 0 0 1t 114t 24t 3t s B
5050 0 0 0 0 it 1t 1z 1341 1'%t T6 1z 1t 14t 215t 3t 3t R B
H32 0 0 0 1t 1z 1%t 7050 T7 8t 9t 9t
H34 0 0 1z 1%t 1%t 2t 7072 0 0 0 s s s
H36 1z 1z 1'At 2t - S H14 0 0
H38 1t 14t 24t 3t .- Hig 1t 1t .
5052 0 0 0 0 Yot 1z 1z | k%13 1441 7075 0 0 0 1t 1z 1%t 2Vt 3%t 4t
H32 0 0 1t 1%t 1%t 114t 1%t 2t T6 3t 4 S5t 6t 6t 8t 9t 9%t

(a) The radii listed are the minimum recommended for bending sheets and plates without fracturing in a standard press brake with air bend dies. Other t pes of bending operations may require larger radii

ller radii. The

or permit

permissible radii will also vary with the design and condition of the tooling. (b) Alclad sheet in the heat-treatable alloys can be bent over slightly smaller radii than the

corresppnding tempers of the bare alloy. (c) Heat-treatable alloys can be formed over appreciably smaller radii immediately after solution heat treatment. (d) The H112 temper (applicable to non-heat-treatable
alloys) is supplied in the as-fabricated condition without special property control but usually can be formed over radii applicable to the H14 (or H34) temper or smaller. (¢) Tempers T361 and T861 formerly

designated T36 and T86, respectively

ments 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 (10 ksi) higher than in the first
group in the T6 temper. Alloys of the sec-
ond group require a higher solution-treating
temperature than the first and are quench
sensitive. Therefore, they generally require
a separate solution treatment 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% Si 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 magnesium, howev-
er, is of benefit only at low Mg,Si contents
because magnesium lowers the solubility of
Mg,Si. In excess silicon alloys, segregation
of silicon to the boundary causes grain-
boundary fracture in recrystallized struc-

tures. Additions of manganese, chromium,
or zirconium counteract the effect of silicon
by preventing recrystallization during heat
treatment. Common alloys of this group are
6351 and the more recently introduced al-
loys 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.
Manganese is a common impurity in pri-
mary aluminum, in which its concentration
normally ranges from 5 to 50 ppm. It de-
creases resistivity. Manganese increases
strength either in solid solution or as a finely
precipitated intermetallic phase. It has no
adverse effect on corrosion resistance.
Manganese has a very limited solid solubil-
ity in aluminum in the presence of normal
impurities but remains in solution when
chill cast so that most 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. 28). 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 precipitate it is effective in slow-
ing recovery and in preventing grain
growth. The manganese precipitate in-
creases the quench sensitivity of heat-treat-
able alloys.

Manganese is also used to correct the
shape of acicular or of platelike iron constit-
uents and to 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 hard-
ening, these alloys are used to produce se-
verely formed can bodies.

The combined content of manganese,
iron, chromium, and other transition metals
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Table 10 Minimum and typical room-temperature plane-strain fracture-toughness values for several high-strength aluminum alloys

train fracture

gk Kre)

PI
l[ L-T directi ) 1 — T-L direction(b) S-L dir ‘I
Product Thick Typical Minimum Typlcal Minimum Typical
form Alloy and temper r mm in. L '_Pa\/_ ksﬂF‘ ';a—\/_ ksnT 'M_Pa\/ﬁ ksn\E‘ MPaVm kle ';a\/_ ksl\F‘ ';l;\/_ kSlF
Plate 7050-T7451 25.40-50.80 1.000-2.000.... 319 29.0 37 34 27.5 25.0 33 30 s N s tee
50.83-76.20 2.001-3.000.... 29.7 27.0 36 33 26.4 24.0 32 29 23.1 21.0 28 25
76.23-101.60 3.001-4.000.... 28.6 26.0 35 32 253 23.0 31 28 23.1 21.0 28 25
101.63-127.00 4.001-5.000.... 27.5 25.0 32 29 24.2 22.0 29 26 23.1 21.0 28 25
127.03-152.40 5.001-6.000.... 26.4 24.0 31 28 24.2 22.0 28 25 23.1 21.0 28 25
7050-T7651 25.40-50.80  1.000-2.000.... 28.6 26.0 34 31 26.4 24.0 31 28 ce s s s
50.83-76.20 2.001-3.000.... 26.4 24.0 B s 25.3 23.0 s s 22.0 20.0 26 24
7475-T651 33.0 30.0 46 42 30.8 28.0 41 37 cee s s s
7475-T7651 36.3 33.0 47 43 33.0 30.0 41 37 cee s cee s
7475-T7351 41.8 38.0 55 50 35.2 32.0 45 41 27.5 25.0 36 33
7075-T651 te s 29 26 cee s 25 23 tee s 20 18
7075-T7651 30 27 24 22 s s 20 18
7075-T7351 32 30 s 29 26 cee s 20 18
7079-T651 cee cee 30 27 cee fee 25 23 cee s 18 16
2124-T851 26.4 24.0 32 29 22.0 20.0 26 24 19.8 18.0 26 24
2024-T351 B s 37 34 B s 32 29 cee s 26 24
Die
forgings 7050-T74, T7452 ... .ceouiiiiairiiiniiieeeeniiaannnnn 27.5 25.0 38 35 209 19.0 32 29 20.9 19.0 29 26
TITS-TT736, -TT3652. . ettt aaans 29.7 27.0 38 35 23.1 21.0 34 31 23.1 21.0 31 28
FOTS-TT352 oo e e c v 32 29 cee s 30 27 s s 29 26
Hand
forgings 7050-T7452 . oovuuiii ittt iiiiiiat et iiaereanens 29.7 27.0 36 33 18.7 17.0 28 25 17.6 16.0 29 26
7075-T73, -T7352.. s s 42 38 cee cee 28 25 s cee 28 25
7175-T73652....... 33.0 30.0 40 36 27.5 25.0 30 27 23.1 21.0 28 25
2024-T8S52 ......... e cee 26 24 cee cee 22 20 cee s 20 18
Extrusions 7050-T7651x 44 40 31 28 cee ce 28 25
7050-T7351x
7075-T651x ........ 34 31 22 20 s B 20 18
7075-T7351x cee e s 33 30 26 24 s s 22 20
7150-T7351x . 242 2.0 31 28
7175-T7351x 33.0 30.0 40 36 30.8 28.0 34 31

(a) L-T, crack plane and growth direction perpendicular to the rolling direction. (b) T-L, crack plane and growth direction parallel to the rolling direction. (c) S-L, short transverse fracture toughness

must be limited, otherwise large primary
intermetallic crystals 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%,
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Fig. 28 Effect of manganese on tensile properties
8. of wrought 99.95% Al, 1.6 mm (0.064 in.)

