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Deformation-Processed Copper-Chromium Alloys: 
Optimizing Strength and Conductivity 

S.T. Kim*, P.M. Berge, and J.D. Verhoeven 

A developmental research program has been carried out to produce deformation-processed copper-chro- 
mium wires with optimum combinations of ultimate strength and electrical conductivity. Properties are 
improved by use of deformation to assist in the precipitation of chromium from solid solution. Various 
combinations of deformation, solution heat treatment plus quenching, and aging have been studied and 
an optimum processing scheme determined. Using this processing scheme, it is shown that deformation- 
processed Cu-7 vol % Cr wires have strengths on the order of 50 % higher than commercial  copper alloys 
available in the same conductivity range of 75 to 90% IACS. 

Keywords 

copper-chromium alloys, deformation processing, 
electrical conductivity 

1. Introduction 

RESEARCH on deformation-processed Cu-X alloys, where X is 
a body-centered cubic element, has shown (Ref 1, 2) that wires 
of this material can be produced that have better combinations 
of strength and electrical conductivity than are available in the 
best commercial copper alloys. Deformation processing con- 
sists of deforming a precursor billet to a very large deformation, 
usually a true strain, r I (defined as the natural log of the original 
over the final area), of greater than around 3 (reduction in area 
of 95 %). At these large deformations, the X phase deforms into 
aligned ribbon-shaped filaments in the copper matrix, produc- 
ing essentially a metal/matrix composite material. Initial stud- 
ies were done with niobium or tantalum as the X element. 
These elements have very little solubility in copper; therefore, 
precursor billets could be prepared by solidification techniques 
without reducing conductivity due to electron scattering from 
solid-solution elements in the copper matrix. When X elements 
that have significant solubility in copper are used, a severe re- 
duction in conductivity occurs. Both iron and chromium are at- 
tractive X elements because of their low costs. Work on iron 
(Ref 3), however, found that the dissolved iron could not be ef- 
fectively precipitated from the copper, making it necessary to 
employ the more costly powder processing techniques to 
achieve properties comparable to copper-niobium alloys. This 
paper presents a study of copper-chromium alloys using chill- 
cast precursor billets. 

Initial studies were done on Cu-15 vol% Cr alloys prepared 
as 50 mm diam chill castings. Figure 1 presents conductivity 
versus temperature data for a sample cut from the casting (solid 
points). The conductivity was measured using the standard 
four-probe technique in a controlled-atmosphere furnace as the 
temperature was ramped up to 810 ~ and back down to room 
temperature at a rate of approximately 1 ~ It is seen that 
upon heat-up the conductivity drops monotonically with tem- 
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perature except over a range from around 400 to 500 ~ where 
it rises significantly. This rise results from the precipitation of 
chromium, which had been quenched into the copper matrix in 
the chill casting. (If the as-cast sample is heated back up to 810 
~ after the first heat cycle, it then follows the upper curve on 
both heat-up and cool-down). The second set of data in Fig. 1 
was measured after the cast ingot was deformed by 11 = 3.3. 
Here, the precipitation of chromium begins at a lower tempera- 
ture, and after cool-down the conductivity is higher than it was 
for the undeformed material. The first two rows of Table 1 pre- 
sent the conductivity values for the two alloys of Fig. 1 at room 
temperature before and after the cycle to 810 ~ The remaining 
rows present similar data for samples given different pretreat- 
ments. In the heat-treated material, the cast ingot was heated to 
750 ~ for 24 h and then program-cooled to room temperature 
in 24 h. It is evident that this treatment is less effective in pre- 
cipitating chromium from the copper matrix than the deforma- 
tion processing followed by heat cycling to 810 ~ Two wires 
were prepared with a deformation of rl = 6.0---one deformed 
directly from the cast alloy and the other from the cast alloy af- 
ter the heat treatment. Deforming after the heat treatment pro- 
duces increased conductivity. 

These experiments illustrate two important factors involved 
in the control of conductivity of cast copper-chromium alloys: 

�9 A significant increase in conductivity occurs with removal 
of chromium from solid solution upon heating to the 400 to 
500 ~ range. 

