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Abstract: The law of microstructure evolution and mechanical properties of hot roll bonded Cu/Mo/Cu clad sheets
were systematically investigated and the theoretical prediction model of the coefficient of thermal expansion (CTE) of
Cu/Mo/Cu clad sheets was established successfully. The results show that the deformation of Cu and Mo layers was
gradually coherent with an increase in rolling reduction and temperature and excellent interface bonding was achieved
under the condition of a large rolling reduction. The development of the microstructure and texture through the
thickness of Cu and Mo layers was inhomogeneous. This phenomenon can be attributed to the friction between the
roller and sheet surface and the uncoordinated deformation between Cu and Mo. The tensile strength of the clad sheets
increased with increasing rolling reduction and the elongation was gradually decreased. The CTE of Cu/Mo/Cu clad
sheets was related to the volume fraction of Mo. The finite element method can simulate the deformation and stress
distribution during the thermal expansion process. The simulation result indicates that the terminal face of the clad
sheets was sunken inward.

Key words: Cu/Mo/Cu clad sheets; roll bonding; collaborative deformation; mechanical properties; coefficient of
thermal expansion; prediction model

substrates and heat sink plates in microelectronic

1 Introduction

The growing requirement for enhanced
properties continues to inspire us to develop novel
materials. In recent years, clad sheets have
generally been designed to meet practical
requirements [1,2]. Cu/Mo/Cu clad sheets can be used
in many fields due to their outstanding mechanical
properties and thermal properties such as high
strength, high thermal conductivity (TC) and low
coefficient of thermal expansion (CTE) [3,4]. The
TC and CTE of Cu/Mo/Cu clad sheets can be

adjusted by changing the volume fraction of Mo [5].

It can be widely used as electronic packaging

devices [6,7]. Some researchers have prepared
Cu/Mo clad plates through various methods, such
as explosion bonding [8], roll bonding [9], diffusion
bonding [10] and diffusion-rolling bonding [11].
Roll bonding is one of the most common
methods for preparing metal composite plates and
can be widely used in the practical industrial
production. This method has many advantages, such
as high efficiency and low cost. Many multilayered
composites have been successfully produced by
roll bonding, such as Cu/Al [12,13], Mg/Al [14],
Al/Ti [15], AUMg/Ti [16] and Al/Cu/Mg [17,18].
Both Cu and Mo have extremely different
melting points (1084 and 2620 °C, respectively) and
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coefficients of thermal expansion (17.5x107° and
5.3x10 K™, respectively), so roll bonding between
Cu and Mo is difficult. The roll bonding of metal
materials is influenced by various factors,
especially rolling reduction and temperature. A
larger rolling reduction contributes to sound
bonding [19]. For example, the interfacial bonding
strength of carbon steel plates
gradually increased with increasing rolling
reduction [20]. In recent years, research on Cu/Mo
clad sheets has mostly been focused on the
bonding process and interface microstructure.
YANG et al [11] fabricated the Mo—Cu composites
by diffusion-rolling process and established atom-
to-atom bonding between two metals. WANG et
al [4] explored the Cu/Mo interface by multi-pass
rolling and annealing cycle processes and achieved
straight and coherent interface and strong interfacial
strength. However, the effect of the rolling process
on the microstructure evolution and properties of
the Cu/Mo plates is not sufficient. In addition, for
Cu/Mo/Cu electronic packaging materials, the
thermal expansion property is very important.
Based on previous studies [21], the CTE of
Cu/Mo/Cu can be adjusted by achieving different
thicknesses of the component metals. This provides
the possibility to predict the CTE of the clad sheets
before fabrication. Some researchers have deduced
the theoretical calculation model for the CTE of
composite materials. However, these models are
usually not applicable to laminated composite
plates, owing to the uneven deformation and stress
of each part in the clad sheets. Turner’s model [22]
is based on the fact that only uniform hydrostatic
stress exists in the phases. Kerner’s model [23]
accounts for both the shear and isostatic stresses
developed in the component phases. Schapery’s
model [24] predicts the CTE of unidirectionally
reinforced fiber composites. Finite element
simulation can show the deformation mechanism of
clad sheets under the effect of thermal loading well.
It can be considered to correct the existing model
by analyzing the inhomogeneity of deformation to
gain a more precise theoretical calculation model to
predict the CTE of Cu/Mo/Cu clad sheets.

In the present work, Cu/Mo/Cu clad sheets
were fabricated by hot roll bonding. The
microstructural evolution and the corresponding
deformation mechanisms of clad sheets were
investigated. The study mainly focuses on the effect

steel/stainless

of microstructure and layer thickness ratio on the
mechanical properties and thermal-expansion
property. Additionally, a theoretical calculation
model for the CTE of Cu/Mo/Cu clad sheets was
established, which provides a basis to predict the
CTE of Cu/Mo/Cu clad sheets under different layer
thickness ratios.

2 Experimental

2.1 Raw materials

The materials used in this research were pure
Cu sheets with a thickness of 1.5 mm and pure Mo
sheets with a thickness of 1.0 mm. The chemical
compositions of the two materials are listed in
Tables 1 and 2. The dimensions of the length and
width of Cu and Mo sheet were 66 mm and 24 mm,
respectively. The microstructure and texture of the
raw materials are shown in Fig. 1. Clearly, Cu
contained fine equiaxed grains with weak texture
and Mo showed many elongated grains with strong
texture.

