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The reader should understand at the outset that this chapter

is intended to present only an overview of the heat treating

of nonferrous alloys. First, a brief discussion of the effects

of cold work and annealing on nonferrous alloys is pre-

sented. This is followed by discussion of the mechanisms

involved in the more common heat treating procedures

used for hardening or strengthening—solution treating and

aging. No attempt is made in this treatise to cover the more

complex procedures required for duplex structures which

characterize some nonferrous alloys, notably titanium and

copper alloys. For more complete information on the heat

treating of nonferrous alloys and the properties that may be

obtained, see Metals Handbook, Vol 4, 9th edition,

American Society for Metals, 1981, and Heat Treatment,

Structure and Properties of Nonferrous Alloys, by Charlie

R. Brooks, American Society for Metals, 1982.

Work Hardening

Most metals and metal alloys (ferrous and nonferrous)

respond to hardening from cold work. There is, however, a

wide variation among the many metal and metal alloy

combinations in their rate of work hardening by successive

cold working operations.

Basically, work hardening occurs by converting the ori-

ginal grain shape into deformed, elongated grains by rolling

or other cold working procedures. This grain shape change is

illustrated schematically in Fig. 1. In this case, a copper–

zinc alloy is subjected to 60% reduction by cold rolling. The

change in grain shape is evident. In practice, this much

reduction in one pass would be rare, but the end result is

essentially the same regardless of the number of passes.

In this example, hardness of the alloy was originally

78 HRB, but changed to 131 HRB after cold reduction.

This amount of hardness increase is typical of many copper

alloys, most of which are very high in response to work

hardening.

Annealing of Nonferrous Metals and Alloys

Most nonferrous alloys that have become hardened by cold

work can be essentially restored to their original grain

structure by annealing, during which process recrystalli-

zation occurs. This process is closely related to process

annealing of low-carbon steels, which includes a certain

amount of resulting grain growth that can be controlled to a

great extent by annealing time and temperature.

A typical example of the effects of annealing tempera-

ture on hardness (diamond pyramid or Vickers) of pure

copper and a copper–zinc alloy is presented in Fig. 2.

Several facts are evident:

• The copper–zinc alloy work hardens to a higher degree

than pure copper.

• The effects of annealing are evident at a much lower

temperature for pure copper compared to its companion

alloy.

• Time at temperature has far less effect than

temperature.

• Hardness of the pure metal and the alloy are nearly

equal when near full annealing is accomplished at

approximately 1110 �F (600 �C).
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Figure 2 is presented as a simple example of recrystal-

lization annealing. Each of the many nonferrous metals and

metal alloy combinations has unique annealing character-

istics which produce a unique graph of data. In many

instances, adjustment may be required in the annealing

time and/or temperature to attain desired grain size.

Basic Requirements for Hardening by Heat Treatment

As stated above, practically all nonferrous alloys respond

readily to annealing treatments, but only a relatively small

portion of the total number respond significantly to hard-

ening by heat treatment. With the exception of titanium,

common high-use aluminum, copper, and magnesium

alloys, are not allotropic; thus, they do not respond in the

same way as steels when subjected to heating and cooling

treatments.

At one time, technologists thought that ancient civili-

zations had developed a method for hardening copper

alloys that had become a lost art. Copper articles removed

from tombs showed a relatively high degree of hardness.

However, it was proved that the impurities in these copper

articles were responsible for their hardness. This hardness

had evidently developed over a period of centuries by the

precipitation mechanism rather than intentionally induced

by the people who made them.

Solubility and Insolubility

In many instances, two or more metals, alloyed above their

melting temperature, are completely soluble in each other,

which continues through the solid solution range. For

example, copper and tin alloy readily to form an entire

‘‘family’’ of bronzes. For these alloys, the solid solutions

that form at elevated temperature remain completely stable

at room temperature or below. Such an alloy, therefore, can

be hardened only by cold working.