�9 Thermomechanical treatments are more effective than ther- 
mal treatments alone in improving conductivity. 

In addition, it has been reported (Ref 4), and was confirmed 
here, that the deformability of copper-chromium alloys is en- 
hanced by an initial solution and quenching treatment. This 
property is quite beneficial to deformation processing because 
of the large deformation desired. In view of these facts, a devel- 
opmental research program was undertaken to develop an opti- 
mal thermomechanical processing scheme for preparing 
copper-chromium alloys with maximum combinations of 
strength and conductivity. The work was done on 7 vol% Cr al- 
loys because this lower concentration of chromium would be 
more economical and yet would be high enough to produce sig- 
nificant strength increases over the commercial age-hardening 
chromium-copper family of alloys, C 18200 to C 18500. 
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2. Experimental Method 

Chill-cast  ingots of  Cu-7 vol% Cr  (5.7 wt%) were prepared 
by melt ing oxygen-f ree  high-conduct ivi ty  copper and com- 
mercially pure chromium in a vacuum induction melt ing fur- 
nace in either graphite or  yt tr ia-coated graphite crucibles.  The 
melt was released through a 6 mm diam hole in the bottom of  
the crucible and poured into a 25 mm (1 in.) diam water-cooled 
copper mold.  The hole was initially plugged with a hard-fired 
high-purity alumina tube containing a type B thermocouple  
used to monitor  the mel t  temperature.  The charge was heated to 
900 ~ under vacuum and backfi l led with high-purity argon for 
further heating. Initial problems involved  difficulty in gett ing 
the chromium to dissolve into the copper  and excess ive  subsur- 

Table  1 R o o m - t e m p e r a t u r e  e l e c t r i c a l  c o n d u c t i v i t y  o f  

s e v e r a l  C u - 1 5  vol % C r  alloys 

Conductivity, % IACS 
Before heating After heating 

Material to 810 ~ to 810 ~ 

As cast 47 76 
Deformed torl = 3.3 46 83 
HT (heat treated) 74 74 
Deformed to 1] = 6.0 49 83 
HT + deformed to 1] = 6.0 83 88 

face porosity in the ingots. Comple te  dissolution of  the chro- 
mium required ramping the temperature to 1600 ~ with the 3 
kHz power  source to produce good stirring. The porosity prob- 
lem was overcome  by outgassing the mel t  for 10 min at 1600 ~ 
under a pressure of  10 torr. The chamber  was then backfi l led 
with argon and the melt cooled  to 1300 ~ and poured f rom that 
temperature.  The 50 mm (2 in.) d iam 15 vol% Cr ingots dis- 
cussed in section 1 were made with the same procedure using a 
50 mm (2 in.) diam copper  chil l  mold.  

The 25 mm (1 in.) diam ingots were deformed initially by 
swaging and later by wire drawing as discussed later. The  solu- 
tion treatments involved heating the samples in a vacuum fur- 
nace backfi l led with argon and quenching  directly into water 
with v igorous  stirring. Aging  treatments were also done in a 
vacuum furnace backfil led with argon. 

Conduct ivi ty  measurements  were made using the standard 
four-probe technique to measure  resistivity at room tempera- 
ture. The conductivit ies,  in units of  %IACS (International An- 
nealed Copper  Standard), were calculated using the standard 
20 ~ pure copper  resistivity of  1.7241 I.ts �9 cm. The small  cor- 
rection f rom the measured room temperature value to 20 ~ 
was made using a resistivity temperature coeff ic ient  of  7 x 10 -3 
I.tf2 �9 cm/~  determined from the slope o f  data o f  Fig. 1 at 20 
~ Reported conductivit ies are the average o f  three measured 
values. The  tensile tests were per formed at a strain rate of  6.7 x 
10-4Is, and the reported values of  the ultimate tensile strengths 
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Fig. 1 Electrical conductivity versus temperature plot for two Cu- 15 vol% Cr alloys heated to and cooled from 810 ~ 
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are the ave rage  of  three samples .  It was necessary  to use special 
gr ips  for  wires  with d iamete r s  smal le r  than 0.1 m m .  