Table 1 Chemical composition of pure Cu (wt.%)
Fe Zn O P S Cu
0.05 0.04 0.004 0.003 0.006 Bal.

Table 2 Chemical composition of pure Mo (wt.%)
Fe Ni C (0] N Mo
0.03 0.06 0.02 0.005  0.001 Bal.

2.2 Roll bonding

As shown in Fig. 2, the pure Cu sheets and
pure Mo sheets were roughened with 120 grit SiC
paper and then ultrasonically cleaned in absolute
ethyl alcohol. After the surface treatment, the sheets
were stacked alternately by the assemblage of
Cu/Mo/Cu to form a sandwich plate with a
thickness of 4.0 mm. To avoid sliding on each other,
the sandwich plate was riveted from the short side.
A universal testing machine was used to preload to
make the Cu/Mo interface closely join together to
avoid the interface from being oxidized in the
process of heating as far as possible.

The riveted sheets were respectively heated at
850, 900 and 950 °C for 15 min in a furnace with
the Ar atmosphere, and then immediately rolled to
different reductions with mill rolls of 170 mm in
diameter at a rolling speed of 0.2 m/s. When
the heating temperature was 850 °C, the single-pass
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Fig. 1 Raw microstructure (a, b) and texture (¢, d) of Cu (a, ¢) and Mo (b, d)
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Fig. 2 Schematic diagram of fabrication process for hot roll bonded Cu/Mo/Cu clad sheets

reductions of approximately 0, 40%, 50%, 60% and
70% were conducted. As a comparison, a single-
pass reduction of 70% was conducted when the
heating temperatures were 900 and 950 °C.

The post-rolling annealing process was carried
out under argon protection. The specimens with
rolling temperatures of 850, 900 and 950 °C at a
rolling reduction of 70% were annealed at 400 °C
for 1 h to eliminate the internal stress and test the
thermal expansion property of the clad sheets.

2.3 Investigation of structure and properties

The interface structure of Cu/Mo/Cu was
characterized by field emission scanning electron
microscope (SEM, JSM—7800F) equipped with an
energy-dispersive spectroscopy (EDS) at a voltage

of 20 kV. All micrographs were taken from the
rolling direction (RD) and the normal direction
(ND). The Cu layers for SEM were electropolished
in a solution containing 10 mL phosphoric acid,
10 mL ethanol and 20 mL distilled water at a
voltage of 8 V for 20s. The Mo layer was
electropolished in a solution containing 30 mL
methanol, 1.5 mL perchloric acid and 18.5 mL
2-butoxy ethanol at a voltage of 20V for 20s.
Electron  backscatter diffraction (EBSD)
measurements were carried out by a TESCAN
MIRA3 scanning electron microscope with a
system at 20 kV and a working distance of 15 mm.
The diffraction data were obtained with a step size
of 0.3 um. The collected data were analyzed using
the HKL® Channel 5 analysis software. The texture
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of the Mo layer was detected by X-ray diffraction
(XRD, Rigaku D/max 2500PC with CuK,
radiation). The detection region was along the
rolling plane with an area of § mm x 6 mm. The
(110), (200), (211) and (222) peaks were fitted by
Labo Tex 3.0 software.

The hardness through the thickness of clad
sheets was examined by a Vickers hardness test at
room temperature. Hardness measurements were
carried out using a 50 g load with a dwell time of
10s, and the average hardness from three
independent measurements was calculated. A
universal tensile test was used to determine both the
tensile strength and the elongation of the clad
sheets. The tensile speed was 1 mm/min. The
tensile specimen was 15 mm in length and 4 mm in
width. The tensile direction was parallel to the RD
of the clad sheets. The CTE was measured by a
thermal dilatometer (NETZSCH DIL 402 C). The
measurement ranged from room temperature to
450 °C at a speed of 10°C/min in a protected
atmosphere of Ar. The specimen was 25 mm in
length and 5 mm in width.

2.4 Finite element simulation

To better demonstrate the deformation and
stress of Cu/Mo/Cu clad sheets under the effect of
thermal loading, finite element analysis was carried
out. According to the symmetrical characterization
of Cu/Mo/Cu clad sheets, the 2D model was set up
with the RD—ND plane and the model was meshed
with a 2D quadrilateral element with four nodes.
The Cu/Mo/Cu clad sheets were defined as three
parts. The geometric dimensions and the setting of
the thermal analysis conditions were the same as
the practical specimens. The connection type of the
Cu/Mo/Cu interface was bonded, which ensured
neither normal nor tangential separation of each
layer.