On the other hand, many alloys contain phases or con-

stituents that are readily soluble at elevated temperature, but

are far less soluble or insoluble at room temperature, which

is the basic requirement for hardening by heat treatment.

General Heat Treating Procedures

Alloys with the characteristics described above are harde-

nable at least to some degree. The metallurgical principles

responsible for this phenomenon are the same (or at least

closely related) for all of the nonferrous alloys. Likewise,

methods of processing are basically the same. However,

temperature and time cycles cover a wide range, depending

not only on alloy composition but also on whether the alloy

is in the wrought or cast condition.

As a rule, the highest possible increase in mechanical

properties for a given alloy is accomplished in two distinct

heating operations. First, the alloy is heated to a tempera-

ture just below (say at least 50 �F or 28 �C) its solidus

(beginning of melting) temperature. Holding time at tem-

perature depends on the solubility of the various phases and

whether the alloy is wrought or cast. It must be considered

that the primary purpose of this operation is to affect a solid

homogeneous solution of all phases. Consequently, this

part of the operation is commonly known as solution

treating or homogenizing.

Because the structures of castings are relatively heter-

ogeneous, a much longer time (at least twice as long) is

required at the solution treating temperature compared to a

wrought product of similar composition.

Fig. 2 Hardness as a function of annealing temperature for pure

copper and a Cu–5Zn alloy, using three different annealing times.

Both materials were originally cold rolled at 75 �F (25 �C) to a 60%

reduction in thickness. Source Heat Treatment, Structure and

Properties of Nonferrous Alloys, p 29, 1982

Fig. 1 Schematic presentation of cold rolling a copper–zinc alloy

(60% reduction). Hardness was 78 HRB before reduction, which

increased to 131 HRB after reduction. Source Heat Treatment,

Structure and Properties of Nonferrous Alloys, p 22, 1982
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Cooling From the Solutionizing Temperature

After solid solution has been attained, the alloy is cooled as

quickly as possible to room temperature (most often by

water quenching) to arrest the structure obtained by heat-

ing. The required cooling rate is more critical for some

alloys than for others. In addition, section thickness

markedly affects cooling rate; still air is sometimes

adequate.

At this stage, the alloy is in the solution treated condi-

tion and, in most cases, is fully annealed (usually as soft as

it can be made). However, the alloy is in an unstable

condition because the phase or phases that possess a low

degree of solubility at room temperature are virtually all

dissolved.

Aging (Precipitation Hardening)

As soon as room temperature is reached, these phases start

to precipitate out of solid solution in the form of fine

particles within the crystals and at the grain boundaries. At

one time, these particles were considered as submicro-

scopic, but the use of the electron microscope has changed

this.

In most alloys, precipitation occurs very slowly at room

temperature and is even more sluggish at lower tempera-

tures. In fact, this action in most alloys can be completely

arrested by lowering to subzero temperatures. However, if

the temperature of the solution treated alloy is raised, the

action is greatly increased and can be completed in a rel-

atively short time.

Aging Cycles

The precipitation or dispersion of fine particles tends to key

the crystals together at their slip planes so that they are

more resistant to deformation; thus, the alloy is stronger,

harder, and less ductile. For each alloy, there is an optimum

time and temperature. For the majority of nonferrous

alloys, this is from about 325–650 �F (165–345 �C),

although some alloys require higher aging temperatures.

As is true for most heat treating operations, precipitation

is a function of time and temperature. For example, a

specific alloy might assume its maximum strength by aging

for 5 h at 325 �F (165 �C), Overaging in either time or

temperature is highly detrimental and decreases strength of

the alloy.

Specific Alloy Systems

When precipitation hardening mechanisms are discussed,

one is usually referring to nonferrous metals, although

there are some iron-based alloys that are hardened by the

precipitation mechanisms. Compositions and typical uses

of some well-known alloys of aluminum, copper, magne-

sium, and nickel that respond readily to precipitation

hardening are given in Table 1.

The above discussion has, thus far, been quite general.

