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Based on the hot compressive tests in the temperature range of 700-900 °C and strain rate range of 0.01-
10 s, the hot deformation behavior of a Cu-Cr-In alloy was investigated. The true stress—strain curves of
the alloy were obtained, and a constitutive equation for the alloy was established by the method of
equivalent stress. The processing maps were constructed based on the constitutive equation, and the
microstructural evolutions were analyzed and correlated with the processing maps. The results show that
the true stress of the alloy increased with decreasing strain rate and decreased with increasing temperature.
The microstructures of the alloy deformed under different conditions were in good accordance with the
processing maps results. According to the processing maps and the microstructures of the alloy with true
strains of 0.4 and 0.8, the optimal hot deformation conditions lie in the range of 850-900 °C and strain rate

range of 0.01-0.1 s ",

Keywords constitutive equation, Cu-Cr-In alloy, hot deformation
behavior, processing map

1. Introduction

As a type of age-hardening alloy, Cu-Cr alloys have been
widely used in electric and heat exchange fields, such as
railway contact wires (Ref 1-3), lead frames (Ref 4-6), and heat
exchange devices (Ref 3, 7, 8). Cu-Cr-Zr (Ref 1, 3, 5), Cu-Cr-
Sn (Ref 9), Cu-Cr-Ag (Ref 10, 11), and Cu-Cr-In (Ref 12)
alloys have been developed because of their excellent mechan-
ical properties and thermal and electrical performance. Hot
processing, such as hot extrusion and hot rolling, is an
important process for Cu-Cr-based alloy production. Due to the
low stacking fault energy of copper and copper alloys, the hot
working of alloys is always accompanied by work hardening,
dynamic recovery and recrystallization (Ref 13), and these will
have a great influence on the performance of the alloys. So it is
often used to improve the alloy structure and obtain a fine and
uniform grain structure. The thermoplastic deformation ability
of a material has an important effect on the stability of alloys,
and this deformation ability is related to the flow stress, strain
rate, and deformation temperature (Ref 14-16). Based on
dynamic material models, the processing maps can be struc-
tured, and the instability and stability domains are visualized
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and hot workability can be realized from them (Ref 17-20).
Zhang et al. (Ref 19) observed that the rare-earth element Y can
be used to refine grains and promote nucleation of dynamic
recrystallization. Elongated grains and shear bands were
observed in Cu-0.6Cr-0.03Zr alloys deformed at 550 and
650 °C, and the dynamically recrystallized grain size increased
with decreasing strain rate and increasing deformation temper-
ature (Ref 16). In addition, the cracks formed in a compressed
specimen at a deformation temperature of 650 °C and strain
rate of 10 s~ were in good agreement with the processing map
predictions for a Cu-Cr-Zr alloy (Ref 21).

A Cu-Cr-In alloy (Ref 12) studied in the early stage
exhibited excellent comprehensive performance with facile
preparation and production and showed potential for more
widespread application in the future. In this study, the hot
deformation behavior of a Cu-Cr-In alloy was studied by
performing compression tests on a Gleeble thermomechanical
simulator in the temperature range of 700-900 °C and strain
rate range of 0.01-10 s . The flow behavior, dynamic
recrystallization behavior, and processing map of the Cu-Cr-
In alloy were investigated. Constitutive equations were estab-
lished, the hot deformation activation energy was determined,
and the dynamic recrystallization microstructural evolution was
investigated in detail.

2. Materials and Experimental Procedure

The chemical composition (wt.%) of the Cu-Cr-In alloy
used in this study was 0.45 Cr, 0.093 In, and Cu balance. The
alloy was melted in a medium-frequency furnace (ZP-45,
Jiangyin Ruibang) in an air atmosphere. After holding at
950 °C for 1 h, the alloy ingot was quenched into water. And
then, the ingot was cut into cylindrical specimens with 10 mm
diameter and 15 mm length using an electro-discharge cutting
machine. With a heating rate of 10 °C/s, the specimens were
heated to the deformation temperatures and held for 3 min.
Isothermal compression tests were performed on a Gleeble
MMS-100 thermomechanical simulator with deformation tem-
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peratures of 700, 750, 800, 850, and 900 °C and strain rates of
0.01, 0.1, 1, and 10 s™'. The specimens were compressed by
60% and quenched in water immediately to room temperature
to obtain the deformed microstructure.

