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Precipitation hardening of Cu-Fe-Cr alloys

Part I Mechanical and electrical properties
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This research is part of a project whose scope was to investigate the engineering properties
of new non-commercial alloy formulations based on the Cu rich corner of the Cu-Fe-Cr
ternary system with the primary aim of exploring the development of a new cost-effective
high-strength, high-conductivity copper alloy. The literature indicated that Cu rich Cu-Cr
and Cu-Fe alloys have been thoroughly investigated. A number of commercial alloys have
been developed and these are used for a variety of applications requiring combinations of
high-strength, high-conductivity and resistance to softening. Little evidence was found in
the literature that the Cu rich corner of the Cu-Fe-Cr system had previously been
investigated for the purpose of developing high-strength, high-conductivity copper alloys
resistant to softening. The aim of these present investigations was to explore the possibility
that new alloys could be developed that combined the properties of both sets of alloys, ie
large precipitation hardening response combined with the ability to stabilise cold worked
microstructures to high temperatures while at the same maintain high electrical
conductivity. To assess the feasibility of this goal the following alloys were chosen for
investigation: Cu-0.7wt%Cr-0.3wt%Fe, Cu-0.7wt%Cr-0.8wt%Fe, Cu-0.7wt%Cr-2.0wt%Fe.
This paper reports on the mechanical property investigation which indicated that the
Cu-0.7wt%Cr-0.3wt%Fe, and Cu-0.7wt%Cr-2.0wt%Fe alloys were worthy of further
investigation. C© 2001 Kluwer Academic Publishers

1. Introduction
Copper and copper-based alloys are among the most
commercially important metals because of their excel-
lent properties, ease of manufacture and numerous ap-
plications. They are normally used because of their ex-
cellent electrical and thermal conductivity, outstanding
resistance to corrosion and ease of fabrication. Copper
alloys are generally non-ferromagnetic with medium
values of strength and fatigue resistance. Copper alloys
can range in colour from white through gold to pur-
ple. They can be polished, textured, plated or coated to
provide a wide variety of functional or decorative sur-
faces. Pure copper and low-alloyed copper are used ex-
tensively for cables and wires, electrical contacts and a
wide variety of other parts that are required to pass elec-
trical current. Applications for copper and copper alloys
which take advantage of their high thermal conductiv-
ity include heat exchangers, radiators, home heating
systems, solar panels and any other application requir-
ing rapid conduction of heat. Bronzes (Cu-Sn), Brasses
(Cu-Zn) and Cupronickels (Cu-Ni) all have an outstand-
ing ability to resist corrosion. These alloys along with
copper are commonly used for pipes, valves and fit-
tings in water based carrying systems. The ease with
which copper and copper alloys can be shaped to the
required form means that any of the common fabri-
cating processes such as machining, forging, rolling,

drawing and stamping can be used. Copper and copper
alloy are readily joined and assembled by mechani-
cal means, and are easily welded, soldered and brazed.
Typical applications for cold worked materials include
springs, fasteners, plates, small gears and cams. The
development of the electronics industry has led to a
number of new applications for copper alloys includ-
ing lead frames, connectors and other electronic com-
ponents. These applications require alloys with unique
combinations of strength and conductivity coupled with
temperature stability.

The largest quantity of copper is consumed by the
electrical industry. This has grown from 45% to 47% of
total copper consumption [1]. More recent data from the
United States has shown that 58% of copper consumed
is selected for its electrical conductivity [2].

This research is part of a project whose scope was
to investigate the engineering properties of new non-
commercial alloy formulations based on the Cu rich
corner of the Cu-Fe-Cr ternary system with the pri-
mary aim of exploring the development of a new cost-
effective high-strength, high-conductivity copper alloy.

The literature [3] indicated that Cu rich Cu-Cr and
Cu-Fe alloys have been thoroughly investigated. A
number of commercial alloys have been developed and
these are used for a variety of applications requiring
combinations of high-strength, high-conductivity and
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resistance to softening. In most instances trace element
additions are required to achieve optimum properties in
these binary alloys.

Commercial Cu-Cr alloys couple high strength with
very high electrical conductivity in the optimally
aged condition. These family of alloys (Cu-(0-1%)
Cr + minor additions) have a large precipitation hard-
ening response. This is because in the solution treated
condition the super saturation of Cr in the Cu matrix
creates a high degree of thermodynamic meta-stability,
thus providing a high chemical potential for the pre-
cipitation reaction of Cr. The high strength is derived
from the distribution of nano-sized Cr rich precipitates
in the Cu – matrix, due to the fine precipitate size in the
peak-aged condition. Conductivity is close to that of
pure Cu due to the low concentration of Cr in Cu solid
solution after aging.

For commercial Cu-Fe alloys, relatively little
strengthening is achieved due to precipitation harden-
ing. It is conventional to rely on CW for improving
the strength of these alloys. Fe rich precipitates serve
to stabilise the cold worked microstructure. Properties
comparable to Cu-Cr alloys can be achieved in the cold
worked condition. Cu-Fe alloys also have the advantage
of being easier to process than Cu-Cr alloys. Conduc-
tivity is lowered by the high equilibrium solid solubility
of Fe in Cu at the ageing temperatures.