We shall now take two commercially important alloys-one

from the aluminum–copper system and one from the cop-

per–beryllium system-and demonstrate more clearly the

mechanism involved in solution treating and aging. As

previously stated, time and temperature cycles vary greatly

for different alloys, but the principles are basically the

same for all precipitation hardening.

To accomplish this, it is necessary to use phase

diagrams.

Aluminum–Copper Alloys

The first example that demonstrates the conditions which

must exist for precipitation hardening is the partial alu-

minum–copper phase diagram presented in Fig. 3.

In this phase diagram, percent copper is plotted on the

horizontal axis, and temperature is plotted on the vertical

axis. The left side of the diagram (up to about 4.5% Cu) is

the significant part of the diagram for showing the mech-

anisms of solution and aging.

First, note that there is terminal solid solution (denoted

as Al) on the left of the diagram (shaded area). The curved

line ABC shows the maximum solid solubility of copper in

aluminum for the temperature range of 0–1200 �F

(32–650 �C). The horizontal line at 1018 �F (550 �C) is the

eutectic temperature. If the copper content is greater than

that shown by line AB, the solid aluminum is saturated

with copper and a new phase, CuAl2, appears.

Therefore, when aluminum containing about 4.5% Cu is

heated to around 1000 �F (540 �C), it becomes a single-

phase stable alloy at that temperature. Because of the

similarity in size of the copper and aluminum atoms, the

alloying is hardening by substitution (trading atoms from

their lattice position) rather than by interstitial alloying.

Thus, at various points in the aluminum lattice, copper

atoms are substituted for aluminum atoms. When the alloy

is quenched in water (or otherwise quickly cooled), there is

insufficient time for the copper to precipitate as CuAl2.

According to Fig. 3, copper at room temperature is nearly

insoluble in aluminum (shown as less than 1.0%). At this

point, the alloy is in an unstable condition.

Aging

Under these very unstable conditions, some precipitation of

CuAl2 occurs at room temperature. This can be checked by
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first measuring the hardness in the as-quenched condition

(essentially as soft as the alloy can be made), then

continuing to take hardness measurements at regular

intervals. In a matter of hours, the alloy will register an

increase in hardness caused by precipitation of CuAl2,

particles. The rate of hardness at room temperature, how-

ever, gradually diminishes, and after a time (say a few

days), action practically ceases. However, if the as-quen-

ched alloy is heated to about 340 �F (1700 �C) for several

hours, the copper atoms regain enough mobility to effect

the optimum amount of precipitation. Therefore, maximum

attainable strength for the specific alloy is developed

quickly by this artificial aging (purposely heating above

room temperature).

Overaging

There is an optimum time and temperature for aging of any

specific alloy. When overaging takes place—in terms of

either time or temperature, or both—there is a rapid drop in

hardness. This is clearly shown in Fig. 4. It is also obvious

from Fig. 4 that a fair-sized area exists that shows ‘‘max-

imum hardness’’ (zone 2), which indicates that there is

some variation in the time–temperature cycles.

Changes in microstructure also are included in Fig. 4.

Fine particles are precipitated in zone 2, whereas coarse

particles (over precipitation) are shown within the grains in

zone 3, where a definite decrease in hardness exists.

Table 1 Precipitation

hardenable alloys

Source Metals Engineering

Institute Course 1, Lesson 12,

American Society for Metals,

p 2, 1977

Alloy type Principal alloying elements (%) Typical uses

Aluminum-based alloys

2014 (formerly 14S) 4.4 Cu, 0.8 Si, 0.8 Mn, 0.4 Mg Forged aircraft fittings,

aluminum structures

2024 (formerly 24S) 4.5 Cu, 1.5 Mg, 0.6 Mn High-strength forgings, rivets,

and structures

6061 (formerly 61S) 1 Mg, 0.6 Si, 0.25 Cu, 0.25 Cr Furniture, vacuum cleaners, canoes,

and corrosion-resistant applications

(used in ASM’s geodesic dome)

