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Cu-1.5 wt.% Zn alloy used in the present study was subjected to the hot impression creep tests at three
stresses of 75, 110 and 150 MPa and three temperatures of 250, 300 and 350 °C for a constant dwell time of
2 h. The effect of stress and temperature on the impression depth with respect to time was studied.
Irrespective of the test condition, the depth of impression increased with respect to the time. However, upon
increasing the applied stress, the twins were observed. Stress exponent values and activation energies were
determined for different test temperatures and stresses. Stress exponent values related to the plastic flow
over the complete range of experimental conditions were found to lie between 4 and 5.5. Whereas the
average activation energy value was determined to be 164 £ 10 kJ/mol. Calculated stress exponents and
activation energy values reveal the dislocation climb phenomenon, controlled by dislocation pipe diffusion

as the mechanism of the creep.

Keywords creep rate, depth of impression, hot impression creep,
stress, temperature

1. Introduction

Pure copper has been widely used in the electrical and
electronic industries because of its high thermal and electrical
conductivity (Ref 1). Hence, it is a perfect material of choice for
power and telecommunications cables, winding wires in
electric motors, and a variety of other electrical applications
(Ref 2). Pure copper provides good mechanical properties for
applications up to a temperature of 100 °C, beyond which these
properties start deteriorating (Ref 3). Copper alloys with Zn, Fe,
Al, etc., could retain the mechanical properties at high
temperatures by virtue of retaining its FCC crystal structure
(Ref 3). But it has been noted that in several electronic devices
with Cu alloys as wires or connects, upon increasing the density
of component and decreasing the wire width, the temperature in
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electronic devices might reach to values of around 200 to
300 °C (Ref 4, 5). Since these Cu-Zn alloys are being used at
high temperatures and are subjected to stresses, creep study of
these alloys is highly crucial in order to predict material failure
(Ref 6, 7). Among different creep testing methods, impression
creep test finds itself a special place as it offers highly
localized creep information for a wide range of materials when
compared to burdensome traditional creep tests (Ref 8-12).

Kuchatova et al. investigated creep in a Cu-2Fe alloy in the
temperature domain of 673—-873 K and the stress range of 10—
95 MPa. It was found that the Coble diffusion deformation
mechanism dominated at low stresses. Whereas, at high
stresses, the steady state creep mechanism was controlled by
the new interface area created during thermally assisted cutting
of coherent vy iron particles present in the alloy (Ref 13).

Fakhrabadi et al. studied the impression creep behavior of
the aged Cu-6Ni-2Mn-2Sn-2Al alloy in the temperature domain
of 695-795 K at impression stresses in the range of 300-
900 MPa. The average values of stress exponent and activation
energy obtained were 4 and 194 kJ/mol, respectively. Disloca-
tion climb controlled by lattice diffusion was found to be the
responsible creep mechanism. It was also found that separately
adding of 0.3 wt.% Cr and 0.3 wt.% Zr to the base alloy
resulted in an even greater improvement in creep resistance
(Ref 14).

Mahmudi et al. investigated the impression creep behavior
of Cu-0.3Cr-0.1Ag alloy in the temperature range of 688-
855 K for which the stress range of 80-550 MPa was used. It
was found that Cu and Ag enhanced the creep resistance. It was
also found that the creep mechanism was dislocation climb
controlled by dislocation pipe diffusion (Ref 15). Further, it was
also demonstrated that the punching stress required to obtain
the same impression creep rate in Cu-0.3Cr-0.1Ag alloy was
nearly 3 times the same as required in Cu. This increase in the
punching stress required can be attributed to the strengthening
effect caused by dispersion of Cr particles in the Cu matrix (Ref
16).
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Kumar et al. have studied the effect of temperature and load
during hot impression creep of Cu-Zn-Al alloy using 2, 2.5, and
3 kg load at 250, 300 and 350 °C. It was observed that both the
impression depth and creep rate increased with an increase in

Fig. 1 OM image of as-received Cu-1.5 Zn alloy showing the
presence of non-equiaxed grains and several twins

Table 1 Chemical Composition of Cu-1.5 Zn alloy

Elements Cu Zn

Wt.% 98.5 1.5

temperature as well as the load. The presence of several
deformation bands upon increasing the stress was also dis-
tinctly revealed in their studies (Ref 17).