3 Results and discussion

3.1 Cu/Mo interface evolution of different rolling
processes
Figure 3 presents the Cu/Mo
microstructures at different rolling reductions and
temperatures. A schematic diagram of the Cu/Mo
interface is shown in Fig.3(a). The interface
microstructure and O element distribution of the

interface

unrolled specimen are shown in Figs. 3(a;) and (ay)
respectively, and many continuous oxides can be
observed at the Cu/Mo interface. It is not difficult to
understand that Cu and Mo are easily oxidized at
high temperatures, so many oxides will inevitably
appear at the interface. In the rolled specimens, it
can be observed that a relatively straight Cu/Mo
interface changed into a wavy morphology with an
increased rolling reduction when the temperature
was 850°C. A similar behavior of interface
appeared in Al/Ti clad sheets [25]. When the rolling
reduction is 50%, the oxide content is much lower
than that of the unrolled plate and the interface is
relatively straight. However, continuous oxides can
still be seen at a higher magnification, as shown in
Fig. 3(b1). At the same time, the continuous O
element distribution can be seen in Fig. 3(by). It
must be pointed out that rolling reduction is lower,
and continuous oxides are very difficult to break
under smaller rolling force [26]. As the rolling
reduction increased, the interface was bonded with
a toothed shape with a rolling reduction of 60%,
and the oxides at the interface started to break. A
small quantity of oxides still existed in local areas,
as shown in Fig. 3(ci). When the rolling reduction
further increased to 70%, Cu was inserted into Mo,
and the oxides at the interface started to disappear,
as presented in Fig. 3(d;). This result demonstrates
the uncoordinated deformation of the clad sheets
due to the enormous mechanical difference between
the Cu and Mo layers. The difference in the flow
properties between the constituent layers led to
shearing at the Cu/Mo interface, which resulted in
the Mo layer embedded by the Cu layer. Similarly,
this phenomenon was also reported in other roll
bonded plates, such as Ti/steel [26] and Al/Cu [27].

When the rolling reduction was 70%, the
Cu/Mo interface showed a wavy morphology at
rolling temperatures of 900 and 950 °C. The oxides
of the interface can hardly be seen, as presented in
Figs. 3(e1) and (fi). This finding indicates that the
sound interface is mainly attributed to larger
rolling reductions, and the effect of temperature
on the interface morphology is very small
Alternatively, rolling reduction has an important
effect on the interface morphology. Regarding the
evolution of interface structure, most previous
investigations have focused on the effect of rolling
reduction [15,26].



2294

Jiang-jiang LIU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2290—2308

O element

(a)

Mo

RD
T—>ND

Cu

N

Interface

Unrolled

(a;)

1100 um

(b)

850 °C, 50%

(by)

Continuous
oxides

(c)

850 °C, 60%

(cy)

(d)

850 °C, 70%

SCH)

Continuous and
oxide-free interface’

(e)

900 °C, 70%

‘ ()

Continu
oxide-free

()

950 °C, 70%

> [

Continuous and
oxide-free inte

Fig. 3 Cu/Mo interface microstructures at different rolling reductions and temperatures
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3.2 Variation in rolling reduction ratio of Mo to

Cu layer

The rolling reduction (¢) of the Cu layer is
different from the Mo layer during hot roll bonding
because of the difference in mechanical properties
between Cu and Mo. Table 3 lists the rolling
reduction of Cu and Mo layers as well as their
ratios at different rolling reductions and
temperatures, which were measured on the RD—ND
plane of the Cu/Mo/Cu clad sheets. The variations
in the reduction ratio of the Mo to Cu layer with
different rolling reductions and temperatures are
shown in Figs. 4(a) and (b), respectively.

The ecw/emo ratio  gradually increased
(Fig. 4(a)), which indicated that the deformation
difference between the two metals gradually
decreased with increasing the rolling reduction.
Moreover, the reduction of the Cu layer was closer
to that of the clad sheets under a given rolling
reduction based on Table 3. Notably, the
deformation resistance of Cu is lower compared
with Mo at higher temperatures. When the rolling
reduction is lower, the Cu layer deforms easily with
a smaller rolling force, while the deformation of the
Mo layer is smaller. The deformation of the clad
sheets is almost entirely undertaken by the Cu layer.

2295

When the rolling reduction is increased, the larger
rolling force renders a toothed combination at the
Cu/Mo interface, as shown in Fig. 3, and the
pressure from the roller easily penetrates into the
Mo layer, so that the deformation of Cu and Mo
tends to be consistent [28].

When the rolling reduction is 70%, the
deformation between the Cu and Mo layers tends to
be more consistent with that at the elevated
rolling temperatures (Fig. 4(b)). Figure 5 exhibits
the inverse pore figures (IPFs) of the Mo plate
at  different annealing temperatures  for
approximately 15 min, which indicates the
microstructure of the Mo sheet before entering the
roller. When the rolling temperature is 900 °C, the
deformation resistance of Mo is lower than that at
850 °C, but the softening degree of Cu has reached
the limit. When the temperature reaches 950 °C, Mo
presents  obvious  recrystallization = behavior
(Fig. 5(c)), which leads to a reduction in the
deformation resistance. Therefore, Cu and Mo show
good cooperative deformation under such a large
rolling reduction. It can be confirmed that a large
rolling reduction and high rolling temperature
contribute to the collaborative deformation of Cu
and Mo.