thick specimens, quenched in cold water from 565 °C
(1050 °F)

respectively, to prevent the formation of
primary (Fe,Mn)Alg 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 proper-
ties 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 aluminum. 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 inter-
metallic, usually in combination with iron.
Nickel (up to 2%) increases the strength of
high-purity aluminum but reduces ductility.
Binary aluminum-nickel alloys are no long-
er in use, but nickel is added to aluminum-
copper and to aluminums-silicon alloys to
improve hardness and strength at elevated
temperatures and to reduce the coefficient
of expansion. Nickel promotes pitting cor-
rosion 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. As with other elements forming
a peritectic reaction, niobium would be ex-
pected 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 (1 to 10
ppm) in commercial-grade aluminum. Its
solubility in molten aluminum is very low
(~0.01% at 660 °C, or 1220 °F) and consid-
erably smaller in the solid. Phosphorus is
used as a modifier for hypereutectic alumi-
num-silicon alloys where aluminum-
phosphide acts as nucleus for primary sili-
con, thus refining silicon and improving
machinability. The aluminum-phosphorus
compound reacts with water vapor to give
phosphine (PH,), but the level of phospho-
rus in aluminum is sufficiently low that this
does not constitute a health hazard if ade-
quate ventilation is used when machining
phosphorus-nucleated castings. Phosphine
can be a problem in furnace teardowns
where phosphate-bonded refractories are
used.

Silicon, after iron, is the highest impurity
level in electrolytic commercial aluminum
(0.01 to 0.15%). In wrought alloys, silicon 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% Si, the most critical
range being 0.17 to 0.8% Si, but additions of
silicon (0.5 to 4.0%) reduce the cracking
tendency of aluminum-copper-magnesium



Aluminum Mill and Engineered Wrought Products / 55

350 —<2 50 50
275 £ 10 a0 |3
© - ®
s i ,l/) g £% \l»
= 200 W 52
£ L=y R o B o
g - s © € 2
£ 125 <0G SEW
(%] - wo
- s}
- .
\Yield -110 10 © MgZn, ratio -
50 strength ] ® MgZn, ratio + 100% excess Mg
| o MgZn, ratio + 200% excess Mg
0 0 ) i L |
0 2 4 6 8 10 12 0 2 4 6 8 10 12
MgZn,, % MgZn,, %
Fig. 29 Effect of MgZn, and MgZn, with excess magnesium on tensile properties of wrought 95% Al; 1.59 mm
8 (0.0625 in.) specimens, quenched in cold water from 470 °C (875 °F)
700 = 100 50 ,
’ o 3% Mg
0| ® 1% M
600 — 3% Mg 0 ° M9
N ”_,O——o - 80 2
a 500 =0~ ‘» £
= ‘ /YD’ __.} 1% Mg X ¢ 230 N
- 7/ > - £ 82
£ 400 - L b'd | de0 g 29 |o \
2 3~ 5 2€
[ f~~Tensile strength & SE 20 —
o ’ da” M8 ;
eld strength 10 P *;*
20
0

2 4 6 8 10 12
Zinc, %

Fig. 30

14 0 2 4 6 8 10
Zinc, %

Effect of zinc on aluminum alloy containing 1.5% Cu and 1 and 3% Mg; 1.6 mm (0.064 in.) thick sheet.
Alloy with 1% Mg heat treated at 495 °C (920 °F); that with 3% Mg heat treated at 460 °C (860 °F). All

specimens quenched in cold water, aged 12 h at 135 °C (275 °F)

alloys. 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 solu-
bility of this compound. Modification of the
silicon can be achieved through the addition
of sodium in eutectic and hypoeutectic al-
loys and by phosphorus in hypereutectic
alloys. Up to 12% Si is added in wrought
alloys used as cladding for brazing sheet.
Alloys containing abeut 5% Si acquire a
black color when anodized and are used for
ornamental purposes.

Silver has an extremely high solid solubil-
ity in aluminum (up to 55%). Because of
cost, no binary aluminum-silver alloys are
in use, but small additions (0.1 to 0.6% Ag)
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 commercial-grade
aluminum.

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—{rom concentrations of .03 to
several percent in wrought alloys, to con-
centrations of about 25% in casting alloys.

Small amounts of tin (0.05%) greatly in-
crease the response of aluminum-copper
alloys to artificial aging following a solution
heat treatment. The result is an increase in
strength and an improvement in corrosion
resistance. Higher concentrations of tin
cause hot cracking in aluminum-copper al-
loys. If small amounts of magnesium are
present, the artificial aging characteristics
are markedly reduced, probably because
magnesium and tin form a noncoherent sec-
ond phase.

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, nick-
el, and silicon additions improve load-car-
rying capacity and wear resistance, and the
soft tin phase provides antiscoring proper-
ties.

As little as 0.01% Sn in commercial-grade
aluminum will cause surface darkening on
annealing and increase the susceptibility to
corrosion, which appears to be due to mi-
gration 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 an-
odes in salt water.

Titanium. Amounts of 10 to 100 ppm Ti
are found in commercial-purity aluminum.
Titanium depresses the electrical conduc-

tivity of aluminum, but its level can be
reduced by the addition of boron to the melt
to form insoluble TiB,. Titanium is used
primarily as a grain refiner of aluminum
alloy castings and ingots. When used alone,
the effect of titanium decreases with time of
holding in the molten state and with repeat-
ed 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 TiB,. 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 TiB, 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
V in commercial-grade aluminum, and be-
cause it lowers conductivity, it generally is
precipitated from electrical conductor al-
loys with boron. The aluminum end of the
equilibrium diagram is peritectic, and there-
fore the intermetallic VAl;; would be ex-
pected to have a grain-refining effect upon
solidification, but it is less efficient than
titanium and zirconium. The recrystalliza-
tion temperature is raised by vanadium.

Zinc. The aluminum-zinc alloys have
been known for many years, but hot crack-
ing of the casting alloys and the susceptibil-
ity to stress-corrosion cracking of the
wrought alloys curtailed their use. Alumi-
num-zinc alloys containing other elements
offer the highest combination of tensile
properties in wrought aluminum alloys. Ef-
forts to overcome the aforementioned limi-
tations have been successful, and these
aluminum-zinc base alloys are being used
commercially to an increasing extent. The
presence of zinc in aluminum increases its
solution potential, hence its use in protec-
tive cladding (7072) and in sacrificial an-
odes.

Zinc-Magnesium. The addition of magne-
sium to the aluminum-zinc alloys develops
the strength potential of this alloy system,
especially in the range of 3 to 7.5% Zn.
Magnesium and zinc form MgZn,, which
produces a far greater response to heat
treatment than occurs in the binary alumi-
num-zinc system.

The strength of the wrought aluminum-
zinc alloys also is substantially improved by
the addition of magnesium. Increasing the
MgZn, concentration 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 MgZn, further increases tensile
strength, as shown in Fig. 29.