3. Results and Discussion 

3.1 Part I 

As has  been  discussed,  ini t ial  work  s h o w e d  that  op t imum 
conduc t iv i ty  is ach ieved  th rough  a c o m b i n a t i o n  o f  the rmal  and 
mechan ica l  process ing.  In o rde r  to de t e rmine  wh ich  combina -  
t ions o f  thermal  and mechan ica l  p rocess ing  would  lead to the 
bes t  comb ina t i on  of  s t rength  and  conduct iv i ty ,  var ious  combi-  

na t ions  o f  the fo l lowing  four  types of  p rocesses  were exam-  
ined: 

�9 Deformat ion  (D): p roduced  by swaging or  d rawing  

�9 Solut ion t rea tment  (S): 1010 ~ for  I h + wate r  quench ing  

�9 Aging  (A): 420  ~ for  12 h 

�9 Hea t  t rea tment  (H): 750  ~ for 3 h + program cool to 21 ~ 
in 48 h 

A series  of  e ight  c o m b i n a t i o n s  were s tudied and  are s u m m a -  
r ized in Table  2. The  code  used in Table 2 will be  exp la ined  for  
the first  series, D S D A D ( 1 ) .  Three  de fo rmat ion  s teps were em-  
ployed,  wi th  the so lu t ion  heat  t rea tment  be tween  the first  two 

Table 2 Summary of  experiments done in part I study 

T[ 1 T~2 A or H 113 qtotal UTS, 
Process (Diam, mm) (Diam, mm) (Diam, mm) (Diam, mm) (Diam, ram) MPa % IACS 

DSDAD(I) (3-3-3) 2.8 (25 --4 6.3) 2.7 (1.6) 420 ~ h (1.6) 3.0 (0.36) 8.5 (0.36) 925 _+ 11 71.8 _+ 0.9 
DSD (3-5-0) 2.8 (25 --~ 6.3) 4.6 (0.63) None None 7.4 (0.63) 835 35.9 
DSDA (3-5-0) 2.8 (25 ~ 6.3) 4.6 (0.63) 420 ~ 2 h (0.63) None 7.4 (0.63) 687 84.5 
DSDAD(2) (3-5-1) 2.8 (25 --~ 6.3) 4.6 (0.63) 420 ~ h (0.63) 1.1 (0.36) 8.5 (0.36) 841 79.5 
DHD (6-0-3) 5.5 (25 --~ 1.6) None 750 ~ h/48 h (1.6) 3.0 (0.36) 8.5 (0.36) 789 85.0 
DSDAD(3) (1-5-3) 0.6 (25 --~ 19) 4.9 (1.6) 420 ~ h (1.6) 3.0 (0.36) 8.5 (0.36) 816 75.3 
DSDHD (1-5-3) 0.6 (25 --~ 19) 4.9 (1.6) 750 ~ h/48 h (1.6) 3.0 (0.36) 8.5 (0.36) 780 85.4 
DSADHD (1-5-3)(a) 0.6 (25 ~ 19) 4.9 (1.6) 750 ~ h(a) (1.6) 2.8 (0.41) 8.3 (0.41) 739 84.0 

(a) The aging treatment was done at 15 mm diameter with the condition of 420 ~ h, 
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Fig, 2 Strength versus conductivity data for samples listed in Table 2 
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and the aging treatment between the last two: hence, DSDAD. 
The amount of strain on the first deformation is labeled q 1, and 
the value of 2.8 corresponds to a swaging reduction of the cast- 
ing from 25 to 6.3 mm. The 6.3 mm rod was now given the so- 
lution treatment and wire drawn to 1.6 mm. This second 
deformation strain ofrl2 = 2.7 followed the solution treatment. 
The 1.6 mm rod was then given the aging treatment followed by 
drawing to a final diameter of 0.36 mm. The final deformation 
is termed 1"13. The total deformation strain for this series is sim- 
ply the sum ofrl I + 1] 2 + rl 3, which is listed as 8.5. The values 
of the ultimate tensile strength and the conductivity of the final 
0.36 mm diam wire are listed in the right two columns. The plus 
or minus deviations are average values and are typical for all of 
the data. The label for this first series includes the term (3-3-3), 
which is a listing of the three strains used in the three deforma- 
tions, rounded to integers. This code has been included in the 
labels for each series: it is evident that a total strain of roughly 
q = 8 was used for all of the experiments. 

