1"

STEELGURU

NONFERROUS ALLOYS

COPPER AND COPPER ALLOYS .ttt ettt ettt e s s ata e e s s b e e e s saaaa s s sarenas 2
CLASSIFICATION OF COPPER AND COPPER ALLOYS...cciiittiieiitieeeiireeeesetieeeesaeesssseessssstessssssesssssesssssssesssnnes 2
CaSE COPPET ATTOYS. ...ttt bbbt b bbb bbbt bbbt b bt 2
WIOUGNT COPPEE AIIOYS. ... ittt ettt st be bt et e e es e saestesbeaneereeneeneeneens 3
ALUMINUM AND ALUMINUM ALLOYS... .ottt ettt e tan s svaea e envee e 3
CHARACTERISTICS OF ALUMINUM AND ALUMINUM ALLOYS. ....uttitiiiieiiiiiiiiiiie e e s siibsiees s e s ssibssssssesssssnnnns 3
TEMPER DESIGNATIONS FOR ALUMINUM ALLOYS. 1oiiiiiiiiittiiiiee e e siiittiie s e s seibtbes s s e s s sssbtbasssesssssassbasssesssens 5
ALUMINUM ALLOY DESIGNATION SYSTEMS. ..iiiiiiiititiiieieeiiiitirieesse st isiiisresssessssssssbesssessssssssssssssssssssssssssess 9
HEAT-TREATABILITY OF WROUGHT ALUMINUM ALLOYS. ..iiititttiitieeiiiiitireieeesssiiibsseeseessssssssssssessssssnsnes 10
Non-heat-treatable allOYS: ..o e e s r et re et 10
Heat-treatable allOYS: . ......iiiece e 10

Clad AIUMINUM ATIOYS .. .eeeieeeeeece sttt et eneer e e es e seestesbesneereeneeneeneens 11
CHARACTERISTICS OF PRINCIPAL ALUMINUM ALLOY SERIES GROUPS.— .....oooiitvieciciriee et etvee e 11
00O =3RRI 11

0L o 1T 11

3000 SEIIBS: uvveiesiereieeettteeseeete sttt eesastbeeesaseeeessabeeesaatbesesaseeeessabeseeestbeseabeeeesshbaeeeabbeeeeabreeeerrbeeeearrenenanes 12

000 SEI IS uuveiesierrieestteeesettetessberessbbesesabessessabeeessabaesesbessessabesaeessbeseebeaeesshbaeeeeabbeeeebeaeessrbeneearbbeeeaane 12

10 [0 YT o 1= TSR PR 12

10 [0 Oy g [T 12

4000 TR 1SR UR 13
PROPERTIES OF ALUMUINUM A LLOY Sim 1 itttttiitiettiititttesee et isititteessessssssstbsssssssssisssbssssssessissssssssssesssassssnes 13
MAGNESTUM ALLOYS .ottt ettt et e ettt e s ettt e e st e s sttt e e sabtteesiabeeesabbesesabeeeessrbenesas 13
APPLICATIONS OF IMAGNESIUM ALLOYS ..ttttitiieeiieiitteeeieesieiitreeeeeesssiisssesesesssssistssssesssssisssssssesssssisssssseess 14
ALLOY AND TEMPER DESIGNATION. ...iiiiittttietieeiieiitteeeeeesiaiitresseesssasissrasesssssssistssssssssssiasssssssesssssnsssssseeses 14
NICKEL AND NICKEL ALLOYS ...ttt ettt ettt ebae s s sb s s sbb e s sbaa e e s sabae e 14
TITANIUM AND TITANIUM ALLOYS .. ettt sttt sabae e 15



Copper and Copper Alloys

Pure copper is a reddish, highly malleable metal, and was one of the first to
be found and utilized. Copper and its alloys are widely used because of their
excellent electrical and thermal conductivities, outstanding resistance to
corrosion, ease of fabrication, and broad ranges of obtainable strengths and
special properties. Almost 400 commercial copper and copper-alloy
compositions are available from mills as wrought products (rod, plate, sheet,
strip, tube, pipe, extrusions, foil, forgings, and wire) and from foundries as
castings. Copper alloys are grouped into several general categories
according to composition:

-coppers and high-copper alloys

-brasses

-bronzes

-copper nickels

-copper-nickel-zinc alloys (nickel silvers)

-leaded coppers

-special alloys

The designation system originally developed by the U.S. copper and brass
industry for identifying copper alloys used a three-digit number preceded by
the letters CA. These designations have now been made part of the Unified
Numbering System (UNS) simply by expanding the numbers to five digits
preceded by the letter C. Because the old numbers are embedded in the new
UNS numbers, no confusion results. UNS C10000 to C79999 are assigned to
wrought compositions, and UNS C80000 to C99999 are assigned to castings.
The designation system is not a specification, but a method for identifying
the composition of mill and foundry products. The precise technical and
quality assurance requirements to be satisfied are defined in relevant
standard specifications issued by the federal government, the military, and
the ASTM.