Little evidence was found in the literature that the
Cu rich corner of the Cu-Fe-Cr system had previously
been investigated for the purpose of developing high-
strength, high-conductivity copper alloys resistant to
softening. The combined effect of Fe and Cr in a ternary
Cu rich Cu-Fe-Cr alloy was not known, but appeared
to be worth investigating.

The effect of Fe and Cr upon each other’s solid sol-
ubility in the Cu matrix was not known. In principle,
increased solid solubility that may be provided by the
addition of Fe to Cu-Cr would lead to an increased
volume fraction of precipitate and ordinarily should in-
crease strength. The effect of Fe additions to Cu-Cr on
the precipitation potential is not known. Any net de-
crease in precipitation potential (of Cu-Cr) would lead
to a dramatic drop in conductivity. On the other hand,
the high chemical affinity of Cr for Fe may encour-
age co-precipitation of Fe-Cr, either as separate phases,
solid solutions in one another or as a Fe/Cr intermetal-
lic. In which case, the net precipitation potential would
be much larger than that of the binary Cu-Fe and higher
conductivity would be anticipated. The effect of Fe and
Cr upon the size and morphology of the precipitates
formed in the copper matrix was similarly not known.
The Fe-Cr equilibrium phase diagram [4] shows that
Fe and Cr have complete solid solubility in one another
at elevated temperatures. Would this be the case in the
copper matrix or would two populations of precipitates
exist? How would this effect the mechanical proper-
ties? Would the CrFe intermetallic (σ ) form in the Cu
matrix and how would this affect the properties?

Another factor that encouraged further investigation
into this system was that commercially available ferro-
chrome could be used as the source of Cr for these
alloys as opposed to the traditional practise of using

more expensive electrolytic Cr or copper chrome master
alloys for commercial Cu-Cr alloys. Ferro-chrome is a
comparatively cheap (compared to chromium) alloying
addition widely used in the steel industry. It consists of
a ∼70 : 30 mixture of Cr and Fe.

The aim of these present investigations was to ex-
plore the possibility that new alloys could be developed
that combined the properties of both sets of alloys, ie
large precipitation hardening response combined with
the ability to stabilise cold worked microstructures to
high temperatures while at the same maintain high elec-
trical conductivity. To assess the feasibility of this goal
the following alloys were chosen for investigation:

• Cu-0.7wt%Cr-0.3wt%Fe
• Cu-0.7wt%Cr-0.8wt%Fe
• Cu-0.7wt%Cr-2.0wt%Fe

The Cu-0.7wt%Cr-0.3wt%Fe composition was se-
lected to determine if an alloy could be developed from
this system with properties comparable to existing Cu-
Cr alloys. The ratio of Fe to Cr was the same as that
of the ferro-chrome alloying addition. This alloy would
be simple to produce as ferro-chrome would be added
directly to the copper melt. The maximum equilibrium
solubility of Cr in Cu is 0.73 wt% at 1076.2 ◦C. From
the Cu-Cr phase diagram [4] it is apparent that it is im-
practical to solution treat at a temperature to achieve
this due to the risk of formation of some liquid phase.
At a safe solution treatment temperature no more than
0.7 wt% Cr could be expected to go into solid solution.
The addition of more Cr than 0.7 wt% Cr would serve
no purpose in the precipitation hardening of the alloy.
This same Cr content was maintained for each of the al-
loys investigated as it was necessary to maximise the Cr
content in solid solution in order to maximise the pre-
cipitation hardening response in each alloy.

The Cu-0.7wt%Cr-2.0wt%Fe alloy was selected in
order to try and develop an alloy with properties com-
parable to existing Cu-Fe alloys, ie the ability to retain
cold work strengthening to high operating temperatures
and at the same time maximising electrical conductiv-
ity. As a result a high Fe content was selected. The max-
imum solubility of Fe in Cu is 4.1 wt% [4], however in
literature it is reported that the maximum practical limit
is ∼2.5 wt% [5] due to the formation of non-uniform
distributions of precipitates. An Fe content of 2 wt%
was selected based upon this and because of the un-
known effect of 0.7 wt% Cr upon the solid solubility of
Fe in Cu.

The Cu-0.7wt%Cr-0.8wt%Fe was chosen in order to
be able to fully investigate the properties of this sys-
tem. The ratio of Fe to Cr in this alloy is approximately
mid way between that of the other two compositions
selected. This composition was selected to explore the
possibility that the properties of this alloy would com-
bine both a large precipitation hardening response and
resistance to recrystallisation at elevated temperatures
while at the same time maintaining high electrical con-
ductivity. In addition, this ratio of Fe to Cr coincides
with the stoichiometric concentrations for the forma-
tion of the Fe-Cr intermetallic σ phase as predicted
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in the Fe-Cr equilibrium phase diagram. It is thought
that this composition would have the highest thermody-
namic driving force for the precipitation reaction into
the FeCr σ phase. The effect this phase would have
upon the engineering properties was unknown.