On the negative side, increasing additions
of both zinc and magnesium decrease the
overall corrosion resistance of aluminum to
the extent that close control over the micro-
structure, heat treatment, and composition
are often necessary to maintain adequate
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Table 11(a) Ultimate tensile strengths of various aluminum alloys at cryogenic and elevated temperatures

Ultimate tensile strength(a), MPa (ksi), at: -
Alloy and temper —~195 °C (=320 °F) —80°C (~112°F) 0°C(—18°F) 24°C(75°F) 100 °C (212°F) 150 °C (300 °F) 205 °C (400 °F) 260 °C (500 °F) 315 °C (600 °F) 370 °C (700 °F)

3 172 (25) 103 (15) 97 (14) 90 (13) 70 (10) 55 (8) 40 (6) 28 (4) 20 (2.9) 14 2.1)
1100-H14 . ..o 207 (30) 138 (20) 130 (19)  125(18) 110 (16) 97 (14) 70 (10) 28 (4) 20 2.9) 14 2.1)
1100-HI8 . ... .. 235 (34) 180 (26) 172(25) 165 (24) 145 (21) 125 (18) 40 (6) 28 (4) 20 2.9) 14 2.1)
2011-T3 oo N NN e 380 (55) 325 47) 193 (28) 110 (16) 45 (6.5 21 3.1) 16 (2.3)
2014-T6, T651. ... 580 (84) 510 (74) 495(72) 483 (70) 435 (63) 275 (40) 110 (16) 66 (9.5) 45 (6.5) 30 (4.3)
2017-T4, T451............. 550 (80) 448 (65) 440 (64) 427 (62) 393 (57) 275 (40) 110 (16) 62 9) 40 (6) 30 (4.3)
2024-T3 (sheet)............ 585 (85) 503 (73) 495(72) 483 (0) 455 (66) 380 (55) 185 27) 75 (11) 52 (1.5 35 (5)
2024-T4, T351 (plate) .. .... 580 (84) 490 (71) 475(69) 470 (68) 435 (63) 310 (45) 180 (26) 75 (11) 52 (1.5 35 (5)
2024-T6, T651. . .eon..... 580 (84) 495 (72) 483 (70) 475 (69) 448 (65) 310 (45) 180 (26) 75 (11) 52 (1.5 35 (5)
2024-T81, T851............ 585 (85) 510 (74) 503 (73) 483 (70) 455 (66) 380 (55) 185 (27) 75 (11) 52 (1.5 35 (5)
2024-T861 ..oveeennnns 635 (92) 558 (81) 538(78)  517(75 483 (70) 372 (54) 145 21) 75 (11) 52 (1.5 35 (5)
I A 385 (56) 310 (45) 303 (44) 295 (43) 248 (36) 207 (30) 110 (16) 52 (1.5 2 @7 20 (2.9)
2124-T851 ..., 593 (86) 525 (76) 503 (73) 483 (70) 455 (66) 372 (54) 185 27) 75 (11) 52 (1.5 38 (5.5)
2218-T61 o oueeaennnn. 495 (72) 420 (61) 407 (59) 407 (59) 385 (56) 283 (41) 152 (22) 70 (10) 38 (5.5) 28 (4)
2219-T62 o oue e 503 (73) 435 (63) 415(60) 400 (58) 372 (54) 310 (45) 235 (34) 185 27) 70 (10) 30 (4.4)
2219-T81, T851............ 572 (83) 490 (71) 475(69) 455 (66) 415 (60) 338 (49) 248 (36) 200 (29) 87 30 (4.4)
2618-T61 ...veernannnn. 538 (78) 462 (67) 440 (64) 440 (64) 427 (62) 345 (50) 220 (32) 90 (13) 52 (1.5 35 (5)
30030, ... 228 (33) 138 (20) n73an 110 (16) 90 (13) 75 (11) 59 (8.5) 40 (6) 28 (4) 19 (2.8)
3003-H14 . .ooovennnennn. .. 240 (35) 165 (24) 152 (22) 152 (22) 145 21) 125 (18) 97 (14) 52 (1.5 28 (4) 19 (2.8)
3003-HI8 ...onannnns 283 (41) 220 (32) 207 (30) 200 (29) 180 (26) 160 (23) 97 (14) 52 (1.5 28 (4) 19 (2.8)
30040, ..o 290 (42) 193 (28) 180 (26) 180 (26) 180 (26) 152 (22) 97 (14) 70 (10) 52 (1.5 35 (5)
3004-H34 .......cveenn... 360 (52) 262 (38) 248 (36) 240 (35) 235 (34) 193 (28) 145 (21) 97 (14) 52 (1.5 35 (5)
3004-H38 . .....oeennnn... 400 (58) 303 (44) 290 (42) 283 (41) 275 (40) 215 (31) 152 (22) 83 (12) 52 (1.5 35 (5)
4032T6 oo 455 (66) 400 (58) 385(56) 380 (55) 345 (50) 255 37) 90 (13) 55 (8) 35 (5) 23 (3.4)
152 (22) 14521) 145 Q1) 145 21) 130 (19) 97 (14) 62 9) 40 (6) 27 (3.9)
207 (30) 193 (28) 193 (28) 193 (28) 172 (25) 97 (14) 62 (9 40 (6) 27 (3.9)
235 (34) 220(32) 220 (32) 215 (31) 185 (27) 97 (14) 62 (9 40 (6) 27 (3.9)
200 (29) 193 (28) 193 (28) 193 (28) 160 (23) 17 (7 83 (12) 52 (1.5 35 (5)
275 (40) 262(38) 262 (38) 262 (38) 207 (30) 165 (24) 83 (12) 52 (1.5 35 (5)
303 (44) 290 (42) 290 (42) 275 (40) 235 (34) 172 (25) 83 (12) 52 (1.5 35 (5)
295 (43) 290 (42) 290 (42) 275 (40) 215 (31) 152 (22) 117 (17) 75 (11) 40 (6)
270 (39) 262(38) 262 (38) 262 (38) 200 (29) 152 (22) 117 A7 75 (11) 40 (6)
248 (36) 240 35) 240 (3%) 240 (35) 200 (29) 152 (22) 117 D 75 (11) 40 (6)
248 (36) 240 (35) 240 (39 240 (35) 200 (29) 152 (22) 117 (17) 75 (11) 40 (6)
255 (37) 248 (36) 248 (36) 248 (36) 200 (29) 152 (22) 117 (17) 75 (11) 40 (6)
290 (42) 283 (41) 275 (40) 270 (39) 220 (32) 172 (25) 117 (17) 75 (11) 40 (6)
317 (46) 303 (44) 303 (44) 295 (43) 235 (34) 180 (26) 117 D 75 (11) 40 (6)
317 (46) 310(45) 310 (45) 290 (42) 215 31) 152 (22) 117 D 75 (11) 40 (6)
200 (29) 193 (28) 193 (28) 193 (28) 160 (23) 17 a7 83 (12) 52 (1.5 35 (5)
275 (40) 262(38) 262 (38) 262 (38) 207 (30) 165 (24) 83 (12) 52 (1.5 35(5)
5652-H38 ..ot 415 (60) 303 (44) 290 (42) 290 (42) 275 (40) 235 (34) 172 (25) 83 (12) 52 (1.5 35 (5)
6053-T6, T651. .. . B ce e 255 (37) 220 (32) 172 (25) 90 (13) 18 (5.5) 28 (4) 20 (2.9)
6061-T6, T651. . 415 (60) 338 (49) 32547 31049 290 (42) 235 (34) 130 (19) 52 (1.5 32 (4.6) 21 (3)
6063-T1 ..ooveennnn.. 235 (34) 180 (26) 165 24)  152(22) 152 (22) 145 21) 62 (9 31 (4.5) 22 (3.2) 16 (2.3)
6063-T5 ..o 255 (37) 200 (29) 193 (28) 185 (27) 165 (24) 138 20) 62 9) 31 (4.5) 22 (3.2) 16 (2.3)
6063-T6 ....oovveeeennn. 325 (47) 262 (38) 248 (36) 240 (35) 215 (31) 145 (21) 62 9) 31 (4.5) 22 (3.2) 16 2.3)
6101-T6 . ... .. 295 (43) 248 (36) 235(34) 220 (32) 193 (28) 145 21) 70 (10) 33 (4.8) 21 (3) 17 (2.5)
6151T6 . oo, 393 (57) 345 (50) 338 (49) 330 (48) 295 (43) 193 (28) 97 (14) 45 (6.5 35 (5) 28 (4)
6262-T651 ..o, 415 (60) 338 (49) 32547 310(45) 290 (42) 235 (34) e N S e
6262T9 ..o 510 (74) 427 (62) 415(60) 400 (58) 365 (53) 262 (38) 103 (15) 59 (8.5) 32 (4.6) 21 (3)
7075-T6, T651............. 703 (102) 620 (90) 593 (86) 572 (83) 483 (70) 215 31) 110 (16) 75 (11) 55 (8) 40 (6)
7075-T73, T7351 .. ......... 635 (92) 545 (79) 525(76) 503 (73) 435 (63) 215 (31) 110 (16) 75 (11) 55 (8) 40 (6)
7178-T6, T651............. 730 (106) 648 (94) 627 91) 607 (88) 503 (73) 215 (31) 103 (15) 75 (11) 59 (8.5) 45 6.5)
7178-T76, T7651. .......... 730 (106) 627 (91) 607 88) 572 (83) 475 (69) 215 (31) 103 (15) 75 (11) 59 (8.5) 45 (6.5)