However, most of the existing literature neither paid close
attention to impression creep studies on Cu-Zn alloys nor the
microstructural changes occurring in the impression zone after.
Hence, in the current work, creep properties of Cu-1.5 Zn alloy
have been studied by the hot impression creep method due to
the plethora of advantages it has over the conventional creep
test (Ref 18, 19). The microstructural changes occurring in the
vicinity of the impression zone have been carefully examined
and it has been effectively correlated with the obtained creep
properties. Additionally, efforts have been taken to determine
the creep-controlling mechanism in Cu-1.5 Zn alloy at
temperature and stress ranges of 250 to 350 °C and 75 to
150 MPa, respectively.

2. Experimental Procedure

2.1 Material

The as-received sample of Cu-1.5 Zn alloy in the annealed
conditions were machined to dimensions of 15 mm diameter
and 10 mm height. The Chemical composition determined
through X-ray Fluorescence (XRF) analysis is described in
Table 1.

2.2 Metallography

The cylindrical samples were polished, adopting the stan-
dard metallographic polishing method and were then etched

Element | Weight
%

CuK 98.45
1.55

100

7n Y Element
cu ] 2o
CukK 98.55
Zn Cu ZnK 1.45
Total 100
Cu
Cu
Zn, Cu
Zn
2 4 6 8 10 n
Full Scale 15215 cts Cursor: 0.000 ke'

(©)

Fig. 2 (a). SEM image of as-received Cu-1.5 Zn alloy, (b) EDS of the bright region and (c) EDS of the dark reg
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Fig. 3 SEM images of the impression region of Cu-1.5 Zn samples tested at 250°C and load (a) 75 MPa (b) 110 MPa (c) 150 MPa

using a mixture of 25 ml HNO; and 25 ml distilled water for
40 seconds and then examined under a scanning electron
microscope (Tescan-Vega3LMU). EDS was used to measure
the chemical composition.

2.3 Hot impression Creep Test

The samples were tested at three different temperatures of
250, 300 and 350 °C and three different loading condi-
tions of 75, 110 and 150 MPa for a dwell time of 2 h.
Impression depth measured by the Linear Variable Displace-
ment Transducer (LVDT) sensor was plotted with respect to
time to get the depth of impression vs time plot. From this plot,
several important data like steady-state creep rate, punch
velocity vs time plot and steady-state punch velocity were
obtained. In the secondary region within the creep curve, the
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relationship between steady-state punch velocity and impres-
sion stress is given by power law as given below:

Vimp T _ Timp n _Q
( G > _A( G ) exP(RT)
where Vi, is the steady state punch velocity (m/s), G is the
shear modulus (MPa), 4 is a material parameter, oimp is the
impression stress (MPa), n is the stress exponent, Q is the
activation energy (kJ/mol), T is the temperature (in K) and R is
the universal gas constant (Ref 20).

At a constant T, the slope of the plot drawn between
In[V,,, * T/G] and In[oimy/G] gives the value of stress
exponent (n), since A is constant. Similarly, the slope of the
curve obtained by plotting between 1000/T (where T is in K)
and In[V;, .+ 7/G|0.17em— n In[oiny/G] gives the value of

(Eq 1)
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Fig. 4 SEM images of the impression region subjected to 75 MPa at different temperatures (a) 250°C (b) 300°C (c) 350°C

(= Q/R), from which the value of activation energy, Q can be
found.

Since shear modulus of elasticity varies with testing
temperature, the corresponding relationship which considers
shear modulus as a function of temperature has to be utilized
while calculating the values of # and Q. The following equation
gives the value of shear modulus as a function of testing
temperature for pure Cu. The temperature dependency of the
elastic shear modulus of pure Cu can be applied to the present
material under consideration.