Metallographic specimens along the compression direction
were prepared using the electro-discharge cutting machine.
Etching was conducted with a solution of HNO; (30 ml) +
H,0 (80 ml). Optical microscope (OM, BMM-90AE, Shang-
hai Bimu) and transmission electron microscope (TEM, Tecnai-
G2-F20, FEI) were used to examine the microstructures of the
samples.

3. Results and Discussion

3.1 Stress—Strain Curves of Cu-Gr-In Alloy

Figure 1 presents the true stress—strain curves of the Cu-Cr-
In alloy at different deformation temperatures and strain rates. It
can been seen that the flow stress was found to be closely
related to both the deformation temperature and strain rate. The
flow stress decreased with increasing deformation temperature
under constant strain rate. The flow stress increased with
increasing strain rate under constant deformation.

As shown in Fig. 1, the flow stress rapidly increased with
increasing true strain at 700, 750, 800, and 850 °C. In addition,
there was no peak flow stress until a strain of 0.9; this finding is
attributed to the presence of a work-hardening stage and the
effect of work hardening is greater than that of dynamic
softening. As shown in Fig. 1(a) and (b), the flow stress
increased to a maximum value and then reached a steady state
at 900 °C for strain rates of 0.01 and 0.1 s~; this behavior is
attributed to the interaction between the work hardening and
dynamic recrystallization. Dynamic recrystallization clearly
occurred at 900 °C for strain rates of 0.01 and 0.1 s™' during
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hot deformation, and the softening effect of dynamic recrys-
tallization was in balance with the work-hardening effect (Ref
22). However, the work-hardening effect was greater than the
softening effect and the flow stress increased continuously for
the alloy deformed at 900 °C for strain rates of 1 and 10 s™'.
There was insufficient time for completion of dynamic recovery
and dynamic recrystallization at high strain rate, and a higher

activation energy of the alloy was required (Ref 19).

3.2 Activation Energy and Gonstitutive Equations

The strain rate and deformation temperature greatly affected
the flow stress during hot deformation. The relationship
between the flow stress, strain rate, and deformation temper-
ature can be represented by the following Arrhenius equation
(Ref 22):

: 0
¢=A4-F(o) exp{ RT} (Eq 1)
Here, ¢, A, o, R, Q, and T are the strain rate, material
constant, the flow stress or peak stress, the universal gas
constant, the activation energy of dynamic recrystallization, and
the absolute temperature, respectively.
F(0) can be expressed as follows:

Aa™, 06 <0.8
F(0) = { Ay exp(fo), ac>1.2 (Eq 2)
As{sinh(a0)}", foralle

Here, 4y, Ay, A3, o, § are the material constants, o = f/n;.

No peak stress or steady flow stress for the true stress was
reached for the hot deformation of the Cu-Cr-In alloy.
Therefore, the peak stress and steady flow stress could not be
used in the calculation. If the effect of strain is considered (Ref
23), Eq 1 can be expressed as:
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Fig. 1 True stress—strain curves of the Cu-Cr-In alloy deformed at: (a) £ = 0.01 s™'; (b) 6=0.1s"";(c)é=1s";and (d) &= 105"
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o=fET)(e) (Eq 3)

The relationships among the deformation temperature, strain
rate, and flow stress represented by the Zener—Hollomon
parameter (Ref 24) can be analyzed using the following
equation:

Z=i (2) — Afsinh(oc)]"
= éexp = A[sinh(o0)] (Eq 4)
RT

The material constants 4, A, A3, o, § must be determined
before the constitutive equation can be established. In order to
determine the material constants, an example has been chosen
for the strain (0.4) to introduce the solution procedures.

According to Eq 1 and 2, the strain rate ¢ can be expressed

as follows:
For low stress, ao < 0.8:

&= Aja"exp [_ 1% (Eq 5)
For high stress, ao> 1.2:
& = Agexp(fo)exp|— 9 (Eq 6)
RT
And thus for all stress,
& = As[sinh(ao)]"exp _ 9 (Eq 7)
RT

Taking natural logarithms of both sides of Eq 1 and 2 yields

In(¢) = nylno + Ind; — 9

8 (Eq 8)

In(¢) = fo + Ind, — 9

RT (Eq9)

The values of n; and f are determined to be n; = 7.75 and
p =0.1547 from the slope of the linear regression lines in
Fig. 2. The value of o of the Cu-Cr-In alloy was calculated to
be o = f/n; = 0.02 MPa™ .