(a) These data are based on a limited amount of testing and represent the lowest strength during 10 000 h of exposure at testing temperature under no load; stress applied at 34 MPa/mip (5000 psi/min).!o
yield strength and then at strain rate of 0.05 mm/mm/min (0.05 in./in./min) to failure. Under some conditions of temperature and time, the application of heat will adversely affect certain other properties

of some alloys.

resistance to stress corrosion and to exfoli-
atory attack. For example, depending upon
the alloy, stress corrosion 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 zir-
conium

@ Copper or chromium additions (see zinc-
magnesium-copper alloys)

@ Adjusting the zinc-magnesium ratio clos-
er to 3:1

Zinc-Magnesium-Copper. The addition of
copper to the aluminum-zinc-magnesium

system, together with small but important
amounts of chromium and manganese, re-
sults in the highest-strength aluminum-base
alloys commercially available. The proper-
ties of a representative group of these com-
positions, 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 CuMgAl,
phase. Copper also increases quench sensi-
tivity upon heat treatment. In general, cop-
per reduces the resistance to general corro-

sion of aluminum-zinc-magnesium alloys,
but increases the resistance to stress corro-
sion. The minor alloy additions, such as
chromium and zirconium, have a marked
effect on mechanical properties and corro-
sion resistance.

Zirconium additions in the range 0.1 to
0.3% are used to form a fine precipitate of
intermetallic particles that inhibit recovery
and recrystallization. An increasing number
of alloys, particularly in the aluminum-zinc-
magnesium family, use zirconium additions
to increase the recrystallization tempera-
ture and to control the grain structure in
wrought products. Zirconium additions
leave this family of alloys less quench sen-
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Table 11(b) Tensile yield strengths of various aluminum alloys at cryogenic and elevated temperatures

Alloy and temper —195 °C (-320 °F)

0.2% offset yield strength(a), MPa (ksi), at:
~80°C (~112°F) 0°C (~18°F) 24°C (75°F) 100°C (212 °F) 150 °C (300 °F) 205 °C (400 °F) 260 °C (500 °F) 315 °C (600 °F) 370 °C (700 °F)

11000t 40 (6) 38 (5.5)
1100-H14 ................. 138 (20) 125 (18)
1100-H18 ................. 180 (26) 160 (23)
2010-T3. ..ol s s
2014-T6, T651 . ...t 495 (72) 448 (65)
2017-T4, T451 ............. 365 (53) 290 (42)
2024-T3 (sheet) ............ 427 (62) 360 (52)
2024-T4, T351 (plate)....... 420 (61) 338 (49)
2024-T6, T651 ............. 470 (68) 407 (59)
2024-T81, T851 ............ 538 (78) 475 (69)
2024-T861...........cvnnn. 585 (85) 530 (77)
2117-T4. oo 228 (33) 172 (25)
2124-T851......ocvviiinnts 545 (79) 490 (71)
2218-T61... v eeveineenn 360 (52) 310 (45)
2219-T62.......cevnvetne 338 (49) 303 (44)
2219-T81, T851 ............ 420 (61) 372 (54)
2618-T61.................. 420 (61) 380 (55)
30030 . ... 59 8.5) 48 (1)
3003-Hi4 ................. 172 (25) 152 (22)
3003-HI8 ...........oovne 228 (33) 200 (29)
3004-0. ...t 90 (13) 75 (A1)
3004-H34 ................. 235 (34) 207 (30)
3004-H38 ................. 295 (43) 262 (38)
4032-T6.......ccoovvvnn.. 330 (48) 317 (46)
5050-0......... il 70 (10) 59 8.5)
5050-H34 ................. 207 (30) 172 (25)
5050-H38 ................. 248 (36) 207 (30)
5052-0. ... il 110 (16) 90 (13)
5052-H34 ................. 248 (36) 220 (32)
5052-H38 ............. ..., 303 (44) 262 (38)
5083-0.........0 il 165 (24) 145 (21)
5086-0.................. 130 (19) 117 (17)
S154-0.. ..t 130 (19) 117 (17)
5254-0.......... il 130 (19) 117 (17)
54540 ... ...l 130 (19) 117 (17)
5454-H32 ................. 248 (36) 215 (31)
5454-H34 . ............... 283 (41) 248 (36)
5456-0......... ... 180 (26) 160 (23)
56520 ... .. i 110 (16) 90 (13)
5652-H34 ................. 248 (36) 220 (32)
5652-H38 ................. 303 (44) 262 (38)
6053-T6, T651 ............. cee v
6061-T6, T651 ............. 325 (47) 290 (42)
6063-T1..............cc0.. 110 (16) 103 (15)
6063-T5..........ccovnit 165 (24) 152 (22)
6063-T6...........oviuen 248 (36) 228 (33)
6101-T6................... 228 (33) 207 30)
6151-T6. ......covviinnnn. 345 (50) 317 (46)
6262-T651................. 325 (47) 290 (42)
6262-T9......cooviiiL 462 (67) 400 (58)
7075-T6, T651 ............. 635 (92) 545 (79)
7075-T73, T7351 . .......... 495 (72) 462 (67)
7178-T6, T651 ............. 648 (94) 580 (84)
7178-T76, T7651 . .......... 615 (89) 538 (78)