G(MPa) = 47,500 — 17T(K) (Eq 2)
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where G is the shear modulus (MPa) and T is the temperature
(in K) (Ref 21).

3. Results and Discussion

3.1 Microstructural Features

Figure 1 depicts the Optical Microscope (OM) image of the
Cu-1.5 Zn alloy in the as-received or annealed condition. From
this image, it can be noted that the microstructure consists of
single phase non-equiaxed o grains. Several annealing twins
and twin boundaries were also present in the microstructure.

Volume 33(11) June 2024—5309
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Figure 2(a) shows the SEM image in the as-received state
which also revealed the same. The average grain size was found
to be 24 £ 1.2 um. The average twin length and width were
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calculated to be 20 £ 1 and 5 4 0.5 um, respectively. It can
be observed that the EDS study could confirm the presence of
Cu & Zn (see Fig. 2b and c). Figure 3(a), (b) and (c) shows
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Fig. 7 Effect of load on the depth of impression with respect to time at various temperatures (a) 250°C (b) 300°C (c) 350°C

SEM images of the impression or the deformed region of the
samples tested at 250 °C and loads of 75, 110 and 150 MPa,
respectively. Several twins and deformation bands are distinctly
visible in the microstructures. Additionally, it was noticed that,
at a constant temperature of 250 °C, an increase in the load
results in a decrease in average grain size in the deformed
region. Figure 4(a), (b) and (c) depicts SEM images of the
deformed region at a constant load of 75 MPa at different
temperatures of 250, 300 and 350 °C, respectively. It can also
be observed that an increase in the test temperature also resulted
in a negligible change in the grain size in the deformed region
until 300 °C. However, for a temperature of 350 °C, the
average grain size is found to increase slightly which might be
due to the grain coarsening effect. The grain size in the
undeformed (indenter non contact area) region increased on
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increasing the temperature as observed in Fig. 5. Figure 6(a)
gives a graphical representation of average grain size as a
function of stress. It can be observed that with an increase in
stress, the average grain size is found to decrease. Figure 6(b)
depicts a graphical representation of average grain size as a
function of temperature. It can be noted that there is a negligible
change upon increasing the temperature from 250 to 350 °C.

3.2 Hot impression Greep Behavior

Figure 7(a), (b) and (¢) gives the effect of load on the depth
of impression with respect to time at various temperatures of
250, 300 and 350 °C, respectively. It can be observed that
irrespective of the applied load and temperature, the depth of
impression increases with an increase in time. When the load
was increased from 75 to 150 MPa, the depth of impression

Volume 33(11) June 2024—5311
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Fig. 8 Effect of temperature on the depth of impression with respect to time at various loads (a) 75 MPa (b) 110 MPa (c) 150 MPa

increased from 0.45 to 0.7 mm at 250 °C (see Fig. 7a), 0.9 to
1.1 mm at 300 °C (see Fig. 7b) and 1.0 to 1.3 mm at 350 °C
(see Fig. 7c¢).

Thus, the higher the load for a given temperature, the higher
the depth of impression obtained. The maximum depth of
impression was observed at 150 MPa and 350 °C, whereas the
minimum depth of impression was observed at 75 MPa and
250 °C. Figure 8(a), (b) and (c) gives the effect of temperature
on the depth of impression with respect to time at various loads
of 75, 110 and 150 MPa, respectively. When the deformation
temperature was increased from 250 to 350 °C, the depth of
impression increased from 0.45 to 1 mm at 75 MPa (see
Fig. 8a), 0.7 mm to 1.2 at 110 MPa (see Fig. 8b) and 0.7 to
1.3 mm at 150 MPa (see Fig. 8c). Hence, the higher the
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temperature for a given stress, the higher the depth of
impression obtained as discussed by Yang et al. (Ref 22).
The highest value of depth of impression of around 1.3 mm
was obtained at 150 MPa/350 °C. Thus, one can say that both
the load and testing temperature simultaneously affects the
depth of impression. The higher the load and/or the temperature
higher the impression depth formed, i.e., the higher the creep
rate. Hence it is clear that the increase in depth of impression
with an increase in temperature (at constant load) is much
higher than that obtained with an increase in stress (at constant
temperature). Thus, the effect of varying temperature on the
depth of impression is much more dominant than that of the
effect of varying the stress (Ref 17).