Taking natural logarithms of both sides of Eq 7 yields

In[sinh(ao)] = IHTS + 9 Ind

Eq 10
nRT n (Eq 10)

For a constant strain rate &, by taking the partial derivative of
both sides of Eq 7 with respect to 1/7, Q can be expressed as
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0 In[sinh(ao)]

Q=R =5/m)

(Eq 11)

The value of # can be determined from the slope of a plot of
Iné — In[sinh(xo)] by substituting the values of the stress and
strain rate for all the tested temperatures into Eq 10 and the
regressed analysis results from Fig. 3.

By plotting In[sinh(ao)] — 1000/7 at different tempera-
tures, the average slope was calculated to be 8.3085. Conse-
quently, when the strain of the Cu-Cr-In alloy is 0.4, the value
of Q for the alloy was determined to be Q = 460.827 kJ/mol
(Fig. 4).

Taking natural logarithms of both sides of Eq 4 yields

InZ = In4 + nn[sinh(xo)] (Eq 12)

The relationship between InZ and In[sinh(xo)] is shown in
Fig. 5. The correlation coefficient for the linear regression is
0.982, which confirms the accuracy of Eq 12 for describing the
hot deformation behavior of the Cu-Cr-In alloy. As In 4 is the
intercept of the InZ — In[sin/(«o)] plot, the value of 4 was
determined to be ¢*¢5%28

Based on the above analysis, the following constitutive
equation of the Cu-0.45 Cr-0.093 In alloy with the strain 0.4
was established:

46082
i = 6% [5inh(0.020)] %7 2exp (_ 608 7)

Eq 13
RT (Eq 13)

The value of Q can be determined from the slope of a plot of
In[sinh(ao)] — 1000/T, as shown in Fig. 4.
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We recorded 16 points of true strain from 0.1 to 0.85 at an
interval of 0.05. The same methods were used to calculate the
values of o, n, O, and In4 in Eq 10 from experiments performed
under different strains.
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The data points in Fig. 6 were used to fit the following
eighth polynomial function of strain (¢):

a=Ap +A181 +A252 +A383 +A4s4 —i—Ass5 +A666 +A787 +Ag£8
n=By+Bie' + Bye? + B3&® + Bae* + Bse® + Boe® + Bye” + Bge®
0=Co+Cie' + Cre® + C36° + Cye* + Cs&* + Cge® + Cr¢” + Cse®
InA =Dy + D& +Dye® 4+ Ds&’ + Dye* + Dse’ + Dge® + D7’ + Dge®
(Eq 14)

where the values of the coefficients 4,, B;, C;, and D; (i = 0, 1,
2,3,4,5,6,7,8) are summarized in Table 1.

The plots of experimental values and predicted values
predicted by the constitutive equations with seventh-, eighth-,
and ninth-order polynomials are shown in Fig. 7. The predicted
values calculated from the constitutive equation that fitted
eighth-order polynomials are the most consistent with the
experimental plots. The correlation between experimental and
predicted flow stress from the different constitutive equations
with seventh-, eighth-, and ninth-order polynomials is shown in
Fig. 8. The values of correlation coefficients (R) for the
constitutive equations with eighth-order polynomials are
0.99689, higher than the other two. It indicates that the
constitutive equation fitted by eighth-order polynomials should
be used.

3.3 Processing Map

The dynamic material model proposed by Prasad (Ref 25,
26) and established based on continuum mechanics and
irreversible thermodynamics was used in this study. The hot
deformation process can be regarded as a closed system and a
nonlinear energy dissipater. And the plastic deformation and
microstructure evolution are the two ways to transform and
dissipate energy. Therefore, the total energy input (P) of the
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Fig. 6 Polynomial fit of variations of (a) o, (b) n, (¢) O, and (d) In4 with true strain
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Table 1 Coefficients of the polynomial for o, n, O, and In4

o n [0} In4

Ap = 0.0551 By =10.665 Co =993.83 Dy =107.98

A; = — 0415 By =— 1885 C, = —9020.53 D; = —993.70
A, = 1.1059 B, =1341.3 C, = — 72,220.81 D, =10,552.16
Az = 6.5163 By = — 7836 C; = — 32,664.8 D3 = 58,841.5

