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Abstract: On the interface of the Cu—Al composite plate from horizontal continuous casting, the eutectic microstructure layer thickness ac-
counts for more than 90% of the total interface thickness, and the deformation in rolling forming plays an important role in the quality of the
composite plate. The eutectic microstructure material on the interface of the Cu—Al composite plate was prepared by changing the cooling rate
of ingot solidification and the deformation in hot compression was investigated. The results show that when the deformation temperature is
over 300°C, the softening effect of dynamic recrystallization of a-Al is greater than the hardening effect, and uniform plastic deformation of
eutectic microstructure is caused. The constitutive equation of flow stress in the eutectic microstructure layer was established by Arrhenius hy-
perbolic-sine mathematics model, providing a reliable theoretical basis for the deformation of the Cu—Al composite plate.

Keywords: horizontal continuous casting; copper—aluminium composite plate; composite interface; eutectic microstructure material; hot de-

formation experiments; constitutive equation

1. Introduction

The Cu—Al composite plate has attracted more attention in
recent years because of its advantages of copper and alumin-
um [1-3], such as lightweight of aluminum and high con-
ductivity and thermal conductivity of copper [4—6]. There are
many preparation methods of Cu—Al composites plate, in-
cluding the explosion recombination method [7-8], rolling
recombination method [9-11], compound casting method
[12-13], casting and rolling recombination method [14-15],
and horizontal continuous casting composite forming meth-
od [16]. Horizontal continuous casting compound forming
process is as follows: copper and aluminum liquids are
heated and insulated separately, with induction heating for
the thermal type mold. Upon achieving the preset temperat-
ure, the copper plate is induced by the traction device for
casting the copper strip, followed by the discharge of the alu-
minum liquid. With the effect of cooling in the crystallizer,
the aluminum liquid is solidified on the copper substrate to
produce a copper—aluminum bimetallic compound strip. The
horizontal continuous casting composite forming method can
achieve large-scale continuous production of Cu—Al com-
posites plate due to its advantages of short technological pro-
cess and excellent metallurgical bonding of composite inter-
face [17]. However, due to brittle intermetallic compounds
and the eutectic phase at the composite interface, the deform-
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ation behavior of Cu—Al composites plate prepared by hori-
zontal continuous casting composite forming process is com-
pletely controlled by experience. The numerical simulation
method is used to study the stress field distribution of Cu—Al
composites plate in the forming process and optimize the
parameters of the forming process, which is an effective way
to realize the forming process of Cu—Al composites plate.
Wu and Liu [18] used finite element software Abaqus to
simulate the rolling process of rectangular section copper-
clad aluminum composite material. The simulation results
showed that the single-pass reduction has the most intensive
influence on the lateral spread ratio and copper sheath thick-
ness ratio. Li et al. [19] used finite element software Marc to
simulate the rolling process of copper clad aluminum com-
posites. According to the research results, based on the theor-
etical calculation formula of rolling load for a single material,
the rolling load calculation formula for bimetallic compos-
ites was proposed and the correctness of the formula was
verified. Luo et al. [20] used 3D rigid—plastic finite element
model to investigate the effect of main process parameters on
the deformation behavior of copper cladding aluminum wire
forming process. It suggested that the flat wire had more
spread rate and uniformity of the copper layer using possible
fewer passes. The above of all research in establishing the
model, assuming binding constraint between the copper and
aluminum layer, ignored the existence of the composite inter-
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face. However, Liu et al. [21] found that the co-deformation
of the two substrates could be realized due to the bonding ef-
fect of the composite interface by comparing the hot com-
pression process of the Cu—Al composites plate with the me-
tallurgical bonding interface and the no-interface Cu/Al com-
posite sample. Therefore, the deformation behavior of the
composite interface is the key factor during the forming pro-
cess of the Cu—Al composites plate. However, the composite
interface size is small, about 500 pm, it is difficult to study
the deformation behavior of the composite interface directly

in the forming process, so there are few reports on this aspect.

The composite interface of Cu—Al composites plate fab-
ricated by horizontal continuous casting composite forming
is composed of the eutectic microstructure layer and inter-
metallic compound [16]. Intermetallic compounds are brittle
and have little plastic deformation ability. The thickness of
eutectic layer accounts for more than 90% of the total thick-
ness of the interface, the deformation behavior of the eutectic
layer in the subsequent rolling process has a significant influ-
ence on the quality of Cu—Al composites plate after forming.
In this paper, Al-17at% Cu alloy with the same eutectic
structure as the eutectic microstructure layer of the Cu—Al
composites plate fabricated by horizontal continuous casting
composite forming was prepared to replace the eutectic mi-

crostructure layer by changing the cooling speed of the ingot.
The thermal deformation behavior of the eutectic microstruc-
ture layer was studied by hot compression experiment, and
the Arrhenius equation was used to construct the constitutive
equation of the eutectic microstructure layer, which provides
a solid theoretical basis for the hot forming process of Cu—Al
composites plate.