Journal of Materials Engineering and Performance



3.2 - 350°C
P |
v 3.0
|l;1
2 |
2.8 -
o 300°C
N’ B
3
= 2.6
=
= ]
S 24-
=
) |
&
E 2.2 =
7] o
-5’ 2.0 ——a 250°C
8 1 /
2 18-
1.6 T Y T Y I
75 110 150

Fig. 9 Steady state creep rate (s™') vs. Stress (MPa)

Figure 9 gives the graphical plot of the steady-state creep
rate as a function of stress. It can be noticed that irrespective of
the test temperature, with an increase in the stress from 75 to
150 MPa, the steady state creep rate gradually increases. A
similar trend was observed as a function of temperature while
the stress remains constant. Hence this gives the information
that with an increase in both temperature and stress, steady state
creep rate increases progressively and these results go in hand
with Sastry et al. (Ref 23). However, the effect of temperature
on creep rate is more dominant than the effect of stress.

The Punch velocity vs time plot was obtained by differen-
tiating the depth of impression vs time data at three different
loads 75, 110 and 150 MPa as seen in Fig. 10(a), (b) and (c). It
can be observed that, with an increase in time, the punch
velocity decreases rapidly in the initial transient region and then
gradually reaches a steady state. Upon increasing test temper-
ature from 250 to 350 °C, the maximum punch velocity
increased from 0.025 to 0.075 mm/min for a load of 75 MPa,
i.e.,, the punch velocity increased nearly thrice, 0.015 to
0.07 mm/min for a load of 110 MPa, i.e., has increased more
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¢ (MPa)

than four times and 0.025 to 0.042 mm/min for a load of
150 MPa.

Additionally, the obtained punch velocity values were
plotted with respect to (1/t), where ¢ is the impression time in
seconds. The curve obtained was then extrapolated to 1/t equals
to zero. The corresponding punch velocity values obtained
were taken to be the steady-state punch velocity values. Figure
11 gives a plot between steady-state velocity (mm/s) versus
impression stress (MPa) at different test temperatures. Irre-
spective of the testing temperatures, an increment in the steady
state velocity with respect to stress could be observed (Ref 24).
However, the increase in steady-state velocity with respect to
stress was drastic when the testing temperature was 350°C.
Thus, it could be inferred that with an increase in temperature,
the steady state punch velocity values also increased rapidly.
This might be because of the decrease in strain hardening effect
at higher temperatures and thus resulting in an increase in the
displacement rate with an increase in temperature.
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T T T T T
008 13 500C/2me 75 MPa 0.07 4 350°C/2hr 110 MPa
0.07 -
_ ] _0.06
= s
2 0.06 - =
g é 0.05
E 0.05 - E  300°Ci2n
>  1300°C/2hr > 0.04
3 £
g 0044 F
@ 2 0.03
Z 003 z
S 1250°C/2hr S
E £ 0.02-
A 0.024 A~ | 250°C2hr
0.01 - 0.01
0.00 r . ; . = e — v 0.00 . , ,
0 30 60 90 120 0 30 60 90 120
Time (min.) Time (min.)
(a) (b)
0.05
150 MPa
350°C/2hr
. 0.04+
£
E
E 0.03
< 300°C/2hr
g
9
=
S 0.02-
= 250°C/2hr
=
£
0.01
0'00 T T T T ‘I
0 30 60 90 120

Time (min.)