35(5) 35(5 32 (4.6) 29 4.2)
117 (17) 117 (17) 103 (15) 83 (12)
160 (23) 152 (22) 130 (19) 97 (14)

s 295 (43) 235 (34) 130 (19)
427 (62) 415 (60) 393 (57) 240 (35)
283 (41) 275 (40) 270 (39) 207 (30)
352 (51) 345 (50) 330 (48) 310 (45)
325 (47) 325 (47) 310 45) 248 (36)
400 (58) 393 (57) 372 (54) 248 (36)
470 (68) 448 (65) 427 (62) 338 (49)
510 (74) 490 (71) 462 (67) 330 (48)
165 (24) 165 (24) 145 (21) 117 (17)
470 (68) 440 (64) 420 (61) 338 (49)
303 (44) 303 (44) 290 (42) 240 (35)
290 (42) 275 (40) 255 (37) 228 (33)
360 (52) 345 (50) 325 (47) 275 (40)
372 (54) 372 (54) 372 (54) 303 (44)

45 (6.5) 40 (6) 38 (5.5) 35 (5)
145 (21) 145 (21) 130 (19) 110 (16)
193 (28) 185 (27) 145 (21) 110 (16)
70 (10) 70 (10) 70 (10) 70 (10)
200 (29) 200 (29) 200 (29) 172 (25)
248 (36) 248 (36) 248 (36) 185 (27)
317 (46) 317 (46) 303 (44) 228 (33)
55(8) 55(8) 55(8) 55(8)
165 (24) 165 (24) 165 (24) 152 (22)
200 (29) 200 (29) 200 (29) 172 (25)
90 (13) 90 (13) 90 (13) 90 (13)
215 (31) 215 31) 215 31) 185 (27)
255 (37) 255 (37) 248 (36) 193 (28)
145 (21) 145 (21) 145 (21) 130 (19)
117 (17) 117 (17) 117 17) 110 (16)
117 (17) 117 (17) 117 17) 110 (16)
117 (17) 117 (17) 117 17) 110 (16)
117 (17) 117 (17) 117 (17) 110 (16)
207 30) 207 (30) 200 (29) 180 (26)
240 (35) 240 (35) 235 (34) 193 (28)
160 (23) 160 (23) 152 (22) 138 (20)

90 (13) 90 (13) 90 (13) 90 (13)
215 (31 215 31) 215 (31) 185 (27)
255 (37) 255 (37) 248 (36) 193 (28)

cee 220 (32) 193 (28) 165 (24)
283 (41) 275 (40) 262 (38) 215 31)

97 (14) 90 (13) 97 (14) 103 (15)
152 (22) 145 (21) 138 (20) 125 (18)
220 (32) 215 (31) 193 (28) 138 (20)
200 (29) 193 (28) 172 (25) 130 (19)
310 (45) 295 (43) 275 (40) 185 (27)
283 (41) 275 (40) 262 (38) 215 31)
385 (56) 380 (55) 360 (52) 255 (37)
517 (75) 503 (73) 448 (65) 185 (27)
448 (65) 435 (63) 400 (58) 185 (27)
558 (81) 538 (78) 470 (68) 185 (27)
525 (76) 503 (73) 440 (64) 185 (27)

24 (3.5) 18 (2.6) 14 Q) 11 (1.6)
52(7.5) 18 (2.6) 14 Q) 11 (1.6)
24 (3.5) 18 (2.6) 14 Q) 11 (1.6)
75 (1) 26 (3.8) 12(1.8) 10 (1.4)
90 (13) 52 (7.5) 35 (5) 24 (3.5)
90 (13) 52 (1.5) 35 (5) 24 (3.5)
138 (20) 62 (9) 40 (6) 28 (4)
130 (19) 62 (9) 40 (6) 28 (4)
130 (19) 62 (9) 40 (6) 28 (4)
138 (20) 62 (9) 40 (6) 28 (4)
17 (17 62 (9) 40 (6) 28 (4)
83 (12) 38 (5.5) 23 (3.3) 14 (2)
138 (20) 55 (8) 40 (6) 28 (4.1)
110 (16) 40 (6) 20 (3) 17 2.5)
172 (25) 138 (20) 55 (8) 26 3.7)
200 (29) 160 (23) 40 (6) 26 (3.7)
180 (26) 62 (9) 31 (4.5) 24 (3.5)
30 (4.3) 23 (3.4) 17 (2.4) 12 (1.8)
62 (9) 28 (4) 17 (2.4) 12 (1.8)
62 (9) 28 (4) 17 (2.4) 12 (1.8)
66 (9.5) 52 (7.5) 35 (5) 20 (3)
103 (15) 52 (1.5) 35 (5) 20 (3)
103 (15) 52 (7.5) 35 (5) 20 (3)
62 (9 38 (5.5) 2 (3.2) 14 (2)
52(1.5) 40 (6) 29 (4.2) 18 (2.6)
52 (7.5) 40 (6) 29 (4.2) 18 (2.6)
52 (7.5) 40 (6) 29 (4.2) 18 (2.6)
75 (11) 52(7.5) 38 (5.5) 21 (3.1)
103 (15) 52 (7.5) 38 (5.5) 21 (3.1)
103 (15) 52(7.5) 38 (5.5) 21 (3.1)
117 A7) 75 (11) 52 (1.5) 29 (4.2)
103 (15) 75 1) 52 (1.5) 29 (4.2)
103 (15) 75 (11) 52 (1.5 29 (4.2)
103 (15) 75 (11) 52(1.5) 29 (4.2)
103 (15) 75 (11) 52(7.5) 29 (4.2)
130 (19) 75 (11) 52(1.5) 29 (4.2)
130 (19) 75 1) 52 (7.5) 29 (4.2)
117 A7) 75 (11) 52 (7.5) 29 (4.2)
75 (1) 52 (7.9 38 (5.5) 21 3.1)
103 (15) 52 (7.5) 38 (5.5 21 (3.1)
103 (15) 52 (7.5) 38 (5.5) 21 3.1)
83 (12) 28 (4) 19 2.7 14 (2)
103 (15) 35 (5) 19 2.7 12 (1.8)
45 (6.5) 24 (3.5) 17 2.5) 14 2)
45 (6.5) 24 (3.5) 17 (2.5) 14 ()
45 (6.5) 24 (3.5) 17 2.5) 14 (2)
48 (7 23 (3.3) 16 (2.3) 12 (1.8)
83 (12) 35 (5) 27 (3.9) 22 (3.2)
90 (13) 40 (6) 19 2.7 12 (1.8)
90 (13) 62 (9) 45 (6.5) 32 (4.6)
90 (13) 62 (9) 45 (6.5) 32 (4.6)
83 (12) 62 (9 48D 38 (5.5)
83 (12) 62 (9) 48 (7) 38 (5.5)

sitive than similar chromium additions.
Higher levels of zirconium are employed in
some superplastic alloys to retain the re-
quired 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 titani-
um. 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.