The scope of this research program is too large to
report in one paper. This first paper explores the pre-
cipitation response. As there was a significant response,
the microstructure was investigated and is reported as
part II of this paper [6]. It was also worthwhile contin-
uing the program with a thorough investigation of the
effect of cold work upon the properties of the alloys, and
that study is reported in a second paper [7]. The effect
of trace quaternary additions was also investigated in
order to further improve the mechanical and electrical
properties [8].

2. Experimental
Three alloys were studied: Alloys A, B and C with
nominal compositions Cu-0.7wt%Cr-0.3wt%Fe; Cu-
0.7wt%Cr-0.8wt%Fe and Cu-0.7wt%Cr-2.0wt%Fe.
For each alloy, the following were studied: the pre-
cipitation hardening behaviour, and the electrical and
mechanical properties. The effect of cold working upon
the precipitation hardening reaction and the resultant
properties were also examined and are reported in a
later paper in this series [7]. Two binary alloys were
included in the study as reference alloys: Cu-1wt%Fe
(Alloy Y) and Cu-1wt%Cr (Alloy Z). Both these com-
mercial alloys have been widely studied and the results
of the present measurements were used to validate the
testing methods.

The alloys were melted and cast in a vacuum induc-
tion furnace. The copper base was electrolytic sheet
copper that was 99.999% pure. All alloys were made
with additions of low carbon ferro-chrome (70wt%Cr-
30wt%Fe), with the supplied composition as shown

T ABL E I Composition of raw material used to make alloys

Alloy Composition (wt%)

Alloy Cu Cr Fe C Si P Pb Y

Low C ferro-chrome 70.31 29.64 0.043 0.063 0.18
High C ferro-chrome 66.06 24.81 7.90 1.17 0.2
Cu-15wt%P <0.01 <0.035 14.84 <0.01
Cu-10wt%Cr 9.492 0.075 0.018 0.003 0.018
Cu-Y 58.4 41.6

T ABL E I I Alloy compositions

Analysed Compositions (wt%)

Nominal Composition (wt%) Designation %Cr %Fe

Cu-0.7%Cr-0.3%Fe (casting 1) Cu0.7Cr0.3Fe Alloy A 0.70 0.27
Cu-0.7%Cr-0.3%Fe (casting 2) Cu0.7Cr0.3Fe Alloy A 0.67 0.27
Cu-0.7wt%Cr-0.8wt%Fe Cu0.7Cr0.8Fe Alloy B NA* NA
Cu-0.7%Cr-2.0%Fe (casting 1) Cu0.7Cr2.0Fe Alloy C 0.63 1.85
Cu-0.7%Cr-2.0%Fe (casting 2) Alloy C 0.63 1.86
Cu-1%Fe Cu1Fe Alloy Y 0.05 0.95
Cu-1%Cr Cu1Cr Alloy Z 0.81 <0.01

∗ NA not analysed.

Figure 1 Experimental arrangement used for conductivity measure-
ments.

in Table I. For alloys where additional iron was re-
quired, “chips” of electrolytic iron (99.98% pure) were
used. The two reference alloys, Cu-1wt%Fe and Cu-
1wt%Cr were made using electrolytic iron chips and
Cu-10wt%Cr master-alloy.

The castings were sealed in Vical glass to prevent
oxidation and solution treated for two hours at 1050◦C,
followed by water quenching. Solution treated cast-
ings were machined into hardness blocks and tensile
specimens. Spark emission spectroscopy (SES) gave
the compositions as in Table II.

Conductivity testing was carried out on the gauge
length of tensile specimens prior to tensile testing. The
same equipment and testing technique was used for
testing all samples. All testing was carried out at a uni-
form temperature of 23◦C. Prior to testing the surface of
each specimen was polished with 1200 grit SiC paper to
remove any oxide. The dimensions for calculating the
cross sectional area (a) were carefully measured with
a digital vernier to the nearest 0.01 mm. The arrange-
ment is shown schematically in Fig. 1. Two knife edges
made from mild steel were applied to the surface of the
specimen with sufficient force so that they could not be
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easily moved. The distance, l, between the knife edges
was measured to the nearest 0.01 mm, using a digi-
tal vernier. To either end of the sample were attached
two large alligator clips. These were connected to a DC
power supply. A∼3 amp current was passed through the
sample, this was measured to the nearest milliamp using
a digital multimeter. The knife edges were connected
to a high accuracy Keithley digital multimeter (model :
195A) that had a maximum resolution of 100 nV and a
zeroing facility. This was used to measure the voltage
between the two knife edges.