2. Experimental

2.1. Preparation eutectic microstructure layer of Cu—Al
composites plate by horizontal continuous casting com-
posite forming

According to previous studies, the composite interface mi-
crostructure of Cu—Al composites plate formed by horizontal
continuous casting is shown in Fig. 1. According to energy
dispersive spectroscopy (EDS) analysis results in Table 1, the
main composition of Cu—Al composites plate with the eutect-
ic microstructure layer is Al-17at% Cu alloy, and the phase
composition is o + 0 phase.

In this experiment, Al-20at% Cu intermediate alloy was
firstly prepared by using cathode copper and industrial pure
aluminum in the medium frequency vacuum induction melt-
ing furnace, then Al-17at% Cu alloy was prepared by using
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Fig. 1. Microscopic results and element distribution of the composite interface: (a, b) the microstructure of the interface; (c, d) EDS

line sweep analysis results of A—B in (a) and C-D in (b).



1580

Int. J. Miner. Metall. Mater., Vol. 29, No. 8, Aug. 2022

Table 1. EDS component analysis results of points in Fig. 1

Point Cu/ at% Al / at% Phase Point Cu/ at% Al / at% Phase
1 99.07 0.93 a-Cu 6 15.52 84.48 a+0
2 74.38 25.62 v 7 18.21 81.79 oa+0
3 35.23 64.77 0 8 16.97 83.03 o+0
4 17.22 82.78 o+0 9 16.66 83.34 a+0
5 17.17 82.83 o+0 10 1.73 98.27 a-Al

intermediate alloy and industrial pure aluminum in the resist-
ance furnace. As can be observed from the Al-Cu binary
phase diagram, the melting point of the Al-17at% Cu alloy is
564.3°C, and therefore the preset temperature of the alloy
was 650°C. The Al-17at% Cu alloy was completely melted
and insulated for 10 min at a preset temperature. The graph-
ite crucible containing the molten metal was removed, and
the molten metal was refined and de-hybridized with the
C,Clg refining agent. The graphite crucible was placed in the

resistance furnace for heating the molten metal to the preset
temperature and insulating it for 10 min, after which the in-
gots were cast and solidified under various process condi-
tions, respectively (see Table 2 for specific process paramet-
ers). The optimum preparation process was determined by
comparing the microstructure and composition of the ingots
prepared under different technological conditions with the
eutectic interface of the Cu—Al composites plate, which
provided samples for the hot compression experiment.

Table 2. Specific process parameters of three cooling methods

Cooling method

Air cooling

3 mm graphite gaskets between the cast mold and the water-cooled base plate

The cast mold placed directly on the water-cooled base plate

2.2. Test analysis method

10 mm x 10 mm x 20 mm samples were taken from
Al-17at% Cu alloy ingot prepared by wire cutting method
under different technological conditions. After sandpaper
polishing and mechanical polishing, Phenom ProX scanning
electron microscope was used to observe the microstructure
and composition of the samples. The ¢8 mm x 15 mm cyl-
indrical sample was prepared using the wire cutting method
to process the ingot prepared by the best process. Gleeble-
1500 thermal simulator was used to conduct thermal com-
pression experiments on the cylindrical samples. The experi-
mental conditions were as follows: the deformation temper-
atures of room temperature, 200, 250, 300, 350, and 400°C,
the strain rates of 0.01, 0.1, and 1 s™*, and the total compres-
sion deformation of 70%. The experimental data was collec-
ted automatically by the computer system of the thermal sim-
ulation testing machine. The fracture morphology of the
sample was observed with Phenom ProX scanning electron
microscope, and JSM-7900F field emission scanning elec-
tron microscope was used to observe the microstructure of
the deformed specimens. The true stress—true strain curve
was drawn according to the experimental results of thermal
compression, and the rheological behavior constitutive rela-
tion of the eutectic microstructure layer was established.