Table 3 Rolling reduction of Cu and Mo layers and their ratio at different rolling processes

Temperature/ Total Thickness of Mo Reduction of Mo Thickness of Cu Reduction of Cu Reduction ratio of
°C reduction/% layer/mm layer/% layer/mm layer/% Mo to Cu layer
850 40 0.860 14.0 0.760 49.3 0.284
850 50 0.694 30.6 0.688 54.1 0.567
850 60 0.584 41.6 0.483 67.8 0.614
850 70 0.477 523 0.441 70.6 0.740
900 70 0.448 55.2 0.456 69.6 0.793
950 70 0.390 60.9 0.470 68.7 0.886
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Fig. 4 Variation in reduction ratio of Mo to Cu layer at different rolling reductions (a) and rolling temperatures (b)
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3.3 Microstructure evolution through thickness
of Cu layer

Figure 6 shows the microstructure of the Cu
layer of different regions in the Cu/Mo/Cu clad
sheets fabricated by hot rolling under different
rolling reductions. The heated microstructure of Cu
is given in Fig. 6(a), and course equiaxed grains can
be observed. It is not difficult to understand
that 850 °C further exceeds the recrystallization
temperature of Cu, and the growth speed of grains
is very fast [29]. Low-angle grain boundaries
(LAGBs) can hardly be seen in these grains, which
is a complete recrystallization state. After the clad
sheets were rolled, the grains were drastically
refined.

When the rolling reduction is 50%, as shown
in Fig. 6(b), the grain orientation of the Cu layer is

random. However, it is obvious that the grain size
of the middle zone is larger than that of the
near-roller and near-interface zones. The micro-
structure through the thickness of Cu layer is
inhomogeneous because the force states are
different for different zones. The grains of middle
zone are mainly affected by normal stress. The
grains on near-roller and near-interface zones are
also subjected to shear stress from the roller and Mo
layer. The shear force from the roller and Mo layer
can refine the grains. The phenomenon is similar to
the process of friction stir welding [30] and
equal-channel angle pressing [31], therefore, the
grains of shear zone are obviously refined. To
observe the grain boundaries more clearly, Fig. 7
shows the grain boundary distribution of different
reductions, in which high-angle grain boundaries

HAGB (>15°)
LAGB (2°-15°)

Fig. 6 IPFs of Cu layer under different rolling reductions at 850 °C: (a) 0; (b) 50%; (c) 60%; (d) 70%
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HAGB (>15°)
LAGB (2°-15°)

100 um

Fig. 7 Grain boundary distribution of Cu layer under different reductions at 850 °C: (a) 50%; (b) 60%; (c) 70%

(HAGBs) are presented by the black lines,
low-angle grain boundaries (LAGBs) are presented
by the gray lines and twin boundaries (TBs) are
presented by the red lines. The specimen with a
50% reduction hardly exhibited LAGBs. This result
indicated that the grains were almost recrystallized
completely.

When the rolling reduction is 60%, as shown
in Fig. 6(c), the overall grains are smaller than those
of the 50% rolling reduction. Since the deformation
degree of Cu increases with increasing rolling
reduction of the clad sheets, the grains can be
further broken under the larger rolling reduction. At
the same time, the reduction of 60% has some
LAGBs in the local zones (Fig. 7(b)), which is
attributed to the incomplete recrystallization. The
grains of the middle zone are larger than those of
the near-roller and near-interface zones, which
exhibits a similar phenomenon to the sample with a
rolling reduction of 50%.

When the rolling reduction increases to 70%,
as indicated in Fig. 6(d), the grains are the smallest
in the three rolling reductions. The Cu layer
experienced a larger deformation compared with the
reduction of 60%. The grain sizes of different zones
had no obvious differences. The shear effect from
the roller can penetrate deeply into the nearby zone
with increasing reduction. The grains of the middle
zone can be fragmented under a larger rolling force
and there are a lot of LAGBs in the local zones
(Fig. 7(c)). Furthermore, the grains showed a
certain banded distribution under the effect of the
roller. The shear band was along the direction of

approximately 20° to the RD, as shown in Fig. 6(d).

In general, the inhomogeneity of the
microstructure through the thickness of the Cu layer
can be attributed to the effect of the roll-gap
geometry and the friction between the roller and
sheet surface as well as the uncoordinated
deformation between constituent layers [28]. The
effect of the roll-gap geometry depends on the /A
ratio, where / represents the projected length of
contact between the roller and the specimen, and /
is the average thickness of the clad sheets [32].
When the //h ratio is less than 0.5, the shear effect
from the roller can be produced at the intermediate
layer. When the //A ratio is more than 5, the shear
effect will disappear. In this experiment, the /A
ratios were 4.22, 5.20 and 5.59 for 50%, 60% and
70% reductions, respectively. This indicates that the
inhomogeneous microstructure of the Cu layer may
be affected by roll-gap geometry when the rolling
reduction is 50%. With the increase in rolling
reduction, the friction between the roller and Cu
surface and the uncoordinated deformation between
Cu and Mo layers are the main factors affecting the
inhomogeneous microstructure.

Based on the above results, at a certain
reduction, the average grain size in different zones
of the Cu layer was distinct. The inhomogeneity of
deformation through the thickness of the Cu layer
can be attributed to the effect of friction from the
roller and the uncoordinated deformation between
constituent layers [26,28]. The rolling reduction
had a significant effect on the deformation
inhomogeneity through the Cu layer. A similar
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phenomenon appeared in 6061/TC4/6061 rolled
laminated composites [28] and the study indicated
that the microstructure through the thickness of the
Al layer was very inhomogeneous, and as the
thickness direction moved from the near-roller side
to the near-interface side of the Al layer, the grain
size gradually decreased.