The resistivity ρ is given by:

ρ = (R · a)/1 (n� · m) (1)

where R (R = VI) is the resistance of the alloys. The
standard conductivity of pure copper is assigned a value
of 100% IACS corresponding to an electrical resistivity
of 1.724 µ� · cm. The conductivity of the each sample
is given by

%IACS = 1724/ρ (n� · m) (2)

3 independent measurements were conducted on each
sample and the results averaged. The conductivity of
alloys in the peak aged and solution treated condition
was measured using 2 samples.

In order to ensure that that the results were accurate
the conductivity of a number of high purity standard
materials were tested. Tests on 99.99% pure Cu, Al, Ni
and Co resulted in reproducible conductivity readings
that were within 1% IACS of those quoted in literature.
During the course of testing additional tests were car-
ried out periodically on the Cu standard to ensure the
results were accurate.

3. Results
3.1. Isochronal aging
Solution treated hardness blocks were aged for one hour
at 50◦C intervals to determine the optimum aging tem-
perature of each alloy. The optimum aging temperature
was considered to be that which produced the maxi-
mum age hardening response after aging for one hour,
Fig. 2. Error bars show the range of hardness values
recorded for each specimen.

Isochronal aging curves for the Cu-1%Cr (Alloy Z)
and the Cu-0.7%Cr-0.3%Fe alloy (Alloy A) followed
a similar trend. Both alloys had a large hardening re-
sponse. Hardness increased up to an optimum aging
temperature of 500◦C, above which over aging oc-
curred. The averaged maximum hardness for Alloy A
after being aged at 500◦C for one hour was 144 HV,
compared to 160 HV for Alloy Z. This hardness value
is ∼15 HV higher than that reported by other authors
[9, 10] for comparable Cu-Cr alloys. These authors used
a solution treatment temperature of 1000◦C compared
to 1050◦C used in the present study. This significantly
reduced the amount of Cr in solid solution that was
available for precipitation strengthening. The hardness
of both alloys after aging at 550◦C and higher were
comparable. However the rate of over aging of Alloy A

Figure 2 One hour isochronal aging curves for the solution treated
alloys.

appeared to be less than that of Alloy Z. The higher
solution treated hardness of Alloy A in comparison to
all other alloys could have been due to a slightly slower
quenching rate after solution treatment which may have
resulted in some precipitation during cooling. However
the solution treated conductivity of this alloy was less
than that of the other two Cu-Fe-Cr alloys which would
seem to indicate otherwise. An alternative explanation
may be that the ratio of Fe to Cr in solid solution is
conducive to solid solution strengthening. The higher
solution treated hardness would also be expected to
have affected the hardness of specimens aged at 350
and 400◦C.

One hour isochronal aging curves for the Cu-0.7%Cr-
0.8%Fe (Alloy B), Cu-0.7%Cr-2.0%Fe (Alloy C) and
Cu-1%Fe (Alloy Y) alloys all showed very small age
hardening responses. The increase in average hardness
from the solution treated condition to the peak aged
condition was less than 18 HV for these alloys. The
hardness of these alloys did not change appreciably
with exposure to elevated temperatures.

Alloy Y showed only a very small age hardening
response. This is in agreement with literature and is the
reason that these alloys are only used in cold worked
condition [11]. The peak hardness of 73 HV was in
good agreement with the results of [12]. Overlap of
error bars make it difficult to determine the optimum
aging temperature; 600◦C was chosen.

The isochronal aging curve for Alloy B showed that
this alloy has only a very small hardening response. Av-
erage hardness increased from 53 HV in the solution
treated condition up to a maximum of 69 HV at 500◦C.
Thus 500◦C was chosen as the optimum aging tem-
perature. Peak hardness was less than that recorded for
Alloy Y. Overaging occurred for temperatures above
550◦C, however the amount of overaging in all cases
up to 700◦C was less than 6 HV.

Alloy C did not seem to show any appreciable age
hardening response. The average hardness of Alloy C
increased from 70 HV in the solution treated condition
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up to a peak of 77 HV after one hour at 600◦C. The
peak hardness was 67 HV less than that of Alloy A,
but 8 HV higher than that of Alloy B. Over aging at
higher temperatures was slow, the average hardnesses
after aging at 700 and 800◦C for 1 hour were still 70 and
64 HV. Such a small increase in hardness and overlap
of error bars for each heat treatment temperature made
it difficult to determine an optimum aging temperature.
However the high temperature stability of this alloy was
worth investigating, therefore 600◦C, the temperature
which had the maximum average hardness, was chosen
as the optimum aging temperature.

3.2. Isothermal aging
Isothermal aging curves for the alloys, at the selected
optimum aging temperatures (Table III), are shown in
Fig. 3. Solution treated specimens of each alloy were
plotted as having an aging time of one minute. Tests
were carried out in duplicate on peak aged and selected
under aged and over aged specimens.

The results of isothermal aging curves support those
of the isochronal aging curves. Only Alloy A showed a
significant age hardening response, approaching that of
Alloy Z. Alloy B and Alloy C had similar age hardening
responses to Alloy Y. Alloy C was resistant to soften-
ing after prolonged exposure to elevated temperatures.
Average peak hardness recorded for all alloys on both
isochronal and isothermal curves were very similar. The
results of the isothermal aging data are summarised in
Table IV.