Aq = — 52.3249 By = — 26,450.4 Cy = 893,262.2 Dy =190,604.1
As = 148.79 Bs = — 53,4223 Cs = — 1,513,780 Ds =370,891.4
Ag = — 213.73 Bg = 63,426.04 Cs = 1,554,080 Dg = 426,901.4
A7 = 154.84 B; = — 40,706.7 C; = 883,207.2 D7 = — 255,671.6
Ag = — 45.004 Bg =10,876.9 Cs = — 212,556.3 Dg = 665,007.6

120

True stress , MPa

—~
o
~

150

True stress , MPa

v 7" polynomial
0 8" polynomial

% 9" polynomial
v

0.2

04 06
True strain

120

v 7" polynomial

0 8" polynomial

% 9" polynomial
[’8]

True strain

. ; 1504 o7 polynomial 700 °C
00°C E 0 8" polynomial
750 °C 1204 % 9" polynomial
2
&
wn
[}
=
=
08 1.0 0 02 04 06 08 1.0
(b) True strain
. ¥ X
)°C ) 0 5 4% q,,;,ﬂ”%o °G
% 120+ wt? 8. lv"“""-ﬂo °C
< . !‘"““:, v
©n | g 00 > - 00 °C
S 0145 ",;»85:5,.11 "’éwm
8 "y !.,.!‘-"'Q‘ YRR 10 °C
o 601" wuBgURR
2 vg 8 X . )
= v 7" polynomial
30' th 2
o 8" polynomial
0 % 9" polynomial
1.0 0 02 04 06 08 10
(d) True strain

Fig. 7 Comparison between experimental and predicted flow stress at various order polynomials
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system can be separated into plastic deformation dissipation (G)
and microstructural evolution dissipation (J), which can be

mathematically defined as

G = [odé
0

2132—Volume 28(4) April 2019

(Eq 15)

J =

P =

g
Jédo
0
o
G+J=0¢= [éedo+
0

Jodé
0

(Eq 16)

(Eq 17)
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And the ratio of microstructure evolution dissipation (J) to
ideal linear dissipated energy of microstructure (Ji,.x) can be
defined as the efficiency of power dissipation (1), which can be
expressed as

J
Jmax

n= (Eq 18)

When the deformation temperature and strain remain
constant, the relationship between G and J can be expressed
by the parameter m (the strain rate sensitivity index) as

dJ  [9(Ino)
= — = Eq 19
n=g6= [oma)., (Fa 1%
For an ideal linear dissipation process, m =1,

J = Jmax = 0&/2 = P/2. And the efficiency of power dissipa-

tion (1) can be expressed as
J _om

Jmax  2m+ 1

n= (Eq 20)
A power dissipation diagram of the alloy could be
constructed by calculating the value of #. According to the
extremum principles of irreversible thermodynamics, a contin-
uum instability criterion can be developed (Ref 21). The value
of power dissipation is higher, and the hot deformation ability is
better, but the premise is that the deformation conditions cannot
be located in the unstable zone. According to the principle of
maximum entropy, the instability criterion for flow instabilities
was developed, which can be expressed as
o]

Gi=—2"d 4 m<0

9n(?) (Eq 21)

The alloy becomes unstable when ££<0. An instability
diagram of the material can be drawn by the instability
criterion. And the processing maps of the material can be
constructed by combining the instability diagram and power
dissipation diagram.

The traditional method of drawing a processing map is
based on the power function relation of the constitutive relation
of the alloy. However, Eq 20 and 21 are suitable for the
constitutive equations which are power-defendant functions of
the alloy. But the constitutive equations obtained in this work
are hyperbolic sine function and do not satisfy the power
function relation, so Eq 20 and 21 does not apply. In this work,
another method was used to draw the processing maps.

The constitutive equation was substituted into Eq 16, and
then, the values of J were obtained by integration. The values
of Jand Jy.x = 0¢/2 were substituted into Eq 18, the values of
n were calculated and the power dissipation map could be
drawn.