In Fig. 7, some LAGBs existed in local zones
with 60% and 70% rolling reductions. The
deformation of Cu increased with increasing rolling
reduction, and the number of internal dislocations
increased. In general, a high fraction of LAGBs is
related to a high density of dislocations [33]. In this
experiment, the rolling temperature was 850 °C,
which far exceeds the recrystallization temperature
of Cu. However, it is difficult to complete the
recrystallization process with fast cooling speed
after rolling. Especially at high rolling reductions
with serious internal deformation, some LAGBs are
preserved. Furthermore, so many fine recrystallized
grains existed in the surroundings of the LAGBs
(Fig. 7(c)). A larger rolling reduction led to more
local deformation, which may promote the
nucleation of fine recrystallized grains [26]. In
addition, it 1is to note that all
recrystallized grains contain TBs. This indicates
that the growth of Cu grains heavily depends on the
twinning process, and the occurrence of twinning
contributes to the recrystallization process [34].

The histograms of the misorientation angle of
the Cu layer under different rolling reductions are
shown in Fig. 8. The average misorientation is
gradually decreased with the increase of rolling
reduction. When the rolling reduction changes from
50% to 60%, the average misorientation angle
changes from 44.08° to 29.83°. This change can be
attributed to the increase in the LAGBs amount.
The HAGBs are mainly concentrated at a peak
angle of 60°, which represents X3 boundaries (TBs),
characterized by a 60° rotation with respect to (111).
The secondary peak of the HAGBs is near 40°,
which represents X9 boundaries, characterized
by a 38.94° rotation with respect to (110). They
are the common grain boundary types in the
recrystallization process of Cu [34,35].

important

3.4 Texture evolution through thickness of Mo
layer
Figure 9 shows the IPFs of the Mo layer in the
near-interface and middle zones at different rolling
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Fig. 8 Distribution of misorientation angles of Cu layer
at 850 °C: (a) 50%; (b) 60%; (c) 70%

reductions. It is obvious that almost all grains are
elongated fibers. There is a little of unrecognized
area of near-interface zone in the IPFs due to the
larger stress from the Cu layer. The texture
components are mainly composed of the
{100} (uvw) and {111}{uvw) textures (as displayed
by arrows in Fig. 9(b)), which is the same as the roll
texture of other refractory metals of the body-
centered cube (bce) structure, such as W [36] and



Jiang-jiang LIU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2290—2308 2299

001

s

{100} ¢ awyim ==

: —/(r {11 l'}<vuvw>

101
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Ta [37]. Recently, DENG [38] reported that the
cold-rolled Ta plate mainly contains the {111 }{uvw)
and {100}{uvw) textures.

Figure 10 shows the pore figures (PFs)
obtained by XRD. The {200} and {222} line
profiles are the second-order diffractions of the
{100} and {111} grains, respectively. Compared
with the near-interface zone, the pole intensity of
the middle zone was larger. The pole intensity
increased with increasing rolling reduction.

Figure 11 shows the fraction of several
textures in different zones of the Mo layer. The four
textures of {001}(110), {112}(110), {111}(112) and
{111}(110) were counted and analyzed. In the
middle zone, as the rolling reduction increased, the
{100}(110) texture was strengthened, whereas the
{I11}{uvw) texture was weakened. It can be
explained that the {111}{uvw) changed to
{100}(110) under the larger rolling reduction.
According to previous reports [39,40], the

{I11}{uvw) texture is unstable, but the {100}
orientation grain shows excellent stability. YOU [41]
found that Mo plates formed a-fiber textures with a
cold rolling reduction of 30%—60% and y-fiber
textures with reduction of 70%—80%. The
deformation degree of the Mo layer gradually
increases with increasing rolling reduction. The
{112}(110) texture was tiny in the middle
zone and was not discussed. For a given rolling
reduction, there are more {112}(110) textures in the
near-interface region than that of the middle zone.
The Mo layer is subjected to significant shear
stress from the Cu layer due to collaborative
deformation. Shear stress makes bcc metals easily
form {112}(110) texture and weakens the
{I11}{uvw) and {100}(uvw) textures [42]. The
rotating cubic texture {001}(110) and y-fiber
texture ({111}(112) and {111}(110)) in the middle
zone are significantly higher than the region near
the interface.
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3.5 Mechanical properties of Cu/Mo/Cu clad

sheets

The hardness of the Cu and Mo layers in
different zones with different rolling processes is
shown in Fig. 12. The hardness of the Mo layer is
significantly higher than that of the Cu layer. As the
rolling reduction increased, the hardness of the Cu
layer increased gradually. This can be attributed to
the increased LAGBs and the decreased grains size

with increasing rolling reductions. For certain
rolling reduction, there is no obvious difference in
the hardness of the Cu layer in different zones.
Because the rolling temperature far exceeds the
recrystallization temperature of Cu, the Cu layer
has low deformation resistance. The shear force
from the Mo layer and roller has little effect on the
hardness of the Cu layer. The hardness of Mo layer
increases obviously with

increasing  rolling
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reduction. The deformation of the Mo layer
gradually increases as the total rolling reduction
increases and the improvement in hardness is a
result of work hardening [42]. The hardness of the
Mo layer of the near-interface zone is higher than
that of the middle zone, which is caused by the
shear stress from the Cu layer [43].