Classification of Copper and Copper Alloys

Cast Copper Alloys.—Generally, casting permits greater latitude in the
use of alloying elements than in the fabrication of wrought products, which
requires either hot or cold working. The cast compositions of coppers and
high-copper alloys have a designated minimum copper content and may
include other elements to impart special properties. The cast brasses
comprise copper-zinc-tin alloys (red, semired, and yellow brasses);
manganese bronze alloys (high-strength yellow brasses); leaded manganese
bronze alloys (leaded high-strength yellow brasses); and copper-zinc-silicon
alloys (silicon brasses and bronzes). The cast bronze alloys have four main
families:

-copper-tin alloys (tin bronzes)

-copper-tin-lead alloys (leaded and high leaded tin bronzes)



-copper-tin-nickel alloys (nickel-tin bronzes)
-copper-aluminum alloys (aluminum bronzes)

The cast copper-nickel alloys contain nickel as the principal alloying element.
The leaded coppers are cast alloys containing 20 per cent or more lead.

Wrought Copper Alloys.—Wrought copper alloys can be utilized in the
annealed, cold-worked, stress-relieved, or hardened-by-heat-treatment
conditions, depending on composition and end use. The "temper designation”
for copper alloys is defined in ASTM Standard Recommended Practice B601,
which is applicable to all product forms.

Wrought copper and high-copper alloys, like cast alloys, have a desighated
minimum copper content and may include other elements to impart special
properties. Wrought brasses have zinc as the principal alloying element and
may have other designated elements. They comprise the copper-zinc alloys;
copper-zinc-lead alloys (leaded brasses); and copper-zinc-tin alloys (tin
brasses). Wrought

-bronzes comprise four main groups:

-copper-tin-phosphorus alloys (phosphor bronze)
-copper-tin-lead-phosphorus alloys (leaded phosphor bronze)
-copper-aluminum alloys (aluminum bronzes)

-copper-silicon alloys (silicon bronze)

Wrought copper-nickel alloys, like the cast alloys, have nickel as the principal
alloying element. The wrought copper-nickel-zinc alloys are known as "nickel
silvers" because of their color.

Aluminum and Aluminum Alloys

Pure aluminum is a silver-white metal characterized by a slightly bluish cast.
It has a specific gravity of 2.70, resists the corrosive effects of many
chemicals, and has a malleability approaching that of gold. When alloyed
with other metals, numerous properties are obtained that make these alloys
useful over a wide range of applications.

Aluminum alloys are light in weight compared with steel, brass, nickel, or
copper; can be fabricated by all common processes; are available in a wide
range of sizes, shapes, and forms; resist corrosion; readily accept a wide
range of surface finishes; have good electrical and thermal conductivities;
and are highly reflective to both heat and light.

Characteristics of Aluminum and Aluminum Alloys.—Aluminum
and its alloys lose part of their strength at elevated temperatures, although
some alloys retain good strength at temperatures from 400 to 500 degrees F.
At subzero temperatures, however, their strength increases without loss of



ductility so that aluminum is a particularly useful metal for low-temperature
applications.

When aluminum surfaces are exposed to the atmosphere, a thin invisible
oxide skin forms immediately that protects the metal from further oxidation.
This self-protecting characteristic gives aluminum its high resistance to
corrosion. Unless exposed to some substance or condition that destroys this
protective oxide coating, the metal remains protected against corrosion.
Aluminum is highly resistant to weathering, even in industrial atmospheres.
It is also corrosion resistant to many acids. Alkalis are among the few
substances that attack the oxide skin and therefore are corrosive to
aluminum. Although the metal can safely be used in the presence of certain
mild alkalis with the aid of inhibitors, in general, direct contact with alkaline
substances should be avoided. Direct contact with certain other metals
should be avoided in the presence of an electrolyte; otherwise, galvanic
corrosion of the aluminum may take place in the contact area. Where other
metals must be fastened to aluminum, the use of a bituminous paint coating
or insulating tape is recommended.