7075 (formerly 75S) 5.5 Zn, 2.5 Mg, 1.5 Cu, 0.3 Cr Strong aluminum alloy; used in

aircraft structures

Copper-based alloys

Beryllium bronze

(beryllium copper)

1.9 Be, 0.2 Co or Ni Surgical instruments, electrical contacts,

non-sparking tools, springs, nuts, gears,

and other heavy duty applications

Aluminum bronze 10 Al, 1 Fe

Magnesium-based alloys

AM100A 10 Al, 0.1 Mn Tough, leakproof sand castings

AZ80A 8.5 Al, 0.5 Zn, 0.15 Mn min Extruded products and press forgings

Nickel-based alloys

Rene 41 0.1 C, 19 Cr, 10 Co, 10 Mo,

3 Ti, 1.5 Al, 1.5 Fe, 0.005 B

High temperature applications where

strength is very important

(up to about 1800 �F)

Inconel 700 0.13 C, 15 Cr, 30 Co, 3 Mo,

2.2 Ti, 3.2 Al, 1 Fe

Udimet 500 0.1 C, 19 Cr, 19 Co, 4 Mo,

3 Ti, 2.9 Al, 4 Fe (max.), B trace

Fig. 3 Part of the aluminum–copper phase diagram. The kappa

phase, bounded by ABC, is a solid solution of copper in aluminum;

CuAl2 precipitates from this phase on slow cooling or on aging after

solution treatment. Source Metals Engineering Institute Course 1,

Lesson 12, American Society for Metals, p 3, 1977
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Copper–Beryllium Alloys

Copper–beryllium alloys hold a unique position among all

other engineering alloys that are in use today. Copper by

itself is used extensively throughout the electrical industry

because it conducts electric current better than any other

metal (excluding silver). Its resistance to the flow of current

is low. By itself, however, copper does not have a great deal

of strength. It is too soft to use in most structural applica-

tions. To impart some strength to copper, other elements are

alloyed with it. One of the more potent of these is beryllium.

The alloys of copper containing beryllium are among the

strongest known of the copper alloy family. This high

strength combined with good electrical conductivity makes

copper–beryllium alloys (also known as beryllium bronze

or beryllium copper) particularly suited for electrical

applications, as in contacts and relays which must open and

shut a great number of times. Often these switches must

open and close many times each minute, and during years of

continuous service, they may be stressed a billion times or

more. Beryllium bronze is highly suited for applications of

this type. The same part may also serve as a structural

member in the actual relay to hold it together and to support

other parts. Heat treated copper–beryllium alloys also have

been used extensively in aircraft and aerospace

applications.

Phase Diagrams

A partial copper–beryllium phase diagram is presented in

Fig. 5. This diagram can be interpreted in much the same

manner as the aluminum–copper system in Fig. 3. Figure 5

only shows beryllium contents up to 10%. The remainder

of the phase diagram is not included because there are no

commercial copper-based alloys in use with beryllium

content above 2�%. Alloys with about 2% Be are used

where high strength is required. A �% Be alloy is used

where high electrical conductivity is the main objective.

However, to get good aging response, about 2% Ni or Co

must be added to such an alloy.

This phase diagram for the copper–beryllium system is

slightly more complex than those presented previously, and

for that reason we will not discuss it here in any detail. The

important feature to note is the all-important decreasing

solubility of beryllium in the alpha (a) phase with

decreasing temperature (large shaded area on the left of

Fig. 5).

The precipitation process in the copper–beryllium alloy

system is complicated by the beta phase changing into

gamma. However, for the alloy under discussion the reader

is interested only in the left portion of the phase diagram.

Note that the primary requirement for precipitation hard-

ening has been met; that is, beryllium has a very low sol-

ubility in copper at low temperatures and a relatively high

solubility at elevated temperatures.