375
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325  —*850°C, 60%
o 0,

300 ——850 °C, 70%

275
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100
90
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Fig. 12 Hardness of Cu and Mo layers in different zones

Hardness (HV)

Surface Interface

with different rolling processes

Figure 13 shows the tensile curves of
Cu/Mo/Cu clad sheets with different rolling
reductions. It was obvious that the elastic modulus
of the rolling reduction of 60% is almost the same
as 70% reduction but higher than 50% reduction.
The elastic modulus of clad sheets corresponds to
the rule of mixture [44]: Ecumoici=Ecu@cutEMoPMo,
where Ecumoscu s the elastic modulus of Cu/Mo/Cu
clad sheets, Ecy and ¢, are the elastic modulus and
volume fraction of Cu respectively, and Em, and
®mo are the elastic modulus and volume fraction of
Mo, respectively. The elastic moduli of 50%, 60%
and 70% reductions are 178.767, 187.875 and
186.627 GPa, respectively. In addition, the strength
of Cu/Mo/Cu clad sheets is increased with the
increase of reduction. This can be explained that
Mo experiences larger plastic deformation and work
hardening plays an important role in enhancing the
strength [45]. The strength of the clad sheets is
determined by the Mo layer and the elongation is
determined by the Cu layer. The total elongation
was decreased with the increasing reduction. It
depends on the recrystallization degree of the Cu
layer. As shown in Figs. 7 and 8, the grains almost
completely recrystallize when the rolling reduction
is 50%, and the clad sheets have higher elongation.
The LAGBs of the Cu layer gradually increase, as

presented in Fig. 7. When subjected to an external
force, these local deformation zones easily occur to
work hardening, resulting in plasticity reduction.
Additionally, according to the above, a larger
rolling reduction contributes to the well interface
bonding which has an adverse effect on the
ductility [46,47].

500
5 400 —=850 °C, 50%
S —— 850 °C, 60%
2 ——850 °C, 70%
$ 300
&
£
5 200
o
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=100
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Engineering strain/%
Fig. 13 Tensile curves of Cu/Mo/Cu clad sheets under
different conditions

Figure 14 demonstrates the fracture
morphologies of the clad sheets under 70%
reduction. All tensile curves show a “drop in”
phenomenon in Fig. 13, which may be attributed to
premature interface delamination, such as Fig. 14(a),
causing a loss in the load support capabilities of
the Cu/Mo/Cu clad sheets. Figures 14(a) and (b)
show the RD—ND plane fracture morphologies at
different stages of the tensile curve, which
correspond to points 4 and B, respectively. The
outer Cu has undergone a large plastic deformation,
and there is an obvious necking phenomenon, as
shown in the rectangular frames of Fig. 14(b). The
TD—-ND plane fracture morphologies of the outer
and near-interface Cu layers are presented in
Figs. 14(c) and (d), respectively. It is obvious that
the outer Cu layer presents shallow parabolic
dimples at greater depths, while the region near the
interface is relatively smooth and shows a fibrous
shape and it is cleavage fracture. It can be explained
that for the Cu layer near the interface, due to the
constraint of the Mo layer, there is no obvious
plastic deformation or necking. The TD—ND plane
fracture morphology of Mo is shown in Fig. 14(e).
The Mo layer shows obvious delamination fracture.
During the rolling process, the grains of the Mo
layer were severely deformed and elongated. A lot
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Fig. 14 Fracture morphologies of clad sheets of 70% reduction: RD—ND plane fracture morphologies (a, b) of points 4
and B in Fig. 13, respectively, TD—ND plane fracture morphologies of outer (c) and near-interface (d) Cu layers, and

TD—-ND plane fracture morphology (¢) of Mo layer

of defects converge at the grain boundaries to form
microcracks. During the tensile process, the
microcracks gather and extend along the grain
boundaries and consequently lead to the
delamination of Mo. A similar rupture behavior was
also reported by previous researchers [48].

3.6 Thermal expansion property and
establishment of CTE prediction model

In general, an excellent combination interface
can achieve the transmission of force [49].
According to the above result, a larger rolling
reduction contributes to the formation of a sound
interface. Therefore, the three specimens with 70%
reduction at 850, 900 and 950 °C were analyzed
and the corresponding volume fractions of Mo were
35.1%, 32.9% and 29.3%, respectively. In order to
exclude the effect of internal stress in the rolled
clad sheets, the three specimens were annealed at
400 °C for 1 h. The linear thermal expansion curves
of different rolling temperatures of clad sheets are
shown in Fig. 15. The linear thermal expansion
value can be defined as AL/Lo, and the CTE (a) is
defined as

0.5

—— 850 °C, 35.1 vol.% Mo
0.4F —*900°C,32.9 vol.% Mo
' —— 950 °C, 29.3 vol.% Mo

0.3

0.2

0.1

Linear thermal expansion value/%

0 160 260 3(I)0 4(I)O
Temperature/°C
Fig. 15 Linear thermal expansion curves of annealed
Cu/Mo/Cu clad sheets fabricated at different rolling
temperatures with reduction of 70% corresponding to
different volume fractions of Mo

1 AL

a=—-= 1
AT I, o

where Lo is the original length of the sample, AL is
the change in the length over a temperature interval
AT, and the unit of CTE () is K™'.