Properties of Wrought

Aluminum Alloys

Property data on aluminum alloys are of
two basic types:

® Typical property values

® Property limits

The data on wrought aluminum alloys pre-
sented in this section are primarily typical
property values, although sources and tab-
ular data for some mechanical property
limits are also mentioned.

Typical values are considered nominal or
representative values. Physical properties
(Tables 6 and 7), for example, are median
values determined in laboratory tests of
representative commercial products. Typi-
cal mechanical properties (Table 8) are av-
erage or median values, near the peaks of
distribution curves derived from routine
quality-control tests of commercial prod-
ucts processed by standard mill procedures.
The values listed are representative of prod-
ucts of moderate cross section or thickness,

and are most useful for demonstrating rela-
tionships between alloys and tempers.
These data are not intended to be used for
critical design purposes. Static-strength val-
ues from tensile tests listed as typical do not
represent the somewhat higher values (5 to
10% higher) obtained in tests (longitudinal
direction) of extruded products of moderate
section thickness nor do they represent the
lower values expected in tests of very thick,
heat-treated products.

Mechanical property limits are established
on a statistical ‘‘A”’-value basis, whereby
99% of the material is expected to conform at
a confidence of 0.95. In most instances limits
are based on a normally distributed database
of a minimum of 100 tests from at least 10
different lots of material. Mechanical proper-
ty limits are typically used for design or lot
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Table 11(c) FElongation of various aluminum alloys at cryogenic and elevated temperatures

Alloy and temper —195 °C (—320 °F)

—80°C (-112°F) 0°C (—18°F) 24°C (75 °F)

El ton in 50 mm (2 in.), %, at:

100 °C (212 °F)

150 °C (300 °F) 205 °C (400 °F) 260 °C (500 °F) 315 °C (600 °F) 370 °C (700 °F)

1100-0. .. ..o 50 43
1100-H14 . ...t 45 24
1100-HI8 . .................. 30 16
2000-T3 ..o s s
2014-T6, T651........ovnn.. 14 13
2017-T4, T451............... 28 24
2024-T3 (sheet).............. 18 17
2024-T4, T351 (plate) ........ 19 19
2024-T6, T651............... 11 10
2024-T81, T851.............. 8 7
2024-T861 .................. 5 5
2N7-T4 ... 30 29
2124-T851 ..ot 9 8
2218-T61 ...t 15 14
2219-T62 .. ... 16 13
2219-T81, T851. ..ot 15 13
2618-T61 ................... 12 11
3003-0. ... 46 42
3003-H14 ...l 30 18
3003-HI8 ...l 23 1"
3004-0. . ... 38 30
3004-H34 ................... 26 16
3004-H38 .. ............ ... 20 10
4032-T6 .................... 11 10
5050-0. ..., ce s
5050-H34 ...................

5050-H38 ................... s s
5052-0. ... 46 35
5052-H34 ................... 28 21
5052-H38 ................... 25 18
5083-0.. ...l 36 30
5086-0. . ..., 46 35
51540, . ...l 46 35
52540 ...l 46 35
5454-0. ... ... 39 30
5454-H32................... 32 23
5454-H34 ................... 30 21
5456-0. ...l 32 25
56520 ... . 46 35
5652-H34 ................... 28 21
5652-H38 ................... 25 18
6053-T6, T651 ............. s B
6061-T6, T651............... 22 18
6063-T1 ........coovnvnn.n. 44 36
6063-T5 ........ooiiiiin, 28 24
6063-T6 .................... 24 20
6101-T6 .................... 24 20
6151-T6 ..ot 20 17
6262-T651 .................. 22 18
6262-T9 ............ccoa... 14 10
7075-T6, T651............... 9 11
7075-T73, T7350............. 14 14
7178-T6, T651............... 5 8
T178-T76, T7658............. 10 10

40 40 45 55
20 20 20 23
15 15 15 20
s 15 16 25
13 13 15 20
23 22 18 15
17 17 16 11
19 19 19 17
10 10 10 17
7 7 8 11
5 5 6 11
28 27 16 20
8 9 9 13
13 13 15 17
12 12 14 17
12 12 15 17
10 10 10 14
41 40 43 47
16 16 16 16
10 10 10 11
26 25 25 35
13 12 13 22
7 6 7 15
9 9 9 9
32 30 36 50
18 16 18 27
15 14 16 24
27 25 36 50
32 30 36 50
32 30 36 50
32 30 36 50
27 25 31 50
20 18 20 37
18 16 18 32
22 20 31 50
32 30 30 50
18 16 18 27
15 14 16 24
s 13 13 13
17 17 18 20
34 33 18 20
23 22 18 20
19 18 15 20
19 19 20 20
17 17 17 20
17 17 18 20
10 10 10 14
11 1 14 30
13 13 15 30
9 11 14 40
10 11 17 40

Note: Same test conditions as those specified in the footnote of Table 11(a)

65 75 80 85
26 75 80 85
65 75 80 85
35 45 90 125
38 52 65 72
35 45 65 70
23 55 75 100
27 55 75 100
27 55 75 100
23 55 75 100
28 55 75 100
35 55 80 110
28 60 75 100
30 70 85 100
20 21 40 75
20 21 55 75
24 50 80 120
60 65 70 70
20 60 70 70
18 60 70 70
55 70 80 90
35 55 80 90
30 50 80 90
30 50 70 90
60 80 110 130
45 80 110 130
45 80 110 130
60 80 1o 130
60 80 110 130
60 80 110 130
60 80 110 130
60 80 110 130
45 80 110 130
45 80 110 130
60 80 110 130
60 80 110 130
45 80 110 130
45 80 110 130
25 70 80 90
28 60 85 95
40 75 80 105
40 75 80 105
40 75 80 105
40 80 100 105
30 50 43 35
34 48 85 95
55 65 70 70
55 65 70 70
70 76 80 80
70 76 80 80

acceptance. The distinction between metric
and English unit property limits can be impor-
tant because of rounding from metric to En-
glish or vice versa.

Typical physical-property values (Table 6)
are given only as a basis for comparing
alloys and tempers and should not be spec-
ified as engineering requirements or used
for design purposes. They are not guaran-
teed values, since in most cases they are
averages for various sizes, product forms,
and methods of manufacture and may not
be exactly representative of any particular
size or product. Density values for the
annealed (O) temper are listed in Table 7.

Typical Mechanical Properties. Typical
tensile strengths (ultimate and yield), tensile
elongations, ultimate shear strengths, fa-

tigue strengths (endurance limits), hard-
nesses, and elastic moduli are given in Ta-
ble 8. As typical properties they are for
comparative purposes and not design, as
discussed previously. The table lists both
heat-treatable and non-heat-treatable al-
loys, and in most cases the properties are
averages for various sizes, product forms,
and methods of manufacture.

Tensile property limits for various
wrought aluminum alloys are given in the
article ‘‘Properties of Wrought Aluminum
and Aluminum Alloys’’ in this Volume. In
addition, the current edition of Aluminum
Standards and Data, published biennially
by The Aluminum Association, provides
tensile property limits for most alloy tem-
pers and product forms.