The instability criterion of any constitutive relation was
proposed by Murty (Ref 27), and the basic formula of material
instability can be expressed as
dD D
< —
de ¢

Here, D is a dissipative function connected with the strain
rate.

Combining Eq 16 and 18, the following expression can be
obtained:

(Eq 22)
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aJ o d 9hng

o o "% "gme 7 (Eq 23)
J J

- L Eq 24

1= o B (Eq 24)

Combining Eq 22, 23, and 24, Murty’s instability criterion
can be expressed as

2m<n (Eq 25)

Thus, the flow instabilities can be defined by the instability
parameter

E=2m—n<0 (Eq 26)

The instability map can be developed based on the values of
n and &.

Using Eq 1, 2, and 14, the constitutive equations of the alloy
deformed at strains of 0.4 and 0.8 were obtained, and the
associated processing maps are presented in Fig. 9.

The processing maps of the Cu-Cr-In alloy deformed at
strains of 0.4 and 0.8 are presented in Fig. 9(a) and (b),
respectively. The shaded areas represent the unstable regions,
and areas with darker shades indicate more severe instability.
The contour lines represent the dissipative efficiency of energy,
and the data points are the values of energy dissipation
efficiency (). At a strain of 0.4, a stable domain of high
temperature and low strain rate is shown in Fig. 9(a). The
energy dissipation efficiency increased with the increasing
temperature and the decreasing strain rate. Larger energy
dissipation values indicate improved hot deformation perfor-
mance and the maximum efficiency of energy dissipation on
domain A. For a strain of 0.4, the flow instability domain
consisted of two parts: a low-temperature and low-strain-rate
domain (domain B) and a high-strain-rate domain in the
temperature range of 760-880 °C (domain C). The energy
dissipation was low in domains B and C; the high-density
dislocation areas were easily formed during deformation at high
strain rates and low-temperature domains (Ref 28). At the same
time, lattice distortion occurred at the interface, which can
easily cause stress concentration. And cracks formed in the
grain boundary when the stress exceeded the alloy strength. As
shown in Fig. 9(b), a similar area of flow instability domain
was observed at low temperature and high strain rate (domain
D), where the energy dissipation was low in this domain at a
strain of 0.8. As the temperature increased and the strain rate
decreased, the energy dissipation efficiency increased, and the
energy dissipation was higher and the workability was better in
these deformation conditions. The efficiency of energy dissi-
pation peaked at 36% in 880 °C and 0.1 s~ ' (domain E).
Therefore, according to the processing maps in Fig. 9, the
optimal hot deformation conditions lie in the range of 850-
900 °C and strain rate range of 0.01-0.1 s™'.

3.4 Microstructural Evolution

As shown in Fig. 10, the optical images of the Cu-Cr-In
alloy microstructure for a true strain 0.4 under different
deformation conditions are presented. As observed in
Fig. 10(a) and (b), the original grains retained deformation
structure which was elongated during hot deformation. No

Volume 28(4) April 2019—2133
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Fig. 9 Processing maps for the Cu-Cr-In alloy at a true strain of (a) 0.4 and (b) 0.8

Axial compression direction

Fig. 10 Optical micrographs of the microstructure of the true strain 0.4 specimens deformed at different temperatures and strain rates: (a)

750 °C, 1 s'; (b) 800 °C, 10 s™'; and (c) 900 °C, 0.01 s™"

obvious recrystallized grains were observed, and some defor-
mation bands appeared inside the grain. At 800 °C and a strain
rate of 10 s, a large number of fibrous deformation bands
were observed inside and through the grain and the inhomo-
geneity of the microstructure was more severe. The deforma-
tion conditions of the instability microstructure correspond to
the metastable domain point a; and severe instability domain
point a, in Fig. 9(a), and the results are consistent with the hot
processing maps. These findings indicate that a large number of
deformation bands will form during hot deformation at low
temperature and high strain rate and that some elongated grains
remain with no recrystallization. In addition, the microstructure
of the alloy consisted of mixed grains and facilitated cracking
during deformation. Therefore, it is necessary to avoid
deformation under these deformation conditions in industrial
practice. The microstructure of the alloy deformed at point a3
(900 °C, 10 s ") is shown in Fig. 10(c). The new recrystallized
grains take the place of the deformed grains. It indicates that the
dynamic recrystallization process was complete, and the
driving force and time were sufficient for nucleation and
growth of the recrystallized grains under the deformation
conditions (Ref 29). Therefore, the deformation temperature
and strain rate significantly affected the microstructure of the
deformed alloy.