3. Results and discussion

3.1. Microstructure and composition

The microstructures of ingot prepared by different pro-
cesses are shown in Fig. 2. As can be seen from the figure,
the solidification organization of the Al-17at% Cu alloy
comprises a certain amount of incipient intermetallic com-

pound phase 6-CuAl, and a dense lamellar eutectic organiza-
tion, which is regarded as a typical hypereutectic organiza-
tion. There are mostly obvious corners in the incipient 6-Cu-
Al, phase, which demonstrates that in the Al-17at% Cu al-
loy, the incipient intermetallic compound phase 8-CuAl, dur-
ing the growth process exhibits a small planar growth. As the
cooling rate increases, the 0-CuAl, phase is transformed from
long slat to short rectangle. Meanwhile, the increase in cool-
ing rate affects the gradient of solute concentration distribu-
tion in the liquid phase at the front of the dendrites during so-
lidification, which further influences the nucleation and
growth of the eutectic organization, leading to a significant
refinement of the eutectic organization and the appearance of
a large number of eutectic clusters.

By comparing with the eutectic microstructure layer of the
Cu—Al composites plate by horizontal continuous casting
composite forming, it is found that the grain size and growth
direction of the sample prepared by the No. 3 process are the
same as those of the eutectic microstructure layer. Table 3
shows the EDS analysis results of points in Fig. 2(d), the
phase composition of the ingot sample prepared by the No. 3
process is o + 0 phase, which is also consistent with the eu-
tectic microstructure layer phase composition of Cu—Al com-
posites plate. Therefore, the casting ingot prepared by the No.
3 process can be used to replace the eutectic microstructure
layer of Cu—Al composites plate by the horizontal continu-
ous casting composite forming to study the hot compression
deformation behavior of the eutectic microstructure layer.

3.2. Compression deformation behavior

During the hot compression experiment, it was found that
the eutectic microstructure layer broke when the deformation
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No. 2, and (d) No. 3.

Table 3. EDS analysis results of points in Fig. 2(d)

Point Cu/ at% Al/ at% Phase
1 17.2 82.8 a+0
2 153 84.7 a+0
3 16.5 83.5 a+0
4 18.6 81.4 a+0

temperature was low and the strain rate was high. The frac-
ture morphology of the sample is shown in Fig. 3. The frac-
ture morphology (Fig. 3(a) and (b)) has cleavage steps and
river patterns, which are typical micro characteristics of
cleavage fractures. It shows that the fracture mode of the eu-
tectic microstructure layer is brittle fracture when the de-
formation temperature is lower than 200°C. The fracture

morphology shown in Fig. 3(c) is characterized by a quasi-
cleavage fracture with tearing edge in addition to the cleav-
age step and river pattern. The fracture morphology changes
with the increase of deformation temperature, indicating that
when the deformation temperature is higher than 250°C, the
fracture mode changes from brittle fracture to ductile frac-
ture, and the plastic deformation ability of the eutectic micro-
structure increases.

When the deformation temperature is greater than 300°C,
the eutectic microstructure layer produces uniform plastic de-
formation without a noticeable “bulge” phenomenon. The
deformed sample was cut along the axial direction, and the
microstructure of the deformed eutectic microstructure layer
was observed. The microstructure of the eutectic microstruc-

o 2 g

Fig. 3. Fracture morphologies of eutectic microstructure layer after compression deformation under different conditions: (a) room

temperature, 1 s'; (b) 200°C, 1 s™'; (c) 250°C, 157",
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ture layer under the deformation condition of 350°C and 0.01
s”'is shown in Fig. 4. When the deformation temperature was
350°C, the CuAl, phase was crushed under the action of
stress and dispersed in the a-Al phase. The complete recrys-
tallization of a-Al results in the softening of the eutectic mi-
crostructure layer and a sharp decrease in the degree of work
hardening, and the composite eutectic interface shows good
plastic deformation ability.

The eutectic microstructure layer microstructure under
different strain rates at the deformation temperature of 350°C
is shown in Fig. 5. When the temperature is fixed, the size of
dynamically recrystallized grains decreases gradually with
the increase of strain rate. This is due to the driving force of
recrystallization generally provided by the deformation en-
ergy storage of the twisted metal. When the strain rate is low,
the metal atoms can fully diffuse and the stored energy in the
eutectic microstructure layer is small, so that the driving force
of recrystallization is reduced and the nucleation rate of re-
crystallization is low. At a higher strain rate, a large number
of dislocations and structural defects are formed in a-Al, and

Int. J. Miner. Metall. Mater., Vol. 29, No. 8, Aug. 2022

the deformation storage energy increases, which provides fa-
vorable nucleation sites and increases the nucleation rate. As
the strain rate increases, the deformation time will decrease
accordingly, and the dynamic recrystallization grains do not
have enough time to grow up, so the grain size will decrease
with the increase of strain rate. With the increase of strain
rate, the flow stress of the eutectic microstructure layer in-
creases, which leads to the increase of fragmentation degree
of the CuAl, phase.