Bend Properties. Recommended mini-
mum 90° cold bend radii for sheet and plate
are given in Table 9. Additional forming
characteristics (Olsen ball, n, r, minimum
bend radii painted sheet, bend radii bus bar)
may be found in Aluminum Standards and
Data, published by The Aluminum Associ-
ation.

Classification of Alloys for Fracture
Toughness. Fracture toughness is rarely, if
ever, a design consideration in the 1000,
3000, 4000, 5000, and 6000 series alloys.
The fracture toughness of these alloys is
sufficiently high that thicknesses beyond
those commonly produced would be re-
quired to obtain a valid test. Therefore,
these alloys are excluded from further con-
sideration in this article. Among the alloys



for which fracture toughness is a meaningful
design-related parameter, controlled-tough-
ness high-strength alloys and conventional
high-strength alloys merit discussion.

Controlled-toughness high-strength al-
loys were developed for their high fracture
toughness and range in measured K, val-
ues from about 20 MPaVm (18 ksiVin.)
upward. The alloys and tempers currently
identified as controlled-toughness high-
strength products include:

Alloy Condition Product form

2048 ........ T8 Sheet and plate

2124 ........ T3, T8 Sheet and plate

2419 ........ T8 Sheet, plate, extrusions, and
forgings

7049 ........ T7 Plate, forgings, and extrusions

7050 ........ T7 Sheet, plate, forgings, and
extrusions

7150 ........ T6 Sheet and plate

T175 ... T6, T7 Sheet, plate, forgings, and
extrusions

7475 ... T6, T7 Sheet and plate

Typical applications include 2419-T851 used
in the lower wing skins of the B-1 bomber
and 7475-T7351 and 2124-T851 in the F-16
aircraft.

Conventional High-Strength Alloys. Al-
though these alloys, tempers, and products
are not used for fracture-critical compo-
nents, fracture toughness can be a meaning-
ful design parameter. Conventional aero-
space alloys for which fracture toughness
minimums may be useful in design include
2014, 2024, 2219, 7075, and 7079. These
alloys have toughness levels that are inferi-
or to those of their controlled-toughness
counterparts. Consequently, toughness is
not guaranteed.

Controlled-toughness alloys are often de-
rivatives of conventional alloys. For exam-
ple, 7475 alloy is a derivative of 7075 with
maximum compositional limits on some el-
ements that were found to decrease tough-
ness.

Fracture toughness quality control and
material procurement minimums are appro-
priate for controlled-toughness, high-
strength alloys, tempers, and products, be-
cause checks on composition and tensile
properties are inadequate assurances that
the proper levels of toughness have been
achieved. If the minimum specified fracture
toughness value is not attained, the material
is not acceptable.

Minimum and typical room-temperature
plane-strain fracture toughness is listed for
selected high-strength aluminum alloys in
Table 10. The effect of alloying elements
and microstructural constituents on fracture
toughness is discussed in the section ‘‘Frac-
ture Toughness and Fatigue Behavior’ in
this article.

Fatigue and Fatigue Crack Growth. Alu-
minum does not generally exhibit the sharp-
ly defined fatigue limit typically shown by
low-carbon steel in S-N tests. For smooth
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Fig. 31 Values of 0.2% yield stress of aluminum
8- alloys after exposure for 1000 h at temper-

atures between 0 and 350 °C

or notched coupon tests, where lifetime is
governed primarily by crack initiation, the
fatigue resistance is expressed as a fatigue
strength (stress) for a given number of cy-
cles. Table 8 gives typical data on the
fatigue strength of various aluminum alloys.
In tests where fatigue crack growth is of
interest, the performance of aluminum is
measured by recording the crack growth
rate (da/dN) as a function of stress intensity
range (AK). This type of FCG test is cur-
rently of prime importance for alloys used
in aerospace applications. Fatigue crack
growth can be influenced by alloy composi-
tion and microstructure, the presence of
oxygen, temperature, load ratio (R), mate-
rial thickness (or thickness in relation to
plastic zone size), stress intensity range,
and the processes used in preparing the
alloys. It is recognized that the interactions
among these variables complicate the prop-
er interpretation and extrapolation of exper-
imental data and introduce additional uncer-
tainties with respect to damage-tolerant
design and failure analysis.
Elevated-Temperature Properties. Tables
11(a), 11(b), and 11(c) list typical tensile
properties of various aluminum alloys at
elevated temperatures. The 7xxx series of
age-hardenable alloys that are based on the
Al-Zn-Mg-Cu system develop the highest
room-temperature tensile properties of any
aluminum alloys produced from conven-
tionally cast ingots. However, the strength
of these alloys declines rapidly if they are
exposed to elevated temperatures (Fig. 31),
due mainly to coarsening of the fine precip-
itates on which the alloys depend for their
strength. Alloys of the 2xxx series such as
2014 and 2024 perform better above these
temperatures but are not normally used for
elevated-temperature applications.
Strength at temperatures above about 100
to 200 °C (200 to 400 °F) is improved mainly
by solid-solution strengthening or second-
phase hardening. Another approach to im-
prove the elevated-temperature perfor-
mance of aluminum alloys has been the use
of rapid solidification technology to pro-
duce powders or foils containing high super-

400

| i

Alloy and 0.2% yield strengths (YS)

100 to Alloy A extrusion C.W.Q. 517 MPa YS] 145

o Ailoy A extrusion B.W.Q. 490 MPa YS

o o Alloy B extrusion C.W.Q. 467 MPa YS
h | [ |

Rupture stress, MPa
N
(=]
o

Rupture stress, ksi

0
0.1 1 10 100 10° 104

Time to failure, h

Fig. 32 Stress-rupture results for creep tests at 180
8 °C (355 °F) on aluminum alloys with silver
additions compared with those for 2xxx series alloys.
Alloy A: 6.3% Cu, 0.5% Mg, 0.5% Ag, 0.5% Mn, and
0.2% Zr. Alloy B: 6.0% Cu, 0.45% Mg, 0.5% Ag, 0.5%
Mn, and 0.14% Zr. CWQ, cold-water quenched before
aging; BWQ, boiling-water quenched before aging.
Source: Ref 9

saturations of elements such as iron or
chromium that diffuse slowly in solid alumi-
num. In this regard, several experimental
materials are now available that have prom-
ising creep properties up to 350 °C (650 °F).
An experimental Al-Cu-Mg alloy with silver
additions has also resulted in improved
creep properties (Fig. 32). Iron is also used
to improve creep properties (see the head-
ing “Iron’” in this article).

Low-Temperature Properties. Aluminum
alloys represent a very important class of
structural metals for subzero-temperature
applications and are used for structural
parts for operation at temperatures as low
as —270 °C (—450 °F). Below zero, most
aluminum alloys show little change in prop-
erties; yield and tensile strengths may in-
crease; elongation may decrease slightly;
impact strength remains approximately con-
stant. Consequently, aluminum is a useful
material for many low-temperature applica-
tions; the chief deterrent is its relatively low
elongation compared with certain austenitic
ferrous alloys. This inhibiting factor affects
principally industries that must work with
public safety codes. A notable exception to
this has been the approval, in the ASME
unfired pressure vessel code, to use alloys
5083 and 5456 for pressure vessels within
the range from —195 to 65 °C (—320 to 150
°F). With these alloys, tensile strength in-
creases 30 to 40%, yield strength 5 to 10%,
and elongation 60 to 100% between room
temperature and —195 °C (—320 °F).