The effects of the various combinations of processes can be 
evaluated by plotting the data as shown in Fig. 2. As expected, 
the DSD processing has the lowest conductivity because it was 
not heated following the quench from the solution temperature. 
Therefore, the chromium trapped in solid solution by the 
quench reduces the conductivity. When the DSD treatment is 
followed by the aging step, DSDA, the conductivity rises to the 
highest value of around 85% and the ultimate tensile strength 
falls to the lowest observed value. Apparently the loss of solid- 
solution strengthening is not compensated for by an age-hard- 

ening reaction. The solid-solution chromium is probably pre- 
cipitating on the preexisting chromium particles that were elon- 
gated into filaments by the two deformation steps. When the 
DSDA processing is followed by the final drawing step, 
DSDAD, a significant increase in strength is obtained with 
only a small loss in conductivity. The final drawing must re- 
duce the chromium filament size and spacing to increase the 
strength. Previous work on deformation-processed copper-nio- 
bium alloys (Ref 5) has shown that electron scattering from 
copper/niobium filament interfaces becomes the dominant 
mode of loss of conductivity in these alloys at high strength lev- 
els. Apparently, at the strength levels of these copper-chro- 
mium alloys, the final drawing step does not reduce the 
filament spacing enough to provide a large increase in electron 
scattering, but it does reduce it enough to provide significant 
increases in strength. The relative amounts of strain in the three 
deformation steps in the DSDAD processing were varied in the 
series labeled with suffixes (1), (2), and (3). The highest 
strengthening occurs with only a small loss in conductivity for 
series (1), where the strains are roughly equal in all three steps. 

The H heat treatment was utilized because it was thought to 
be an effective method for precipitating the chromium from 
solid solution. It appeared to be so, as the conductivities of 
these samples are consistently high. However, it is evident that 
drawing after an H treatment is not as effective for strengthen- 
ing as is drawing after the A treatment. A possible explanation 
is that much more filament coarsening would be expected dur- 
ing the 750 ~ H treatment compared to the 420 ~ A treatment. 
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3,2 Part H 

The major conclusion of the part I study is that the DSDAD 
treatment appears to provide the best combination of  strength 
and conductivity. Therefore, experiments were done to evalu- 
ate the optimum temperature for the aging step in the DSDAD 
process. The processing procedure employed was that shown 
in Table 2 for DSDAD(1), except that the aging treatment was 
carded out for 4 h at temperatures ranging from 410 to 520 ~ 
The resulting strength versus conductivity data are shown in 
Fig. 3 (dashed lines). As the aging temperature is increased 
from 410 to 450 ~ a significant increase in conductivity is 
found with little loss in strength. At  aging temperatures above 
450 ~ the strength starts to drop more with increasing aging 
temperature. What appears to be happening is that below 450 
~ the conductivity is rising due to the loss of solid-solution 
chromium from the copper matrix, but strength does not fall 
much because of negligible coarsening of the chromium fila- 
ments. Above 450 ~ the larger slope of  the dashed line is prob- 
ably due to a coarsening of the chromium filaments. 

One reasonable explanation of these data is that at aging 
temperatures near 450 ~ the solid-solution chromium has 
been fully removed, and at higher aging temperatures the in- 
crease in conductivity and loss of  strength both result primarily 
from increased filament size and spacing due to coarsening ef- 
fects. If  such were the case, then one would expect that the up- 
per line in Fig. 3 might represent an upper bound that 
characterizes optimum combinations of strength and conduc- 
tivity. Notice that the dashed line through the higher-tempera- 

ture data also passes through the data from part I for the DHD 
and DSDHD experiments. One expects these samples to have 
coarser chromium filaments with lower strengths and higher 
conductivities, and they might represent two more data points 
on an upper bound line. 

Additional evidence that the high-temperature line in Fig. 3 
might define an upper bound is presented in Fig. 4, where the 
line is plotted on literature data for deformation-processed Cu- 
15 vol% X alloys of copper-niobium, copper-tantalum, and 
copper-chromium. The slopes of  the lines are essentially paral- 
lel, with the Cu-7Cr line displaced to slightly higher values. 