3.3. True stress—true strain curve

The true stress—true strain curves of the eutectic micro-
structure layer under different deformation conditions are
shown in Fig. 6. At the initial stage of elastic deformation, the
true stress of the eutectic microstructure layer increases lin-
early with the increase of true strain. Plastic deformation oc-
curs when the stress exceeds the yield strength of the eutectic
microstructure layer, the true stress of the eutectic micro-
structure layer increases slowly with the increase of true
strain. Mechanical sclerification caused by dislocation and

Color coded map type: phase

Phase Total Partition

fraction  fraction
B Aluminum 0.607 0.607
= 0.393

CuAl, 0393

Fig. 4. Microstructure of the eutectic microstructure layer after compression and deformation at 350°C and 0.01 s™': (a) grain fig-

ure; (b) phase diagram.

]

Fig. 5. Microstructure of eutectic microstructure layer after compression deformation under different strain rates at 350°C: (a) ori-
ginal condition; (b) 0.01s™; (c) 0.1s™"; (d) 157"
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mollification caused by dynamic recovery and dynamic re-
crystallization occur simultaneously in the eutectic micro-
structure layer of compound interface in this stage. However,
because the sclerification caused by high density dislocation
in the process of deformation is greater than the mollification
caused by dynamic recovery and dynamic recrystallization,
the true stress of eutectic microstructure layer on the com-
pound interface increases slowly with the increase of true
strain. The true stress declines rapidly after it gets peak, due
to the softening effect caused by dynamic recrystallization,
which is higher than the work hardening effect. With the con-
tinuous increase of true strain, work hardening and dynamic
softening compete with each other. Steady rheological char-
acteristics appear when they reach the equilibrium state.

When the deformation temperature is 250°C and the strain
rate is 1 s, dynamic recrystallization begins when the strain
of the eutectic microstructure layer reaches the critical re-
crystallization strain (e.). However, due to the low deforma-
tion temperature and high strain rate, the dynamic recrystal-
lization softening is not enough to offset the working harden-
ing, and the eutectic microstructure layer is fractured. A little
plastic deformation occurs in the eutectic microstructure lay-
er before fracture, which is consistent with the fracture ana-
lysis.

As can be seen from Fig. 6, when the strain rate is con-
stant, the flow stress of the eutectic microstructure layer de-
creases with the increase of deformation temperature. The ef-
fects of increasing deformation temperature on reducing flow

stress are mainly as follows: (1) The degree of thermal mo-
tion of atoms is significantly enhanced, the critical shear
stress required to start the dislocation is obviously reduced,
and the number of dislocation slip system is increased, which
is beneficial to the plastic deformation of the eutectic micro-
structure layer. (2) It is helpful to promote the dynamic re-
crystallization of the eutectic microstructure layer and reduce
the degree of work hardening.

3.4. Modeling the hot deformation behavior

3.4.1. Peak stress constitutive model

In order to predict the hot deformation behavior of the eu-
tectic microstructure layer, the thermal compression process
was further explored, and the constitutive relation equation of
the eutectic microstructure layer was established. The hyper-
bolic sinusoidal constitutive equation of Arrhenius type is
widely used to describe the relationship between the flow
stress (peak stress), deformation temperature, and strain rate
[22]:

& = A[sinh (ao-)]”exp(—l%) (1)

where ¢ is the strain rate, s'; 4, @, and n are material con-
stants; o is the peak stress, MPa; Q is the deformation activa-
tion energy, kJ'mol™'; R is the gas constant, 8.314 J-mol
K'; T'is the deformation temperature, K.

In order to obtain each coefficient in the equation, the hy-
perbolic sinusoidal constitutive equation of the Arrhenius
type is simplified as follows:
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Fig. 7(a) and (b) shows the peak stress of the eutectic mi-
crostructure layer at different deformation temperatures to
draw the relationships of In& vs. Ino and Iné& vs. o. Then,
the curves are treated with unary linear regression, and their
slopes are n, and 3, respectively. The average n, is 7.276, and
B is 0.0413 MPa'. According to Eq. (4), the value of a is
0.0056 MPa ™.