Aluminum is one of the two common metals having an electrical conductivity
high enough for use as an electric conductor. The conductivity of electric-
conductor (EC) grade is about 62 per cent that of the International Annealed
Copper Standard. Because aluminum has less than one-third the specific
gravity of copper, however, a pound of aluminum will go almost twice as far
as a pound of copper when used as a conductor. Alloying lowers the
conductivity somewhat so that wherever possible the EC grade is used in
electric conductor applications. However, aluminum takes a set, which often
results in loosening of screwed connectors, leading to arcing and fires.
Special clamping designs are therefore required when aluminum is used for
electrical wiring, especially in buildings.

Aluminum has nonsparking and nonmagnetic characteristics that make the
metal useful for electrical shielding purposes such as in bus bar housings or
enclosures for other electrical equipment and for use around inflammable or
explosive substances.

Aluminum can be cast by any method known. It can be rolled to any desired
thickness down to foil thinner than paper and in sheet form can be stamped,
drawn, spun, or roll-formed. The metal also may be hammered or forged.
Aluminum wire, drawn from rolled rod, may be stranded into cable of any
desired size and type. The metal may be extruded into a variety of shapes. It
may be turned, milled, bored, or otherwise machined in equipment often
operating at their maximum speeds. Aluminum rod and bar may readily be
employed in the high-speed manufacture of parts made on automatic screw-
machine.

Almost any method of joining is applicable to aluminum3ariveting, welding, or
brazing. A wide variety of mechanical aluminum fasteners simplifies the



assembly of many products. Resin bonding of aluminum parts has been
successfully employed, particularly in aircraft components.

For the majority of applications, aluminum needs no protective coating.
Mechanical finishes such as polishing, sandblasting, or wire brushing meet
the majority of needs. When additional protection is desired, chemical,
electrochemical, and paint finishes are all used. Vitreous enamels have been
developed for aluminum, and the metal may also be electroplated.

Temper Designations for Aluminum Alloys.—The temper
designation system adopted by the Aluminum Association and used in
industry pertains to all forms of wrought and cast aluminum and aluminum
alloys except ingot. It is based on the sequences of basic treatments used to
produce the various tempers. The temper designation follows the alloy
designation, being separated by a dash.

Basic temper designations consist of letters. Subdivisions of the basic
tempers, where required, are indicated by one or more digits following the
letter. These digits designate specific sequences of basic treatments, but only
operations recognized as significantly influencing the characteristics of the
product are indicated. Should some other variation of the same sequence of
basic operations be applied to the same alloy, resulting in different
characteristics, then additional digits are added.

The basic temper designations and subdivisions are as follows:

-F, as fabricated: Applies to products that acquire some temper from shaping
processes not having special control over the amount of strain-hardening or
thermal treatment. For wrought products, there are no mechanical property
limits.

-0, annealed, recrystallized (wrought products only): Applies to the softest
temper of wrought products.

-H, strain-hardened (wrought products only): Applies to products that have
their strength increased by strain-hardening with or without supplementary
thermal treatments to produce partial softening.

The -H is always followed by two or more digits. The first digit indicates the
specific combination of basic operations, as follows:

-H1, strain-hardened only: Applies to products that are strain-hardened to
obtain the desired mechanical properties without supplementary thermal
treatment. The number following this designation indicates the degree of
strain-hardening.

-H2, strain-hardened and then partially annealed: Applies to products that
are strain-hardened more than the desired final amount and then reduced in



strength to the desired level by partial annealing. For alloys that age-soften
at room temperature, the -H2 tempers have approximately the same
ultimate strength as the corresponding -H3 tempers. For other alloys, the -
H2 tempers have approximately the same ultimate strengths as the
corresponding -H1 tempers and slightly higher elongations.The number
following this designation indicates the degree of strain-hardening remaining
after the product has been partially annealed.

-H3, strain-hardened and then stabililized: Applies to products which are
strain-hardened and then stabilized by a low-temperature heating to slightly
lower their strength and increase ductility. This designation applies only to
the magnesium-containing alloys that, unless stabilized, gradually age-soften
at room temperature.The number following this designation indicates the
degree of strain-hardening remaining after the product has been strain-
hardened a specific amount and then stabilized.