Fig. 3 shows that the hardness of all of the alloys fell
slightly when aged for short periods, 2–10 minutes.
This behaviour was most pronounced for Alloy Y and

T ABL E I I I Optimum aging temperatures selected for each alloy

Optimum aging
Alloy (wt%) temperature (◦C)

Cu-0.7%Cr-0.3%Fe (Alloy A) 500
Cu-0.7%Cr-0.8%Fe (Alloy B) 500
Cu-0.7%Cr-2%Fe (Alloy C) 600
Cu-1%Cr (Alloy Z) 500
Cu-1%Fe (Alloy Y) 600

Figure 3 Isothermal aging curves.

TABLE IV Summary of hardness results for isothermal aging curves

Alloy HST Hpeak �H

Cu-0.7%Cr-0.3%Fe (Alloy A) 89 148 60
Cu-0.7%Cr-0.8%Fe (Alloy B) 53 72 19
Cu-0.7%Cr-2%Fe (Alloy C) 70 76 6
Cu-1%Cr (Alloy Z) 63 164 101
Cu-1%Fe (Alloy Y) 61 74 13

HST: hardness in solution treated condition.
Hpeak: peak hardness reached.
�H : Increase in hardness from solution treated condition to peak
hardness.

Alloy B where even after 10 minutes of aging the hard-
ness was still less than that in the solution treated con-
dition. In the early stages of precipitation the amount
of precipitation strengthening does not make up for the
loss of solid solution strengthening. Similar trends have
been reported for Cu-Fe alloys by [12, 13].

Alloy A age hardened rapidly at 500◦C. Hardness
increased from 89 HV in the solution treated condition
to 139 HV after 20 minutes aging. Further aging in-
creased the hardness to a maximum of 148 HV after
180 minutes at 500◦C. There was a broad maximum in
the aging curve. Over aging occurred gradually, with
hardness falling to 123 HV after 1440 minutes. Alloy Z
in comparison had a peak hardness of 164 HV after
aging for 45 minutes at 500◦C, however the rate of
overaging was higher. The results seem to suggest that
the conventional Cu-1%Cr (i.e. Alloy Z) is more sus-
ceptible to over aging compared with the experimental
Alloy A. These results were in good agreement with
those from isochronal aging.

The age hardening response of Alloy B aged at
500◦C was minimal. Hardness increased from 53 HV
in the solution treated condition up to a maximum of
72 HV which was measured after aging for 360 and
720 minutes. The optimum aging time for this alloy
would be expected to exist somewhere between these
two aging times. Overaging occurred after aging for
1440 minutes, with hardness falling to 58 HV.

Alloy C was aged at 600◦C. The age hardening re-
sponse of this alloy was very small, increasing from
70 HV in the solution treated condition to a maximum
of 76 HV after 180 minutes. The higher solution treated
hardness of this alloy meant that the increase in hard-
ness associated with aging, ∼6 HV, was less than half
that which occurred in both Alloy Y and Alloy B. The
peak aged hardness of this alloy was approximately the
same as that of Alloy Y and Alloy B aged at 600◦C and
500◦C respectively. The temperature stability of this al-
loy was high. Only minimal over-aging occurred. The
hardness was still 70 HV after aging for 1440 minutes.

3.3. Tensile properties
Tensile specimens were machined from solution treated
castings. Prior to tensile testing hardness tests were car-
ried out on each tensile specimen in order to ensure that
each specimen had received the correct heat treatment.
Hardness data from the tensile specimens were plotted
against aging time and the results compared to the data
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used in the isothermal aging curve. It was found that
the hardness of all tensile specimens were very similar
to that of the aged hardness blocks. This confirmed that
the heat treatments given to the tensile specimens were
correct.

Results of tensile tests are summarised in Figs 4
and 5, which respectively present plots of ultimate ten-
sile stress (σuts) and 0.5% yield stress (σy) versus aging
time. Solution treated specimen data have been plotted
with an aging time of 1 minute. Results summarised in
Fig. 4 were consistent with the hardness values (Fig. 2).
The σuts of both Alloy Z and Alloy A increased signif-
icantly with aging time and then decreased with over-
aging. Also consistent with hardness measurements,
Alloys B, C and Y showed small increases in σuts with
aging time.

The σuts of Alloy A reached a peak of 365 MPa af-
ter aging for 45 minutes at 500◦C. Peak strength based
upon the isothermal hardness curve was expected af-
ter 180 minutes aging, at this aging time a σuts of
340 MPa was recorded. The average peak σuts mea-
sured for Alloy Z was 413 MPa after aging for 45 min-
utes at 500◦C. As for the hardness results the peak σuts

Figure 4 Ultimate tensile stress (σuts) versus aging time.