The relationship between temperature compensated strain
rate (Z) and peak stress is as follows [23]:

Z = éexp (—]%) = A[sinh (ao)]" @)

According to the partial derivative for the logarithm of
both sides of Eq. (7), the thermal deformation activation en-
ergy (Q) is obtained:
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Substitute @ in, draw the Iné vs. In[sinh(ao)] and
ok (a) A ° .
_1 -
72 -
o A ° .
S
_3 -
—4r = 300°C
® 350°C
sl 4 400°C
4?4 4;8 512 5?6
In(o / MPa)
0 L (C) A [ ] | ]
_1 -
72 -
o A
i
_3 -
_4 -
75 -

0.8 -0.4 0 0.4 0.8
In[sinh(ao)]

Int. J. Miner. Metall. Mater., Vol. 29, No. 8, Aug. 2022

In[sinh(ao)] vs. 1000/T diagrams, and make linear regres-
sion, as shown in Fig. 7(c) and (d). According to the coeffi-
cients in Eq. (1): 4 = 6.41 x 10 s, @ = 0.0056 MPa™!, n =
5.41,and 0 =1.71 x 10° J-mol ', the constitutive equation is
established as follows:

171000
) O

By the transformation of Eq. (7), the following equation
can be obtained:

2
(g) +1
A

_L Jzy
o =—In (K) +

The deformation temperature and strain rate under differ-
ent conditions are substituted into Egs. (7) and (10) to obtain
the theoretical peak stress under the corresponding deforma-
tion conditions, and the theoretical peak stress and the exper-
imental peak stress are plotted as discrete points on the ordin-
ate and abscisic coordinates respectively, as shown in Fig. 8.
The consistency can be illustrated by Fig. 8: the slope of the
straight line obtained by fitting the discrete points is 1.029
and the correlation coefficient is 0.974, which indicates that
the peak stress calculated by the constitutive equation is in
good agreement with the experimental value, so the obtained
constitutive equation is reasonable.
3.4.2. Flow stress constitutive equation

The a, Q, n, and In A values at different stresses (¢ =
0.2-1.0, an interval is 0.1) were calculated according to the
peak stress constitutive equation. After analysis, there is a

&= 6.41x10"[sinh (0.00560)°*'exp(

2
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Fig.7. (a)Iné vs.Ino, (b) Iné vs. 0, (¢) In& vs. In[sinh(ao)], and (d) In[sinh(ac)] vs. 1000/7 plots at different deformation rates.
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specific functional relationship between the calculated mater-
ial parameters and the true strain. The cubic polynomial is
used to fit the functional relationship between them, and the
fitting effect is good, with the correlation coefficient reach-
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ing above 0.98. The variation relationships of material para-
meters determined by the above method with strain are
shown in Fig. 9. The cubic function relations of material
parameters with strain are obtained as follows:

a = 0.0084¢° +0.0099s” +0.00204< + 0.0077 (11)
n=-185712& +6.61381> —4.41095¢ +4.27135  (12)

Q =30306.5¢° +95834.96&” — 123995445 + 170445.6
(13)

InA = 6.27438&" + 17.916558* — 24.09948¢ +29.72358
(14)
By the transformation of Eq. (1), the flow stress con-

stitutive equation of the eutectic microstructure layer is ob-
tained as follows:

1. Iné-InA+ %
o = —arcsinh|exp| ——— (15)
1o n

where «, n, O, and In 4 are determined by Eqs. (11)—(14), re-
spectively.
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Fig. 9. Relationships between (a) @, (b) n, (¢) O, and (d) In A with true strain.

3.4.3. Verification of the flow stress constitutive equation

In order to verify the validity of the established flow stress
constitutive equation, the parameters of different deforma-
tion temperatures and strain rates under different true strain
conditions are substituted into Eq. (15). A total of 81 groups
of data are compared between the calculated values of flow
stress and the experimental values of flow stress, and the cor-

relation and average absolute relative error are used for veri-
fication.