The second digit following the designations -H1, -H2, and -H3 indicates the
final degree of strain-hardening. Numeral 8 has been assigned to indicate
tempers having a final degree of strain-hardening equivalent to that resulting
from approximately 75 per cent reduction of area. Tempers between -O
(annealed) and 8 (full hard) are desighated by numerals 1 through 7.
Material having an ultimate strength about midway between that of the -O
temper and that of the 8 temper is designated by the numeral 4 (half hard);
between -O and 4 by the numeral 2 (quarter hard); and between 4 and 8 by
the numeral 6 (three-quarter hard). (Note: For two-digit -H tempers whose
second figure is odd, the standard limits for ultimate strength are exactly
midway between those for the adjacent two-digit -H tempers whose second
figures are even.) Numeral 9 designhates extra-hard tempers.

The third digit, when used, indicates a variation of a two-digit -H temper, and
is used when the degree of control of temper or the mechanical properties
are different from but close to those for the two-digit -H temper designation
to which it is added. (Note: The minimum ultimate strength of a three-digit -
H temper is at least as close to that of the corresponding two-digit -H temper
as it is to the adjacent two-digit -H tempers.) Numerals 1 through 9 may be
arbitrarily assigned and registered with the Aluminum Association for an alloy
and product to indicate a specific degree of control of temper or specific
mechanical property limits. Zero has been assigned to indicate degrees of
control of temper or mechanical property limits negotiated between the
manufacturer and purchaser that are not used widely enough to justify
registration with the Aluminum Association.

The following three-digit -H temper designations have been assigned for
wrought products in all alloys:

-H111: Applies to products that are strain-hardened less than the amount
required for a controlled H11 temper.



-H112: Applies to products that acquire some temper from shaping processes
not having special control over the amount of strain-hardening or thermal
treatment, but for which there are mechanical property limits, or mechanical
property testing is required.

The following three-digit H temper designations have been assigned for
wrought products in alloys containing more than a normal 4 per cent
magnesium.

-H311: Applies to products that are strain-hardened less than the amount
required for a controlled H31 temper.

-H321: Applies to products that are strain-hardened less than the amount
required for a controlled H32 temper.

-H323: Applies to products that are specially fabricated to have acceptable
resistance to stress-corrosion cracking.

-H343: Applies to products that are specially fabricated to have acceptable
resistance to stress-corrosion cracking.

The following three-digit -H temper designations have been assigned for

Patterned or Embossed Sheet Fabricated Form

-H114 -O temper

-H124, -H224, -H324 -H11, -H21, -H31 temper, respectively
-H134, -H234, -H334 -H12, -H22, -H32 temper, respectively
-H144, -H244, -H344 -H13, -H23, -H33 temper, respectively
-H154, -H254, -H354 -H14, -H24, -H34 temper, respectively
-H164, -H264, -H364 -H15, -H25, -H35 temper, respectively
-H174, -H274, -H374 -H16, -H26, -H36 temper, respectively
-H184, -H284, -H384 -H17, -H27, -H37 temper, respectively
-H194, -H294, -H394 -H18, -H28, -H38 temper, respectively
-H195, -H395 -H19, -H39 temper, respectively

-W, solution heat-treated: An unstable temper applicable only to alloys that
spontaneously age at room temperature after solution heat treatment. This
designation is specific only when the period of natural aging is indicated.

-T, thermally treated to produce stable tempers other than -F, -O, or -H:
Applies to products that are thermally treated, with or without supplementary
strain-hardening, to produce stable tempers.The -T is always followed by one
or more digits. Numerals 2 through 10 have been assigned to indicate
specific sequences of basic treatments, as follows:

-T1, naturally aged to a substantially stable condition: Applies to products for
which the rate of cooling from an elevated temperature-shaping process,
such as casting or extrusion, is such that their strength is increased by room-
temperature aging.



-T2, annealed (cast products only): Designates a type of annealing treatment
used to improve ductility and increase dimensional stability of castings.

-T3, solution heat-treated and then cold-worked: Applies to products that are
cold-worked to improve strength, or in which the effect of cold work in
flattening or straightening is recognized in applicable specifications.

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

-T5, artificially aged only: Applies to products that are artificially aged after
an elevated-temperature rapid-cool fabrication process, such as casting or
extrusion, to improve mechanical properties or dimensional stability, or both.

-T6, solution heat-treated and then artificially aged: Applies to products that
are not cold-worked after solution heat-treatment, or in which the effect of
cold work in flattening or straightening may not be recognized in applicable
specifications.

-T7, solution heat-treated and then stabilized: Applies to products that are
stabilized to carry them beyond the point of maximum hardness, providing
control of growth or residual stress or both.

-T8, solution heat-treated, cold-worked, and then artificially aged: Applies to
products that are cold-worked to improve strength, or in which the effect of
cold work in flattening or straightening is recognized in applicable
specifications.