Solution Treating and Aging

In considering heat treatment, the shape of the hardness

versus aging time curves for alloys with varying amounts

Fig. 4 Schematic aging curve and microstructure. At a given aging

temperature, the hardness of aluminum–copper alloys increases to a

maximum, then drops off. Source Metals Engineering Institute Course

1, Lesson 12, American Society for Metals, p 4, 1977

Fig. 5 Beryllium–copper phase diagram. The alpha phase holds

about 1.55% Be at 1121 �F (605 �C) and about 2.7% at 1590 �F

(865 �C). Decreasing solubility of the beryllium causes precipitation

of a hard beryllium–copper phase on slow cooling or on aging after

solution treatment. Source Metals Engineering Institute Course 1,

Lesson 12, American Society for Metals, p 10, 1977
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of beryllium should be considered. Figure 6 shows the

aging curves for several copper–beryllium alloys contain-

ing from 0.77 to 4.0% Be. These alloys were all solution

treated at 1470 �F (800 �C) and aged at 660 �F (350 �C)

for various lengths of time, as shown in Fig. 6.

Note that an alloy containing as little as 0.77% Be does

not harden as a result of aging. However, when the

beryllium content is raised to 1.32%, a significant hardness

increase takes place after 16 h. By increasing the beryllium

content to 1.82%, a great deal of hardening takes place

after 4 h, and the hardness stays at essentially the same

level for the duration of the aging period. A beryllium

content of 2.39% raises the peak hardness attained for this

alloy. By increasing the beryllium content to 4%, still

higher maximum hardnesses can be attained (Fig. 6).

Several interesting observations can be made from

examining Fig. 6. First, note that at zero aging time (the

solution treated condition), alloys with higher beryllium

content are harder. This is known as solid solution

hardening. The atoms of the parent lattice are displaced in

making an adjustment. As a result of the shifting of posi-

tion, the hardness of the alloy increases. A similar but less

intensely stressed condition results in solid solution hard-

ening. When beryllium atoms are present in the copper

lattice, the copper atoms are forced to move slightly out of

their normal position to accommodate the somewhat dif-

ferent size of the beryllium atom. This accommodation or

slight shifting in position gives rise to a moderate increase

in hardness. When more beryllium atoms are present, then

more copper atoms have to shift. The result is a higher

hardness as the number of beryllium atoms increases.

Attaining Maximum Hardness

As the beryllium content is increased up to 2.39%, the time

required to reach the maximum hardness decreases. Thus,

aging for 36 h does not allow time enough to produce

maximum hardness in a 1.32% Be alloy. With 1.82% Be,

however, the maximum hardness occurs after approxi-

mately 5 h. With 2.39% Be or more, the maximum hard-

ness occurs after only 1 h. It can also be seen from this

diagram that by increasing the beryllium content above

2.39%, the rate of aging is not significantly increased. The

3.31 and 4% Be alloys reach a maximum hardness at about

the same time as the 2.39% alloy. By looking at the phase

diagram of the beryllium–copper alloy system, the reason

for this can be seen. The maximum solid solubility of

beryllium in copper is just about 2.7% (at a temperature of

1590 �F, or 865 �C). Thus, the 3.31% alloy contains more

than the maximum amount of beryllium that can be dis-

solved in copper. This means that the increased hardness of

the 3.31 and 4% alloys is not due to any additional aging

effects but is simply caused by the presence of undissolved

beta phase, as may be predicted from the phase diagram.

This increase in hardness on account of undissolved pre-

cipitate is known as dispersion hardening. The undissolved

precipitate is harder than the matrix surrounding it, and the

final hardness of the mixture depends on how much

undissolved precipitate is present, as well as its manner of

distribution.

Fig. 6 Precipitation-hardening curves of beryllium–copper binary

alloys. As the percentage of beryllium increases, the aging time

required to reach maximum hardness is shortened, and the maximum

hardness is increased. These alloys were quenched from 1470 �F

(800 �C) and aged at 660 �F (350 �C) for the times shown. Source

Metals Engineering Institute Course 1, Lesson 12, American Society

for Metals, p 11, 1977
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