The wrought alloys most often consid-
ered for low-temperature service are alloys
1100, 2014, 2024, 2219, 3003, 5083, 5456,
6061, 7005, 7039, and 7075. Alloy 5083-O,
which is the most widely used aluminum
alloy for cryogenic applications, exhibits
the following increases in tensile properties
when cooled from room temperature to the
boiling point of nitrogen (—195.8 °C, or
—320.4 °F):

® About 40% in ultimate tensile strength
® About 10% in yield strength
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Table 12 Fracture toughness of aluminum alloy plate

Room temperature

I Fracture toughness, K;. or K, (J) at: ]

Alloy and yield strength Specimen 24 °C (75 °F) —196 °C (—320 °F) —253 °C (~423 °F) —269 °C (—452 °F)
condition MPa ksi design Orientation MPaVm ksiVin. MPaVm ksiVin. MPaVm ksiVin. MPaVm ksiVin.
2014-T651 432 62.7 Bend TL....oooooennn 23.2 21.2 28.5 26.1
2024-T851 444 64.4 Bend S 22.3 20.3 24.4 22.2
2124-T851(a) 455 66.0 CT TL..oooovvvnnn... 26.9 24.5 32.0 29.1

435 63.1 CT LT...oiiiana.. 29.2 26.6 35.0 319

420 60.9 CT R PR 22.7 20.7 243 22.1 cee cee
2219-T87 382 55.4 Bend O 39.9 36.3 46.5 42.4 52.5 48.0

CT . 26.2 34.5 314 37.2 34.0

412 59.6 CT . 28.1 38.9 32.7 ce ce s o
5083-0 142 20.6 CT . 24.6(b) 43.4(b) 39.5(b) 48.0(b) 43.7(b)
6061-T651 289 41.9 Bend T-L.......c..e... 29.1 26.5 41.6 37.9 ce s
7039-T6 381 55.3 Bend T-L...co..ooooa... 32.3 29.4 33.5 30.5
7075-T651 536 777 Bend T-L..ooooviian.. 22.5 20.5 27.6 25.1
7075-T7351 403 58.5 Bend TL...coooovvnnn.. 35.9 32.7 32.1 29.2
7075-T7351 392 56.8 Bend TL..ooovivnn... 31.0 28.2 30.9 28.1

(a) 2124 is similar to 2024 but with higher-purity base and special processing to improve fracture toughness. (b) K;(J). Source: Volume 3 of 9th Edition Metals Handbook

Table 13 Results of fatigue-life tests on aluminum alloys

 E— Fatigue strength at 10° cycles, at: —

Stress -253°C

Stressing ratio, 24°C (75 °F) —196 °C (=320 °F) (—423°F)
Alloy and condition mode R K, MPa ksi MPa ksi MPa ksi
2014-T6 sheet Axial -1.0 | D 115 17 170 25 315 46
+0.01 | PP 215 31 325 47 435 63
2014-T6 sheet, GTA welded, 2319 filler Axial -1.0 | 83 12 105 150 125 18
2219-T62 sheet Axial -1.0 | 130 19 15 22 255 37
35 52 7.5 45 6.5 62 9
2219-T87 sheet Axial -1.0 | DA 150 22 115-170 17-25 275 40
35 52 7.5 48 7 55 8
2219-T87 sheet, GTA welded, 2319 filler Axial -1.0 | I 69 10 83 12 150 22
5083-H113 plate Flex -1.0 | 140 20.5 190 27.5 cee CR
5083-H113 plate, GMA welded, 5183 filler Flex -1.0 ) 90 13 130 18.8 e e
6061-T6 sheet(a) Flex -1.0 | DN 160 23 220 32 235 34
6061-T6 sheet(b) Flex -1.0 | AP 165 24 230 33 230 33
7039-T6 sheet Axial -1.0 | PP 140 20 215 31 275 40
+0.01 | S 230 33 330 48 440 64
-1.0 3.5 e 48 7 48 7 62 9
7075-T6 sheet Axial -1.0 | PP 96 14 145 21 250 36

(a) Surface finish, 150 pin. rms. (b) Surface finish, 20 win. rms. Source: Volume 3 of 9th Edition Metals Handbook

® Sixty percent in elongation

Typical tensile properties of various alumi-
num alloys at cryogenic temperatures are
given in Tables 11(a), 11(b), and 11(c).
Retention of toughness also is of major
importance for equipment operating at low
temperature. Aluminum alloys have no duc-
tile-to-brittle transition; consequently, nei-
ther ASTM nor ASME specifications re-
quire low-temperature Charpy or Izod tests
of aluminum alloys. Other tests, including
notch-tensile and tear tests, assess the
notch-tensile and tear toughness of alumi-
num alloys at low temperatures. The low-
temperature characteristics of welds in the
weldable aluminum alloys parallel those de-
scribed above for unwelded material.
Fracture Toughness. Data on fracture
toughness of several aluminum alloys at
room and subzero temperatures are summa-
rized in Table 12. Of the alloys listed in
Table 12, 5083-O has substantially greater
toughness than the others. Because this
alloy is too tough for obtaining valid K
data, the values shown for 5083-O were
converted from Jy. data. The fracture
toughness of this alloy increases as expo-

sure temperature decreases. Of the other
alloys, which were all evaluated in various
heat-treated conditions, 2219-T87 has the
best combination of strength and fracture
toughness, both at room temperature and at
—196 °C (—320 °F), of all the alloys that can
be readily welded.

Alloy 6061-T651 has good fracture tough-
ness at room temperature and at —196 °C
(—320 °F), but its yield strength is lower
than that of alloy 2219-T87. Alloy 7039 also
is weldable and has a good combination of
strength and fracture toughness at room
temperature and at —196 °C (—320 °F).
Alloy 2124 is similar to 2024 but with a
higher-purity base and special processing
for improved fracture toughness. Tensile
properties of 2124-T851 at subzero temper-
atures can be expected to be similar to those
for 2024-T851.

Several other aluminum alloys, including
2214, 2419, 7050, and 7475, have been de-
veloped in order to obtain room-tempera-
ture fracture toughness superior to that of
other 2000 and 7000 series alloys. Informa-
tion on subzero properties of these alloys is
limited, but it is expected that these alloys
also would have improved fracture tough-

ness at subzero temperatures as well as at
room temperature.

Fatigue Strength. Results of axial and
flexural fatigue tests at 10° cycles on alumi-
num alloy specimens at room temperature
and at subzero temperatures are presented
in Table 13. These data indicate that, for a
fatigue life of 10° cycles, fatigue strength is
higher at subzero temperatures than at
room temperature for each alloy. This trend
is not necessarily valid for tests at higher
stress levels and shorter fatigue lives, but at
10° cycles results are consistent with the
effect of subzero temperatures on tensile
strength.
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