The correlation coefficient is usually used to analyze the
linear relationship between experimental values and calcu-
lated values. The correlation between the flow stress pre-
dicted by the constitutive relation and the experimental value
is shown in Fig. 10. It can be seen that the calculated value of
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Fig. 10. Relationship between experimental flow stress and
calculation flow stress of eutectic microstructure layer.

the constitutive relation has a good correlation with the ex-
perimental value, and the correlation coefficient is about
0.978. In order to describe the accuracy of constitutive rela-
tion, the average absolute relative error (0) is introduced [24]:
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1 N
5=ﬁ;

where E; is the experimental value of flow stress, P; is the cal-
culated value by the constitutive relation (Eq. (15)), and N is
the number of experimental data points (in this paper N = 81).
By calculating the deviation of the experimental range, the
average absolute relative error is 5.36%. The results show
that the eutectic composite interfacial stress obtained by Eq.
(15) has high precision and meets the needs of engineering
calculation.

The comparison between the calculated values of flow
stress and experimental values of flow stress at different de-
formation temperatures is shown in Fig. 11. It can be seen
from the figure that the calculated value of flow stress within
the experimental range is almost consistent with the experi-
mental value. This indicated that the model of the eutectic
microstructure layer flow stress prediction has a good pre-
dictive ability.

E - P;
E;
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Fig. 11.
peratures: (a) 400, (b) 350, and (c) 300°C.

3.5. Rheological behavior of composite interface during
hot compression of the Cu—Al composites plate

A ¢8 mm X 15 mm cylindrical sample was taken from the
Cu—Al composites plate, as shown in Fig. 12(a). The hot
compression test was carried out at the deformation temper-
ature of 300°C and strain rate of 1 s™', the total deformation

Comparison between the experimental and calculated flow stress of eutectic microstructure at different deformation tem-

was 70%. The composite interface morphology after hot
compression is shown in Fig. 12(b) and (c).

As can be seen from Fig. 12(b), during the compression
process of the Cu—Al composites plate, the eutectic micro-
structure in the composite interface undergoes significant
plastic deformation, and the deformation thickness is 75.7
pm. The total deformation is 78% compared with the origin-
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Fig. 12. (a) Cylindrical composite and (b—d) composite interface morphology of the Cu—Al composite after the hot compression de-

formation.

al thickness. The results show that the eutectic microstruc-
ture in the composite interface has plastic deformation beha-
vior during the hot deformation of the Cu—Al composites
plate. However, intermetallic compounds (IMCs), which
have little plastic deformation capacity, are broken when the
stress exceeds their fracture strength. Under the flow behavi-
or of copper and the eutectic microstructure, the IMCs are
dispersed in the copper and eutectic microstructure. Due to
the non-uniform deformation of copper and aluminum, a
large shear force is formed on the composite interface, which
causes the composite interface to fracture at a local position,
as shown in Fig. 12(c). Under the compressive stress, the
fresh copper and aluminum metal flow into the gap and form
a new atomic-scale composite interface (Fig. 12(d)), so that
the Cu—Al composites plate has a high bonding strength, and
the cooperative deformation of Cu—Al composites plate is
realized. Therefore, the deformation behavior of the compos-
ite interface is the key factor during the forming process of
the Cu—Al composites plate.

4. Conclusions

In this paper, Al-17at% Cu alloy, which had the same eu-
tectic structure as the eutectic microstructure layer on the in-
terface of Cu—Al composite plate, was prepared by changing
the cooling rate of ingot solidification to substitute the eutect-
ic microstructure layer on the interface of Cu—Al composite

plate, and the compression deformation behavior was invest-
igated. The conclusions are as follows:

(1) When the deformation temperature ranges from 300 to
400°C, the softening effect of dynamic recrystallization of a-
Al in the eutectic microstructure layer is greater than the
hardening effect, and then the uniform plastic deformation of
eutectic microstructure is caused.

(2) According to the true stress—strain curves of the eutect-
ic microstructure layer in different deformation conditions,
the relationships between true strain and material parameters
were obtained by polynomial fitting based on the Arrhenius
hyperbolic sinusoid model, and the constitutive equation of
flow stress in the eutectic microstructure layer was estab-
lished:

&= A[sinh (aa)]"exp(—%)

where:

a = 0.0084&> +0.0099& +0.00204& +0.0077,
n=-1.85712¢&’ +6.61381&” —4.41095 +4.27135,

0 =30306.5¢ +95834.965 — 123995.44¢ + 170445.6,

InA = 6.27438&> + 17.91655&* — 24.09948¢ +29.72358.

(3) The correlation coefficient between the experimental
value and the calculated value predicted by the constitutive
relation is about 0.978, with an average relative error of
5.36%. The accuracy of the constitutive equation of flow
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stress in the eutectic microstructure layer established in this
paper was verified, which can provide a reliable theoretical
basis for rolling forming of the Cu—Al composite plate.
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