According to the principle of Formula (1), the
experimental CTE values of Cu/Mo/Cu clad sheets
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were measured and the results are 10.9x107°
11.0x10° and 11.5x10°K™ corresponding to
35.1%, 32.9% and 29.3% volume fractions of Mo,
respectively. It can be found that the CTE gradually
decreases with the increase of volume fraction of
Mo.

Finite element simulation can provide visual
deformation and stress distributions. To prove the
accuracy of the simulation method, it is necessary
to compare the simulated and experimental CTE
values. Figure 16 shows the experimental and
simulated results of different volume fractions of
Mo. Here, the CTE values are determined to the
outermost end face of the clad sheets during the
simulation process.

As shown in Fig. 16, the change trend of
simulated CTE (os) is in agreement with the
experimental CTE (ac), but the values of as are
slightly smaller than o.. The error of CTE (g,) can
be defined as

8 :ae_as

(23

x100% 2)

e

Based on Formula (2), the three errors
of CTE (e,) are 2.43%, 2.27% and 3.12%
corresponding to 29.3%, 32.9% and 35.1% volume

14
—+— Experimental CTE
—— Simulated CTE
12
=10r
=
O
8L
el i3, . 29 351

29 30 31 32 33 34 35 36
Volume fraction of Mo/%

Fig. 16 Results of experimental and simulated CTE with

different volume fractions of Mo

fractions of Mo, respectively. It can be inferred that
the simulation method is effective and can be used
to analyze the deformation and stress distribution in
the process of thermal expansion. Simultaneously,
finite element simulation can be used to calculate
the CTE with other volume fractions of Mo.

Stress distribution reflects the interaction of
Cu and Mo layers under the effect of thermal
loading. Figure 17 illustrates the deformation and
the cloud map of the equivalent stress and strain

(a)

(©)

(d)

Stress/MPa
(e) 1291.8 Max
1148.3
1004.8
861.3
717.81
574.32
430.83
287.33
143.84
0.34847 Min

@«

Strain
0.0074416 Max
0.0066152
0.0057888
0.0049623
0.0041359
0.0033095
0.0024830
0.0016566
0.00083015
3.712x10°° Min

Fig. 17 Schematic diagrams of initial (a) and thermal-expansion (b) Cu/Mo/Cu clad sheets with volume fraction of Mo

32.9%, equivalent stress (c) and equivalent strain (d) distributions in (b), respectively, and enlargements of circular

areas (e, f) in (c) and (d), respectively
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distributions when the volume fraction of Mo is
32.9%. The equivalent stress and strain cloud
diagrams show a centrosymmetric distribution.
Notably, the terminal face of the clad sheets is
sunken inward. When the Cu/Mo/Cu clad sheets get
a thermal load, it will inevitably expand. Due to the
difference in CTE, the deformation of Cu is larger
than Mo. The Cu layer will pull the Mo layer to the
outside and the Mo layer will prevent the Cu layer
to the outside. The near-interface side of the Cu
layer is constrained by the interface, but the part
away from the interface can expand freely and then
form the deformation in Fig. 17(b). At the same
time, it is obvious that the homogeneous stress and
strain are distributed in most areas of the clad
sheets, indicating that most area of Cu and Mo
layers can achieve homogeneous deformation under
the effect of thermal loading. Concentrated stress
and strain only appear in the end face on two sides,
as shown in Figs. 17(c) and (d). The maximum
stress can reach 1291.8 MPa, as presented by the
circular shape in Figs. 17(e) and (f), so it can be
speculated that the end of the interface is a place
where cracks easily appear. This result is similar to
the thermal stress distribution of PC/Cu/PC by laser
transmission welding [50].

The Cu/Mo/Cu clad sheets can be abstracted as
a fiber-reinforced composite material, with the Mo
layer as the matrix and the Cu layer as the
reinforcement. It can be tried to use the Schapery’s
model to predict the CTE values [51,52]. At the
same time, the model considers the interaction
between each component material. The CTE
between single metal and clad sheets satisfies the
following formula:

_ 200, Ec Hey t oy By Hyo

o, = 3
e 2E‘CuI_ICu +EM0HM0 ( )

where E represents the elastic modulus, and H
represents the thickness. The subscripts ‘CMC’
represents the Cu/Mo/Cu. We can regard the result
calculated by Formula (3) as the theoretical CTE of
Cu/Mo/Cu clad sheets.
Formula (3) can be rewritten as
_ 20, Ecyit oy, Eno

o, = 4
CMC 2B itE,, (4)

where parameter i represents the layer thickness
ratio (Hco/Hwmo). It can be found that the CTE of the
Cu/Mo/Cu clad sheets is only related to acu, amo,

Ecu, Emo and i, and is unrelated to the length of the
clad sheets and the thickness of two component
metals.