Figure 5 Plots of 0.5% yield stress (σy) versus aging time.

was higher than those quoted in literature for Cu-1%Cr,
typically ∼350 MPa [14, 15]. This was attributed to the
higher solution temperature used, 1050◦C compared to
1000◦C. The solution treated σuts of Alloy A was high
in comparison to that Alloy Z as was the case for the
solution treated hardness.

The plot of σuts versus aging time at 500◦C for
Alloy B appeared to contain an anomalous data point,
ie. for the specimen aged for 90 minutes. A peak
σuts of 256 MPa was recorded after aging for only
20 minutes. Duplicate tests on tensile specimens aged
for 360 minutes, where peak σuts was anticipated, gave
average σuts of 226 MPa. Solution treated and peak σuts
were higher than those of the Alloy Y, unlike the hard-
ness measurements. The maximum recorded σuts was
similar to that of the Alloy C aged at 600◦C. Aging for
extended periods at 500◦C appeared to cause overaging
as observed in the isothermal aging curve.

For Alloy C the σuts showed only a minimal increase
with aging at 600◦C as did hardness. The σuts increased
from 245 MPa in the solution treated condition up to a
peak of 269 MPa after 360 minutes aging. This was only
96 MPa less than the peak σuts recorded for Alloy A.
Duplicate tests after aging for 180 minutes gave σuts of
265 and 266 MPa. The σuts was still 257 MPa after 1440
minutes aging.

The 0.5% yield stress (σy) is widely used in the lit-
erature when reporting the properties of high-strength,
high-conductivity copper alloys [11, 14]. The results of
σy plotted against aging time for each alloy at their se-
lected optimum aging temperature are plotted in Fig. 5.
For Alloy A and Alloy B projected σy values have been
plotted. These have been derived from hardness results.

It was anticipated that the plots of σy versus aging
time would show relationships similar to those shown
by the plots of hardness and σuts versus aging time.
This was true for all of the alloys investigated. Plots of
σy and hardness vs aging time were almost identical,
both showed the same aging behaviour. The plot of σuts
versus aging time (Fig. 4) showed that the difference
in σuts of each alloy in all aged conditions was not as
great as the difference in σy and hardness. The reason
for this was the greater amount of strain that occurred
in Alloy Y, Alloy B and Alloy C at their σuts in all aged
conditions in comparison to Alloys A and Z. This meant
more work hardening occurred in these alloys which
made up for their lack of precipitation strengthening.

Fig. 5 shows that the σy of Alloy C was not sig-
nificantly affected by aging at 600◦C. Maximum σy
of 159 MPa was recorded in the solution treated
condition. After aging for 1440 minutes σy was
133 MPa. These results supported hardness results for
this alloy which showed essentially no age hardening
response.

σy for Alloy Y increased marginally with aging time
at 650◦C from an average of 96 MPa in the solution
treated condition to a peak value of 104 MPa after
90 minutes followed by comparatively slow overaging
down to 95 MPa. Results were in good agreement with
hardness results which showed a very small age harden-
ing response for the alloy. There was a slight decrease
in σy after 10 minutes aging corresponding to a simi-
lar decrease recorded for the hardness. This behaviour
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was thought to be due to a transition between solution
strengthening and precipitation hardening.

For Alloy Z, σy increased from 98 MPa in the so-
lution treated condition up to a peak of 325 MPa af-
ter 45 minutes at 500◦C. Overaging occurred after
180 minutes with σy falling to a value of 312 MPa.
After 1440 minutes σy had fallen to 233 MPa. Again
the peak σy for Alloy Z was slightly higher than that re-
ported in literature, 275 MPa [15]. This was consistent
with how σuts and HV compared with reported values.

For Alloy A, σy increased from 160 MPa in the so-
lution treated condition to a peak of 288 MPa after
180 minutes at 500◦C. This was 37 MPa less than the
peak recorded for Alloy Z. This was followed by over-
aging with σy falling to 233 MPa after 1440 minutes.

The σy of Alloy B increased from 80 MPa in the
solution treated condition to a peak of 122 MPa after
360 minutes aging. The σy of Alloy B was similar to
that observed for Alloy Y for all aging times.

Table V shows the measured values of strain at the
peak stress and at specimen failure, for the Alloys C, X
and Y.

Values of strain obtained for these alloys are indica-
tive of their high ductility. No relationship could be
determined between the aging time and the value of εp
or εf for Alloy C or Alloy Y. For Alloy Z there was a
trend that both εp and εf decrease with aging time. It can
be safely assumed from these results that the ductility
of Alloy A and Alloy B would be similarly high.

3.4. Conductivity
Conductivity testing was carried out on the gauge
lengths of tensile specimens. Based upon the results
of isochronal and isothermal aging curves, aging times
were chosen so as to maximise the amount of informa-
tion that could be obtained from the number of sam-
ples available. Conductivity (δ) measurements on each
sample were repeated three times to ensure consistency
of results. Multiple δ tests on individual samples were
found to give identical results. Where possible two over-
aged and two underaged specimens, aged for different
lengths of time as well as peak aged and solution treated
specimens, were used to generate curves. A minimum
of two specimens were used to measure the peak aged δ.