-T9, solution heat-treated, artificially aged, and then cold-worked: Applies to
products that are cold-worked to improve strength.

-T10, artificially aged and then cold-worked: Applies to products that are
artificially aged after an elevated-temperature rapid-cool fabrication process,
such as casting or extrusion, and then cold-worked to improve strength.

Additional digits may be added to designations -T1 through -T10 to indicate a
variation in treatment that significantly alters the characteristics of the
product. These may be arbitrarily assigned and registered with The
Aluminum Association for an alloy and product to indicate a specific
treatment or specific mechanical property limits.

These additional digits have been assigned for wrought products in all alloys:
-T__ 51, stress-relieved by stretching: Applies to products that are stress-

relieved by stretching the following amounts after solution heat-treatment:
Plate 11/2 to 3 per cent permanent set



Rod, Bar and Shapes 1 to 3 per cent permanent set
Drawn tube 0.5 to 3 per cent permanent set

Applies directly to plate and rolled or cold-finished rod and bar.

These products receive no further straightening after stretching.
Applies to extruded rod and bar shapes and tube when designated as follows:

-T__ 510 : Products that receive no further straightening after stretching.

-T__511: Products that receive minor straightening after stretching to
comply with standard tolerances.

-T__ 52, stress-relieved by compressing: Applies to products that are stress-
relieved by compressing after solution heat-treatment, to produce a nominal
permanent set of 2% per cent.

-T__ 54, stress-relieved by combined stretching and compressing: applies to
die forgings that are stress relieved by restriking cold in the finish die.

The following two-digit -T temper designations have been assigned for
wrought products in all alloys:

-T42: Applies to products solution heat-treated and naturally aged that attain
mechanical properties different from those of the -T4 temper.

-T62: Applies to products solution heat-treated and artificially aged that
attain mechanical properties different from those of the -T6 temper.

Aluminum Alloy Designation Systems.—Aluminum casting alloys are
listed in many specifications of various standardizing agencies. The
numbering systems used by each differ and are not always correlatable.
Casting alloys are available from producers who use a commercial numbering
system and this numbering system is the one used in the tables of aluminum
casting alloys given further along in this section.

A system of four-digit numerical designations for wrought aluminum and
wrought aluminum alloys was adopted by the Aluminum Association in 1954.
This system is used by the commercial producers and is similar to the one
used by the SAE; the difference being the addition of two prefix letters.

The first digit of the designation identifies the alloy type:

1) indicating an aluminum of 99.00 per cent or greater purity
2) copper

3) manganese

4) silicon

5) magnesium

6) magnesium and silicon

7) zinc



8) some element other than those aforementioned
9) unused (not assigned at present)

If the second digit in the designation is zero, it indicates that there is no
special control on individual impurities; integers 1 through 9 indicate special
control on one or more individual impurities.

In the 1000 series group for aluminum of 99.00 per cent or greater purity,
the last two of the four digits indicate to the nearest hundredth the amount
of aluminum above 99.00 per cent. Thus designation 1030 indicates 99.30
per cent minimum aluminum. In the 2000 to 8000 series groups the last two
of the four digits have no significance but are used to identify different alloys
in the group. At the time of adoption of this designation system most of the
existing commercial designation numbers were used for these last two digits,
as for example, 14S became 2014, 3S became 3003, and 75S became 7075.
When new alloys are developed and are commercially used these last two
digits are assigned consecutively beginning with -01, skipping any numbers
previously assigned at the time of initial adoption.

Experimental alloys are also designated in accordance with this system but
they are indicated by the prefix X. The prefix is dropped upon
standardization.

Heat-treatability of Wrought Aluminum Alloys.—In high-purity form,
aluminum is soft and ductile. Most commercial uses, however, require
greater strength than pure aluminum affords. This extra strength is achieved
in aluminum first by the addition of other elements to produce various alloys,
which singly or in combination impart strength to the metal. Further
strengthening is possible by means that classify the alloys roughly into two
categories, non-heat-treatable and heat-treatable.

Non-heat-treatable alloys: The initial strength of alloys in this group
depends upon the hardening effect of elements such as manganese, silicon,
iron and magnesium, singly or in various combinations. The non-heat-
treatable alloys are usually designated, therefore, in the 1000, 3000, 4000,
or 5000 series. These alloys are work-hardenable, so further strengthening is
made possible by various degrees of cold working, denoted by the "H" series
of tempers. Alloys containing appreciable amounts of magnesium when
supplied in strain-hardened tempers are usually given a final elevated-
temperature treatment called stabilizing for property stability.