(c)

Fig. 10 Punch velocity (in mm/min) vs time (s) by varying temperatures at different loads (a) 75 MPa, (b) 110 MPa and (c) 150 MPa

3.3 Interpretation of Creep Mechanism

A double natural logarithm plot between the applied stress
and steady-state punch velocity was plotted to get the stress
exponent value, n. This stress exponent value obtained was
further utilized in determining the activation energy. Further, a
graph  between 1000/T and In[V -+ T/G]0.17em—n
In[oimp/G] was plotted to get the corresponding value of
activation energy. With the stress exponent and activation
energy values obtained, the impression creep mechanism
responsible was predicted.

Figure 12 shows the plot between In[V;, *7/G] and
In[oimp/G] at temperatures 250, 300 and 350 °C. It can be
observed that with an increase in the impression creep
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temperatures from 250 to 350 °C, the slope of the line obtained
by plotting between In[V;,, + T'/G] and In[im,/G], i.e., stress
exponent values decreased from 5.586 to 4.076. This trend in n
values obtained goes in hand with the fact that lower
deformation temperature and higher strain rate leads to the
enhancement in the values of strain hardening exponent. The
creep activation energy, Q values determined from plot between
1000/T and In[V;, .+ T/G]0.17em— n In[oimy/G] at various
impression stress levels, is shown in Fig. 13. It can be observed
that the creep activation energies at various deformation stress
conditions 75, 110 and 150 MPa were 173, 165 and
153 kJ/mol, respectively, i.e., a decrease in activation energy
with an increase in stress can be noticed. The average activation

Journal of Materials Engineering and Performance
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energy value of the present Cu-1.5 Zn alloy was calculated to
be 164 + 10 kJ/mol

According to power law creep, various mechanisms have
been attributed to different combinations of stress exponent, n
and activation energy, Q values obtained. Dislocation flow and
climb controls creep at lower temperatures and intermediate
stresses while dislocation climb is the main factor that controls
the creep rate. As stress rises, the stress exponent n for this
mechanism of control may rise in the range of 2 to 7 (Ref 25,
26). In addition to it, at lower temperatures and intermediate
stresses, the activation energy, Q is either the energy for lattice
self-diffusion or the energy for pipe diffusion (Ref 27-29). The
activation energy for lattice diffusion, Q4 for copper has been
reported to be 197 kJ/mol (Ref 30). Nevertheless, the reported
activation energy for pipe diffusion, Q0,4 for copper has been
estimated to be between 118 and 157 kJ/mol (Ref 31).
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Since the experimentally obtained stress exponent values for
Cu-1.5 Zn alloy that is being studied at present, at different test
temperatures lies between 4 and 5.5, dislocation climb is the
responsible creep mechanism. However, considering all the
impression stress conditions of 75, 110 and 150 MPa, the
average activation energy value was found to be 164 &+ 10
kJ/mol, which is much closer to the activation energy for pipe
diffusion, Qpq for copper. It could be concluded that the
dislocation climb phenomenon controlled by dislocation pipe
diffusion is exclusively responsible for creep in Cu-1.5 Zn alloy
at temperature and stress ranges of 250 to 350 °C and 75 to
150 MPa, respectively.

Volume 33(11) June 2024—5315
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4. Conclusions

Impression creep test is a competent technique for analyzing

the creep behavior of several material specimens. Based on the
results obtained from the hot impression creep experiment
conducted on the Cu-1.5 Zn alloy, the following conclusions
can be drawn.

1.

The microstructure of as received sample was found to
consist of single-phase o grains. Several annealing twins
and twin boundaries were also present in the microstruc-
ture.

Trrespective of the temperature and the load condition,
the depth of impression increased with respect to the

5316—Volume 33(11) June 2024

time. However, upon increasing the stress, more twins
were observed. The influence of varying the temperature
on the depth of impression is much more dominant than
that of varying the stress.

Stress exponent lies between 4 and 5.5, whereas the aver-
age activation energy value was determined to be
164 £ 10 kJ/mol which is comparable to the activation
energy for pipe diffusion of copper thereby, indicating
that the dislocation climb phenomenon controlled by dis-
location pipe diffusion as the controlling mechanism of
the creep.

Journal of Materials Engineering and Performance
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