In order to be able to directly compare the δ of the
three Cu-Fe-Cr alloys (Alloys A, B & C), δ curves for

T ABL E V Percent strain at the peak stress (εp) and at failure (εf) for Alloys C, Y and Z

Cu-0.7%Cr-2%Fe (C) Cu-1%Cr (Alloy Z) Cu-1%Fe (Alloy Y)

Time (min) Peak (εp) Failure (εf) Peak (εp) Failure (εf) Peak (εp) Failure (εf)

0 27 38 23 29 24 31
22 31 29 37 34 39

10 34 45 24 29 29 40
45 30 34 12 17 21 26

11 15
90 33 43

26 31
180 27 37 12 20

36 46
360 35 45 28 36
1440 28 37 11 19 35 42

TABLE VI Conductivity (% IACS) of solution treated Cu-Fe-Cr alloy
tensile specimens prior to aging at 500◦C

Cu-.7%Cr-.3%Fe Cu-.7%Cr-.8%Fe Cu-.7%Cr-2.%Fe
Specimen (Alloy A) (Alloy B) (Alloy C)

1 25 25 27
2 26 28 27
3 26 27 27
4 27 29 30
5 26 29 27
6 — 23 30
Average 26 27 28

each alloy were needed at the same aging tempera-
ture. 500◦C was selected as this had been chosen as
the optimum aging temperature for both Alloys A and
B. The solution treated δ of each tensile specimen was
measured prior to aging and the results are shown in
Table VI.

Results in Table VI show that the conductivity (δ) of
solution treated tensile specimen for each alloy were
similar. This was a strange result as it was anticipated
that the δ of Alloy B would be considerably lower than
that of Alloy A. The conductivity of Alloy C was ex-
pected to be considerably lower again. This was due
to the higher concentration of iron atoms expected in
solid solution after quenching. An explanation for the
observed behaviour is that precipitation occurs during
quenching reducing the concentration of solute atoms
in solid solution. This explanation was supported by
the findings that it was impossible to prevent precipi-
tation during water quenching after solution treatment
for binary Cu-Cr [16, 17] and Cu-Fe alloys [18, 19].

The results of conductivity (δ) measurements on ten-
sile specimens aged at 500◦C are plotted in Fig. 6. The
δ of each alloy initially increased rapidly with aging
time as solute elements precipitated out of solution. As
aging times increased the rate of increase in δ began
to decrease as the solute concentration in the copper
approached equilibrium. The increase in δ was greatest
for Alloy A. After 20 minutes of aging the δ of Alloy A
was 64% IACS compared to 56% IACS for Alloy B and
54% IACS for Alloy C. The average solution treated δ

of each alloy were all within 3% IACS. Increasing iron
content resulted in lower final δ for the three Cu-Fe-Cr
alloys. After aging for 360 minutes the δ of the Alloy A
was 75% IACS compared to 64% IACS for Alloy B
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Figure 6 Plot of conductivity (% IACS) versus aging time at 500◦C.

Figure 7 Plot of conductivity (% IACS) versus aging time for the alloys
at their selected optimum aging temperatures.

and 58% IACS for Alloy C. This was attributed to the
increasing iron content which resulted in a higher solid
solubility of Fe in Cu after aging which reduced the
equilibrium conductivity.

Conductivity (δ) curves were also produced for each
alloy at their optimum aging temperatures. These re-
sults are shown in Fig. 7. For Alloy A the measurements
were repeated on different samples. 650◦C was used for
the δ curve of Alloy Y rather than 600◦C because very
little overaging had been observed when Alloy Y was
aged at 600◦C. Aging at 650◦C would be more likely
to produce the equilibrium δ level.

Results plotted in Fig. 7, (showing aging behaviour at
optimum aging temperature) follow the same trends as
those of Fig. 6 (showing aging behaviour at the arbitrary
aging temperature of 500◦C). Conductivity (δ) curves
for Alloy A in both figures were identical because the
arbitrary aging temperature is coincident with the op-
timum aging temperature. The lower δ of Alloy C in
Fig. 7 was due to the higher aging temperature which
resulted in higher equilibrium concentration of solute in
solution. After 1440 minutes of aging the δ of Alloy C
aged at 500◦C was 62% IACS compared to 57% IACS
when aged at 600◦C.