Heat-treatable alloys: The initial strength of alloys in this group is
enhanced by the addition of alloying elements such as copper, magnesium,
zinc, and silicon. These elements singly or in various combinations show
increasing solid solubility in aluminum with increasing temperature, so it is
possible to subject them to thermal treatments that will impart pronounced
strengthening.



The first step, called heat-treatment or solution heat-treatment, is an
elevated-temperature process designed to put the soluble element in solid
solution. This step is followed by rapid quenching, usually in water, which
momentarily "freezes" the structure and for a short time renders the alloy
very workable. Some fabricators retain this more workable structure by
storing the alloys at below freezing temperatures until they can be formed.
At room or elevated temperatures the alloys are not stable after quenching,
however, and precipitation of the constituents from the supersaturated
solution begins. After a period of several days at room temperature, termed
aging or room-temperature precipitation, the alloy is considerably stronger.
Many alloys approach a stable condition at room temperature, but some
alloys, particularly those containing magnesium and silicon or magnesium
and zinc, continue to age-harden for long periods of time at room
temperature.

Heating for a controlled time at slightly elevated temperatures provides even
further strengthening and properties are stabilized. This process is called
artificial aging or precipitation hardening. By application of the proper
combination of solution heat-treatment, quenching, cold working and
artificial aging, the highest strengths are obtained.

Clad Aluminum Alloys.—The heat-treatable alloys in which copper or zinc
are major alloying constituents are less resistant to corrosive attack than the
majority of non-heat-treatable alloys. To increase the corrosion resistance of
these alloys in sheet and plate form they are often clad with high-purity
aluminum, a low magnesium-silicon alloy, or an alloy containing 1 per cent
zinc. The cladding, usually from 21/2 to 5 per cent of the total thickness on
each side, not only protects the composite due to its own inherently excellent
corrosion resistance but also exerts a galvanic effect that further protects the
core material.

Special composites may be obtained such as clad non-heat-treatable alloys
for extra corrosion protection, for brazing purposes, or for special surface
finishes. Some alloys in wire and tubular form are clad for similar reasons
and on an experimental basis extrusions also have been clad.

Characteristics of Principal Aluminum Alloy Series Groups.—

1000 series: These alloys are characterized by high corrosion resistance,
high thermal and electrical conductivity, low mechanical properties and good
workability. Moderate increases in strength may be obtained by strain-
hardening. Iron and silicon are the major impurities.

2000 series: Copper is the principal alloying element in this group. These
alloys require solution heat-treatment to obtain optimum properties; in the
heat-treated condition mechanical properties are similar to, and sometimes



exceed, those of mild steel. In some instances artificial aging is employed to
further increase the mechanical properties. This treatment materially
increases yield strength, with attendant loss in elongation; its effect on
tensile (ultimate) strength is not as great. The alloys in the 2000 series do
not have as good corrosion resistance as most other aluminum alloys and
under certain conditions they may be subject to intergranular corrosion.
Therefore, these alloys in the form of sheet are usually clad with a high-
purity alloy or a magnesium-silicon alloy of the 6000 series which provides
galvanic protection to the core material and thus greatly increases resistance
to corrosion. Alloy 2024 is perhaps the best known and most widely used
aircraft alloy.

3000 series: Manganese is the major alloying element of alloys in this
group, which are generally non-heat-treatable. Because only a limited
percentage of manganese, up to about 1.5 per cent, can be effectively added
to aluminum, it is used as a major element in only a few instances. One of
these, however, is the popular 3003, used for moderate-strength applications
requiring good workability.

4000 series: The major alloying element of this group is silicon, which can
be added in sufficient quantities to cause substantial lowering of the melting
point without producing brittleness in the resulting alloys. For these reasons
aluminum-silicon alloys are used in welding wire and as brazing alloys where
a lower melting point than that of the parent metal is required. 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 when anodic oxide finishes
are applied, and hence are in demand for architectural applications.

5000 series: Magnesium is one of the most effective and widely used
alloying elements for aluminum. When it is used as the major alloying
element or with manganese, the result is a moderate to high strength non-
heat-treatable alloy. Magnesium is considerably more effective than
manganese as a hardener, about 0.8 per cent magnesium being equal to
1.25 per cent manganese, and it can be added in considerably higher
quantities. Alloys in this series possess good welding characteristics and good
resistance to corrosion 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 content alloys (over
about 31/2 per cent for operating temperatures over about 150 deg. F) to
avoid susceptibility to stress corrosion.