Optical images of the microstructure of the Cu-Cr-In alloy at
a true strain of 0.8 deformed under different deformation
conditions are presented in Fig. 11. The grains were obviously
elongated at 700 °C and a strain rate of 10 s™', as shown in
Fig. 11(a). No obvious recrystallized grains were observed,
except for the parallel deformation bands in the grains. In
addition, the deformation conditions of the instability
microstructure correspond to the metastable domain point b;.
Only a few small recrystallized grains are observed in the grain

2134—Volume 28(4) April 2019

boundaries in Fig. 11(b), which indicates that the dynamic
recrystallization occurred in the alloy at point b, (850 °C,
10 s~ ") and that the structure of the alloy tended to be stable.
Typical recrystallization with uniform and fine grains is
observed in Fig. 11(c), which indicates that full dynamic
recrystallization was achieved at point by (900 °C, 0.01 s ). In
addition, a sufficient level of dynamic recrystallization occurred
that the softening effect of dynamic recrystallization reached a
balance with the work-hardening effect. Therefore, the flow
stress rapidly increased to the critical stress and continued to
slowly increase to the peak stress, reaching a steady stress, as
observed in Fig. 1(a).

Figure 12 presents TEM micrographs of the Cu-Cr-In alloy
deformed under different deformation conditions (true strain
0.8). As shown in Fig. 12(a), the elongated deformation banded
structure formed at 700 °C and a strain rate of 10 s~ '. A lot of
dislocation formed during hot deformation, and a larger number
of dislocation walls and tiny dislocation sliding bands formed
because of the motion and entanglement of the dislocation.
There are no significant recrystallization occurred and insuffi-
cient energy for dislocation annihilation at this deformation
condition. Therefore, the flow stress of the alloy increased
continuously, and the effect of work hardening was greater than
that of dynamic softening. As shown in Fig. 12(b), uniform
recrystallized grains were clearly observed and the dislocations
tangled in the grain and formed a dislocation cell structure.
Under the conditions of low temperature and high strain rate,
only dynamic recovery with no dynamic recrystallization
occurred due to low atom diffusion rate and low amount of
energy stored. Therefore, the flow stress increased with the rise
of deformation, and the hardening effect continued to strength-
en. The alloy has enough heat and time for energy storage at
high temperature and low strain rate. And when the stored
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Axial compression direction

Fig. 11 Optical micrographs of the microstructure of the true strain 0.8 specimens deformed at different temperatures and strain rates: (a)

700 °C, 1 s7'; (b) 850 °C, 10 s~'; and (c) 900 °C, 0.01 s "

Fig. 12 TEM micrographs of the true strain 0.8 specimens
deformed at: (a) 700 °C and 10 s™; (b) 900 °C and 0.1 5!

energy reaches its critical value, the dynamic recrystallization
will start up and the softening of recrystallization will be
enhanced.

The processing maps and corresponding microstructures
suggest that the instability mechanisms are connected with
shear deformation bands. Therefore, these deformation condi-
tions and corresponding microstructures should be avoided in
industrial practice.

4. Conclusions

The hot deformation behavior of a Cu-0.45 Cr-0.093 In
alloy was studied in the temperature range of 700-900 °C and
strain rate range of 0.01-10 s~ '. Based on the experimental and
modeling results, the following conclusions can be drawn:

(1) The Cu-Cr-In alloy was sensitive to the deformation
temperature and strain rate. The flow stress increased
with the rise of the strain rate and decreased with the
rise of the deformation temperature during hot deforma-
tion.

(2) The hot deformation activation energy of the Cu-Cr-In
alloy at a strain of 0.4 was 460.827 kJ/mol, and the con-
stitutive equation of the alloy can be expressed as

460827
RT

¢ — 468828 [sinh(0.02a)]6‘6712exp(

(3) Based on the dynamic material model principles, the
processing maps at true strains of 0.4 and 0.8 were
structured. The optimal hot deformation conditions of

Journal of Materials Engineering and Performance

the Cu-Cr-In alloy lie in the range of 850-900 °C and
strain rate range of 0.01-0.1 s~ '.
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