3.3 Part H I  

Additional variations in the processing were studied in part 
III. Experiments confirmed reports (Ref 4) that solution treat- 
ing of  copper-chromium ingots improves drawability. There- 
fore, the 25 mm (1 in.) diam Cu-7Cr ingots were solution 
treated as the initial step in this work. To determine whether the 
upper bound line could be extended to higher strengths, the to- 
tal deformation was increased to strains of around 9.5. This was 
about as high as it was possible to go and still obtain wires large 
enough for convenient testing (diameters of approximately 0.2 
mm). Two series of tests, termed A and B, were performed. 

In series A (first two rows of Table 3), aging treatments were 
used between the first two reduction steps, giving the process- 
ing sequence of SDADAD. The first aging treatment was done 
at either 450 ~ h or 500 ~ h, and the second aging treat- 
ment was at 500 ~ h. There was little problem with breakage 
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on drawing in these doubly aged samples after either aging 
treatment, but the strength/conductivity properties of these 
samples were well below the upper bound line (Fig. 5). 

In series B (final two rows of Table 3), the solution-treated 
ingots were given the DSDAD treatment, similar to the work in 
parts I and II. The effect of aging time was examined in the 
SDSDAD (450) samples by aging at 450 ~ for 6 to 48 h. As 
shown in Fig. 5, this produced strength/conductivity data that 
run down the extension of the upper bound line. The series B 
sample aged at 500 ~ h is also seen to fall on the upper bound 
line. Hence, this series of tests is consistent with the idea that 

the upper bound line represents the optimum combination of 
strength and conductivity that can be produced in the Cu-7Cr 
alloy and that it might possibly be extended to higher strengths 
by starting with larger ingots, which would allow larger total 
strains in small-size wires. 

It was expected that the series A samples would have finer 
filaments than series B samples because of  the much lower tem- 
perature of the first aging step compared to the 1000 ~ solu- 
tion temperature employed in series B at this same stage of 
processing. It was also thought that the series A samples might 
have higher conductivities because the double aging treatments 

Table 3 S u m m a r y  of  experiments done in part I study 

rll rl2 Aor H rls ~total UTS, 
Process (Diam, mm) (Diam, mm) (Diam, mm) (Diam, mm) (Diam, mm) MPa % IACS 

Series A 
SDADAD (450) 4.6 (25 ---> 2.5) 1.8(a) (1.0) 
SDADAD(500) 4.6 (25 ~ 2.5) 1.8(b) (1.0) 

Series B 
SDSDAD 4.6 2.5 
(450) (25 ---> 2.5) (0.71) 

SDSDAD (500) 4.6 (25 -4 2.5) 2.5 (0.71 ) 

500 ~ h (1.0) 3.2 (0.20) 9.6 (0.20) 823 76.0 
500 ~ h (1.0) 3.2 (0.20) 9.6 (0.20) 810 74.0 

450 ~ h 2.3 9.4 975 77.0 
450 ~ h (0.23) (0.23) 950 79.0 
450 ~ h 932 80.0 
450 ~ h 896 80.0 

( 1.0) 
500 ~ h (1.0) 2.3 (0.23) 9.4 (0.23) 953 78.5 

(a) Aging condition: 450 ~ h. (b) Aging condition: 500 ~ h 
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Fig. 5 Strength versus conductivity data for samples listed in Table 3 
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would be more effective in removing chromium from solid so- 
lution following the initial solution treatment. The low values 
of  both strength and conductivity revealed that neither of these 
effects occurred. Examination of  the filaments on deeply 
etched samples in the scanning electron microscope (SEM) 
showed that most of the chromium particles had been elongated 
into the ribbon-shaped filaments characteristic of these defor- 
mation-processed alloys (Ref 1, 2). However, the elongated 
filaments in series A samples revealed serrated edges not pre- 
sent in series B filaments, but the resolution of  the SEM was not 
adequate to pin down the nature of  the serrations. 