6000 series: Alloys in this group contain silicon and magnesium in
approximate proportions to form magnesium silicide, thus making them
capable of being heat-treated. The major alloy in this series is 6061, one of
the most versatile of the heat-treatable alloys. Though less strong than most



of the 2000 or 7000 alloys, the magnesium-silicon (or magnesium-silicide)
alloys possess good formability and corrosion resistance, with medium
strength. Alloys in this heat-treatable group may be formed in the -T4
temper (solution heat-treated but not artificially aged) and then reach full -
T6 properties by artificial aging.

7000 series: Zzinc is the major alloying element in this group, and when
coupled with a smaller percentage of magnesium, results in heat-treatable
alloys of very high strength. Other elements such as copper and chromium
are ussually added in small quantities. A notable member of this group is
7075, which is among the highest strength aluminum alloys available and is
used in air-frame structures and for highly stressed parts.

Properties of Alumuinum Alloys.—

Tables for Mechanical Property Limits for Commonly Used Aluminum Sand
Casting Alloys, Mechanical Property Limits for Commonly Used Aluminum
Permanent Mold Casting Alloys

for separately cast test bars, Typical Mechanical Properties of Wrought
Aluminum Alloys, indicate typical mechanical properties are available from
the Aluminum Association.

Magnesium Alloys

Magnesium Alloys.—Magnesium is the lightest of all structural metals. Silver-
white in color, pure magnesium is relatively soft, so is rarely used for
structural purposes in the pure state. Principal metallurgical uses for pure
magnesium are as an alloying element for aluminum and other metals; as a
reducing agent in the extraction of such metals as titanium, zirconium,
hafnium, and uranium; as a nodularizing agent in the manufacture of ductile
iron; and as a sulfur removal agent in steel manufacture. Magnesium alloys
are made by alloying up to about 10 per cent of other metals and have low
density and an excellent combination of mechanical properties, resulting in
high strength-to-weight ratios.

Magnesium alloys are the easiest of all the structural metals to machine, and
these alloys have very high weld efficiencies. Magnesium is readily processed
by all the standard casting and fabrication techniques used in metalworking,
especially by pressure die casting. Because the metal work hardens rapidly,
cold forming is limited to mild deformation, but magnesium alloys have
excellent working characteristics at temperatures between 300 and 500
degrees F.

These alloys have relatively low elastic moduli, so they will absorb energy
with good resistance to dents and high damping capacities. Fatigue strength
also is good, particularly in the low-stress, high-cycle range. The alloys can
be precipitation hardened, so mechanical properties can be improved by
solution heat treatment and aging. Corrosion resistance was greatly



improved recently, when methods were found to limit heavy metal impurities
to "parts per million."

Applications of Magnesium Alloys.—Magnesium alloys are used in a
wide variety of structural applications including industrial, materials handling,
automotive, consumer-durable, and aerospace equipment. In industrial
machinery, the alloys are used for parts that operate at high speeds, which
must have light weight to allow rapid acceleration and minimize inertial
forces. Materials handling equipment applications include hand trucks,
dockboards, grain shovels, and gravity conveyors. Automotive applications
include wheels, gearboxes, clutch housings, valve covers, and brake pedal
and other brackets. Consumer durables include luggage, softball bats, tennis
rackets, and housings for cameras and projectors. Their high strength-to-
weight ratio suits magnesium alloys to use in a variety of aircraft structures,
particularly helicopters. Very intricate shapes that are uneconomical to
produce in other materials are often cast in magnesium, sometimes without
draft. Wrought magnesium alloys are made in the form of bars, forgings,
extrusions, wire, sheet, and plate.

Alloy and Temper Designation.—Magnesium alloys are designated by a
standard four-part system established by the ASTM, and now also used by
the SAE, that indicates both chemical composition and temper. Designations
begin with two letters representing the two alloying elements that are
specified in the greatest amount; these letters are arranged in order of
decreasing percentage of alloying elements or alphabetically if they are
present in equal amounts. The letters are followed by digits representing the
respective composition percentages, rounded off to whole numbers, and then
by a serial letter indicating some variation in composition of minor
constituents. The final part, separated by a hyphen, consists of a letter
followed by a number, indicating the temper condition. The letters that
designate the more common alloying elements are A, aluminum; E, rare
earths; H, thorium; K, zirconium; M, manganese; Q, silver; S, silicon; T, tin;
Z, zinc. The letters and numbers that indicate the temper designation are:
-F, as fabricated