The δ determined for aged Alloy Z was higher than
that of Alloy A for all aging times. After 45 minutes ag-
ing at 500◦C the δ of Alloy Z was 81% IACS compared
to 69% IACS for Alloy A, after 180 minutes the δ values
were 86 and 74% IACS respectively. The δ values de-
termined for Alloy Z agreed well with those reported by
authors who have investigated this system [20]. In the
case of the Alloy B aged at 500◦C, δ was considerably
lower; after 360 minutes of aging δ for this alloy was
only 64% IACS, marginally increasing to 66% IACS
after 1440 minutes. This was consistent with earlier re-
sults (Fig. 6) that showed that increasing iron content
decreased the conductivity of Cu-Cr alloys. In the case
of Alloy Y peak δ of 47% IACS was recorded after 1440
minutes of aging at 650◦C. The δ was low due to the
high aging temperature. This compares well with pre-
vious results (Bojarski et al. [19]) where it was reported
that after 1 hour aging at 650◦C, δ for a Cu-0.55wt%Fe
and a Cu-1.49wt%Fe alloy were 43 and 41% IACS re-
spectively. The present work although consistent with
Bojarski et al. [19], on the effect of Fe can not be di-
rectly compared to the δ for the other Cu-Fe-Cr alloy
due to the higher aging temperature used.

3.5. Summary for alloys solution
treated and aged

Results of the investigation of the properties of the three
Cu-Fe-Cr alloys (A, B & C) revealed that their proper-
ties differ widely. Comparison of the properties of the
two standard alloys (Y & Z) to those values published
in literature showed that that the present results were
accurate, thereby validating the methods employed in
the present study. In the solution treated and aged condi-
tion Alloy A had properties approaching that of Alloy Z.
The alloy had a large age hardening response as illus-
trated by hardness and tensile results. The peak hard-
ness and maximum ultimate tensile stress of 148 HV
and 365 MPa were recorded; for Alloy Z the corre-
sponding values were 164 HV and 413 MPa. The con-
ductivity of Alloy A in the peak aged condition (ie. at
peak hardness) was 74% IACS compared to 81% IACS
for Alloy Z. The lower conductivity is the result of the
0.3 wt% Fe, a significant proportion of which is thought
to remain in solid solution after aging.

Results for Alloy B indicated limited potential for
this alloy as a high strength, high conductivity alloy.
Only a small increases in hardness and tensile proper-
ties occurred with aging. Peak hardness and maximum
ultimate tensile stress of only 72 HV and 256 MPa were
recorded. In the peak aged condition the conductivity
of this alloy was 64% IACS, while in the overaged con-
dition the conductivity was 66% IACS.

Alloy C was also observed to have only a small age
hardening response. The properties of Alloy C, both
electrical and mechanical, were considerably less than
those of Alloy A. The mechanical properties recorded
were superior to those of Alloy B, however electrical
conductivity after aging was not as high, due to the
higher iron content. Peak hardness recorded was 76 HV.
The maximum tensile and yield stress were 269 and
159 MPa respectively. The peak aged conductivity of
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this alloy when aged at 500◦C was 58% IACS com-
pared to 53% IACS when the alloy was aged at 600◦C.
The optimum aging temperature selected for this alloy
was 600◦C, similar to that of Alloy Y for which 650◦C
was chosen. At this elevated temperature the properties
of the alloy were stable even after prolonged exposure.
After 1440 minutes the hardness of this alloy was still
70 HV and the ultimate tensile stress was 257 MPa,
∼10 MPa higher than that of the solution treated speci-
men. This observation was supported by isochronal ag-
ing results which showed that the hardness of the alloy
was still 64 HV after 1 hour exposure to 800◦C.

4. Discussion
4.1. Validity of test method
Throughout the results section four major parameters,
hardness (HV), ultimate tensile stress (σUTS), 0.5%
yield stress (σy) and conductivity (δ) were consistently
measured to evaluate the alloys properties. Results were
reproducible and contained little scatter. Numerous ex-
amples were given showing that the aging response
and peak aged properties of the two reference alloys,
Cu-1wt%Cr and Cu-1wt%Fe were equivalent to those
reported in literature.

There was however one minor discrepancy between
literature values and the properties measured in this
study. This was the higher peak aged mechanical prop-
erties of the solution treated and aged Cu-1%Cr alloy.
The mechanical properties (HV, σy, σUTS) of the alloy
solution treated and peak aged were ∼15 % higher than
those reported in the literature [9, 10, 12, 14, 15].

The improved mechanical properties of the reference
alloy were attributed to the higher solution treatment
temperature used in the present study, 1050◦C as op-
posed to 1000◦C for the alloys in the literature. The
Cu-Cr phase diagram indicates that the solubility of Cr
in Cu decreases rapidly as the temperature drops. At
the higher solution treatment temperature used in the
present study, more Cr would dissolve into solid solu-
tion and as a result the volume fraction of Cr available
for strengthening would be higher.

Apart from this minor difference, the properties of
the two reference alloys as determined from this study
were in good agreement with those of equivalent com-
positions in literature. This, together with the repro-
ducibility of the results, indicates that the experimental
methods used were appropriate and that the experimen-
tal results determined for the three Cu-Fe-Cr alloys in-

vestigated are valid and can be confidently compared
with results from the literature.

5. Conclusions
This paper reports on the mechanical property in-
vestigation which indicated that the Cu-0.7wt%Cr-
0.3wt%Fe, and Cu-0.7wt%Cr-2.0wt%Fe alloys were
worthy of further investigation.
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