Therefore, filaments were extracted for transmission elec- 
tron microscope (TEM) analysis from the copper matrix in a so- 
lution of  50% nitric acid in water using standard filtering 
techniques. Figure 6 presents TEM micrographs of the ex- 
tracted filaments from series A and B samples. The edges of the 
series A filaments were consistently found to be jagged, with 
transverse cracks extending inward at frequent intervals along 
their length, as indicated by the arrows in Fig. 6(a). In contrast, 
the filaments of the series B samples were significantly 
smoother and less cracked (Fig. 6b). The stress-strain curves 
for the series A samples showed roughly the same shapes in the 
plastic flow regions prior to fracture; thus, the serrated fila- 
ments did not lower the tensile strengths due to early onset of 
fracture. The lower strength of  the series A samples probably 
results from fragmentation of  the filaments and less elongation 
of  the filaments compared to the series B samples. 

It is not obvious why the series A samples also have a low- 
ered conductivity. Subsequent work (Ref 6) has confirmed that 
deformation following the second solution treatment produces 
a strong precipitation of  chromium from solid solution. Per- 
haps the lower conductivity in the B samples results from a re- 
duction of  this effect by replacement of the second solution 
with an aging treatment in the B samples. 

Commercial  copper alloys available in the same conduc- 
tivity range as these deformation-processed Cu-7 vol% Cr 
alloys achieve a large component  of  strength from age hard- 
ening. Figure 7 compares the strength-conductivity of  sev- 

eral such alloys to the deformation-processed alloys of this 
study. The presentalloys provide an approximate 50% increase 
in strength at a given level of  conductivity. It is believed that the 
reason for the improved properties of  the deformation-proc- 
essed alloys is that the electron scattering from the particles of  
age-hardened alloys plus scattering from remnant solid-solu- 
tion effects produces a larger loss inconductivity than does the 
electron scattering from the elongated filaments of  the defor- 
mation-processed alloys. Because the deformation-processed 
alloys of  this study that produced optimum properties had been 
solution treated and aged, it would seem reasonable that these 
alloys might also have some component of age hardening con- 
tributing to their strength. The role of  age hardening and mi- 
crostructural development in the optimally processed alloys 
has been examined in a subsequent study (Ref 6). 

4. Conclusions 

It has been found that deformation-processed copper-chro- 
mium alloys prepared from chill-cast ingots achieve optimum 
combinations of strength and conductivity by utilizing a com- 
bination of  mechanical deformation and thermal treatments. Of 
the processing schemes studied, the DSDAD process was 
found to produce optimum properties. This scheme includes 
three deformation steps, with a solution treatment between the 
first two steps and an aging treatment between the final two 
steps. 

When the temperature/time of the aging step was controlled, 
the strength/conductivity values tended to move along a com- 
mon line, which appears to be an upper bound for the best com- 
bination of  properties in the Cu-7 vol % Cr alloys studied here. 
Comparison of this upper bound line strength/conductivity 
properties of commercial copper alloys in the same range of  
conductivities demonstrates that the deformation-processed 
Cu-7Cr wires have strengths that are greater by roughly 50%. 

Fig. 6 TEM bright-field micrographs at an original magnification of 40 k• (a) Filaments from a series A sample. (b) Filaments from a se- 
ries B sample 

Journal of Materials Engineering and Performance Volume 4(5) October 1995--579 



1000 

900 

800 

700 
[,., 

6OO 

500 

.••1 
' ' ' ' ! ' ' 

-7 v/o Cr 

El 

' ' I ' ' ' ' I . . . .  

.24Cr,.24Cd [7] 
Zirconium Copper [7] 
Chromium Copper [7] 

p . . , . (  zx .4Cr,. 15Zr,.05Mg [8] 
#. 

�9 .08Cr,.05Sn,. 1In,. 1Fe,.04P[9] 
�9 .15Cr,.002P [10] 

A ~  �9 .33Cr,.02Ti,.02Si [ 11] 

4 0 0  i , t , I . . . .  I , , , , I I , ~ , I . . . .  
75 80 85 90 95 100 

% IACS 

Fig. 7 Comparison of strength versus conductivity data for the Cu-7 vol% Cr wires and for commercial copper alloys having the same 
range of conductivity 
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