-0, annealed

‘H10, H11, strain hardened

-H23, H24, H26, strain hardened and annealed

-T4, solution heat treated

-T5, artificially aged

-T6, solution heat treated and artificially aged

-T8, solution heat treated, cold-worked, and artificially aged

Nickel and Nickel Alloys

Nickel is a white metal, similar in some respects to iron but with good
oxidation and corrosion resistances. Nickel and its alloys are used in a variety
of applications, usually requiring specific corrosion resistance or high
strength at high temperature. Some nickel alloys exhibit very high
toughness; others have very high strength, high proportional limits, and high



moduli compared with steel. Commercially, pure nickel has good electrical,
magnetic, and magnetostrictive properties. Nickel alloys are strong, tough,
and ductile at cryogenic temperatures, and several of the so-called nickel-
based superalloys have good strength at temperatures up to 2000 degrees F.

Most wrought nickel alloys can be hot and cold-worked, machined, and
welded successfully; an exception is the most highly alloyed nickel
compound¥4forged nickel-based superalloys34in which these operations are
more difficult. The casting alloys can be machined or ground, and many can
be welded and brazed.

There are five categories into which the common nickel-based metals and
alloys can be separated:

-the pure nickel and high nickel (over 94 per cent Ni) alloys

-the nickel-molybdenum and nickel-molybdenum-chromium superalloys,
which are specifically for corrosive or high-temperature, high-strength
service

-the nickel-molybdenum-chromium-copper alloys, which are also specified for
corrosion applications

-the nickel-copper (Monel) alloys, which are used in actively corrosive
environments

-the nickel-chromium and nickel-chromium-iron superalloys, which are noted
for their strength and corrosion resistance at high temperatures

Titanium and Titanium Alloys

Titanium is a gray, light metal with a better strength-to-weight ratio than any
other metal at room temperature, and is used in corrosive environments or in
applications that take advantage of its light weight, good strength, and
nonmagnetic properties. Titanium is available commercially in many alloys,
but multiple requirements can be met by a single grade of the commercially
pure metal. The alloys of titanium are of three metallurgical types: alpha,
alpha-beta, and beta, with these designations referring to the predominant
phases present in the microstructure.

Titanium has a strong affinity for hydrogen, oxygen, and nitrogen gases,
which tend to embrittle the material; carbon is another embrittling agent.
Titanium is outstanding in its resistance to strongly oxidizing acids, aqueous
chloride solutions, moist chlorine gas, sodium hypochlorite, and seawater and
brine solutions. Nearly all nonaircraft applications take advantage of this
corrosion resistance. Its uses in aircraft engine compressors and in airframe
structures are based on both its high corrosion resistance and high strength-
to-weight ratio.

Procedures for forming titanium are similar to those for forming stainless
steel. Titanium and its alloys can be machined and abrasive ground;
however, sharp tools and continuous feed are required to prevent work
hardening. Tapping is difficult because the metal galls.



Titanium castings can be produced by investment or graphite mold methods;
however, because of the highly reactive nature of the metal in the presence
of oxygen, casting must be done in a vacuum.

Generally, titanium is welded by gas-tungsten arc or plasma arc techniques,
and the key to successful welding lies in proper cleaning and shielding. The
alpha-beta titanium alloys can be heat treated for higher strength, but they
are not easily welded. Beta and alpha-beta alloys are designed for
formability; they are formed in the soft state, and then heat treated for high
strength.

Copper-Silicon and Copper-Beryllium Alloys

Everdur.—This copper-silicon alloy is available in five slightly different
nominal compositions for applications that require high strength, good
fabricating and fusing qualities, immunity to rust, free-machining and a
corrosion resistance equivalent to copper.

Copper-Beryllium Alloys.—Alloys of copper and beryllium present health
hazards. Particles produced by machining may be absorbed into the body
through the skin, the mouth, the nose, or an open wound, resulting in a
condition requiring immediate medical attention. Working of these alloys
requires protective clothing or other shielding in a monitored environment.
Copper-beryllium alloys involved in a fire give off profuse toxic fumes that
must not be inhaled.

These alloys contain copper, beryllium, cobalt, and silver, and fall into two
groups. One group whose beryllium content is greater than one per cent is
characterized by its high strength and hardness and the other, whose
beryllium content is less than one per cent, by its high electrical and thermal
conductivity. The alloys have many applications in the electrical and aircraft
industries or wherever strength, corrosion resistance, conductivity, non-
magnetic and nonsparking properties are essential. Beryllium copper is
obtainable in the form of strips, rods and bars, wire, platers, bars, billets,
tubes, and casting ingots.
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