Figure 18 presents that the simulated CTE
values of the clad sheets are larger than the
theoretical CTE. The theoretical calculation model
ignores the effect of the total thickness of the clad
sheets on the CTE and considers that the end
face of the clad sheets is flat after the thermal
expansion [53]. However, according to the
simulation results, the end face of the clad sheets
was sunken inward. The elongation of the free end
of the Cu layer will have an effect on the CTE, and
the simulation value will be larger than the
theoretical calculation result. The theoretical
calculation model can be modified to make it close
to the simulated result, so that the CTE can be
predicted directly through theoretical calculation in
practical applications. It is assumed that the CTE
obtained by theoretical calculation and the corrected
CTE satisfy the following relationship:

o =ka; (5)

where o is the CTE obtained through the theoretical
calculation, a} is the corrected CTE, and £ is the
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Fig. 18 Simulated and theoretical CTE of Cu/Mo/Cu clad
sheets (a), and cross-section schematic diagram of sheets
with different thickness ratios (b)
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correction factor. Then, k is a coefficient related to
the layer thickness ratio. For this reason, a scatter
plot of the k value and the layer thickness ratio 7 can
be established to perform curve fitting, and the
linear fitting is preferred.

The linear fitting diagram of the k& value
and the layer thickness ratio 7 is shown in Fig. 19.
Based on the above, the following formula can be
obtained:

o =(=0.01i+1.0653)a, (6)

The corrected theoretical CTE is compared
with the simulated CTE, as shown in Fig. 20. The
revised theoretical calculation results and the
simulation results overlap very well. Therefore, the
corrected theoretical model can be used to predict
the thermal expansion coefficient of the clad sheets.
The final prediction model is:

1.065
1.060 -
1.055
1.050 -
= 1.045
1.040 -
1.035F
1.030
1.025

1 1 1 1 1

0 1 2 3 4

Fig. 19 Linear fitting result of correction factor and layer
thickness ratio
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Fig. 20 Simulated and corrected theoretical CTE of clad
sheets

200, Ec itoy E
depe = (1.0653-0.015)- Ocu Cul. Onto Ento
2E itEy,

(7

Based on the above, the corrected theoretical
model can predict the CTE of clad sheets well,
which can provide guidance for actual production.
In the current research, the prediction of CTE is
mostly focused on composite materials. WU and
DRZAL [51] investigated the effect of graphene
nanoplatelets on the CTE of polyetherimide
composite and found that the Schapery’s lower limit
model fit the experimental CTE very well.
KUMAR et al [54] studied the CTE of carbon
nanotube-reinforced silver composites using the
rule of mixture and Schapery’s model. GAO et
al [55] suggested that a modified Kerner model was
fitted to express the temperature dependence of
MoSi,—RSiC composites. Different from composite
materials, the deformation of each part of the clad
sheets is inhomogeneous after heating. Therefore, in
this work, the existing model of the CTE of
composite material was corrected based on the
results of finite element simulation.

4 Conclusions

(1) The straight Cu/Mo interface changed
into a wavy morphology with increased rolling
reduction and the larger reduction contributed
to the sound interface bonding. The increased
rolling reduction and temperature promoted the
collaborative deformation of Cu and Mo.

(2) The microstructure and texture through
the thickness of Cu and Mo Ilayers were
inhomogeneous due to the shear effect between the
roller and sheet surface as well as the uncoordinated
deformation between two component metals.

(3) The strength of clad sheets was increased
with the increase of rolling reduction, but the
change trend of elongation was opposite. The clad
sheets underwent premature interface delamination
during tensile testing. The CTE of Cu/Mo/Cu clad
sheets gradually decreased with the increase of
volume fraction of Mo.

(4) Finite element simulation presented the
thermal expansion behavior and predicted the CTE
of Cu/Mo/Cu clad sheets. The terminal face of the
clad sheets was sunken inward under the thermal
load due to the difference in the thermal expansion
properties of two metals. The following theoretical
calculation model can be set up to predict the CTE
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of Cu/Mo/Cu clad sheets directly:

200, Ecyitany, E
tene = (10653 —0.017) - =2cucul "o Zao
2E i+Ey,,
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AELHIE Cu/Mo/Cu E S IRAVALUEE .

5 B 5 AT B R M
WiLin, WEE, B, EKE, TWE, 4
KRR MEE: S TRER BEHREESMEEREERE L=, HK 400044

B E: RGHTEAELEIE Cu/Mo/Cu B ERMIALIH A AN J1 A1 RE, RN SL Cu/Mo/Cu E &R AWK &
H(CTE)WEIR TR . 25 REH], BEEFLHIE T &MELHERER BT, Cu M1 Mo B TREHHE T 8, 1£
BORKIALHE N RSB RIS & . Cu M Mo JZYERETT 1] H R M SR S 2 AN ST, XA G n)
VAR T 5 LR S AR 3R T R BEHE LA S Cu AT Mo 2 (8] AN TR AR T o 52 G AR A47T L 56 P I 5 5L ) 5 089 o v 6 4
K FIZHTEAR.  Cu/Mo/Cu EEMRK] CTE 5 Mo HIAFR D BUm UIMH % . A BRICTTE T DAL A K i e v ) 22
TR A3 o3 A, RRAULE SRR B2 A A ) S T 1) PAY TS o
XEIE: Cu/Mo/Cu BEW; FLHIRE: AR, Jieting; HIKAE: s
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