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Abstract: The microstructure, diffusional and mechanical bonding behavior and microhardness distribution of laminated composites
fabricated by ECAP process were investigated. Al-Cu and Cu—Ni laminated composites were produced by ECAP process up to
4 passes at room temperature and high temperature (300 °C). The results of microstructure characterization by SEM and shear
strength test revealed that the joints between the layers of 4-pass ECAPed samples were considerably stronger than those of 1-pass
ECAPed samples due to tolerating higher values of plastic deformations during ECAP. Furthermore, shear strength data showed that
increasing ECAP temperature caused a notable increase in shear strength of the specimens. The reason lies in the formation of
diffusional joint between the interface of both Al/Cu and Cu/Ni layers at high temperature. The shear bonding strength of ECAPed
Cu/Ni/Cu composite at high temperature was remarkably higher than that of ECAPed Cu/Al/Cu composite.

Key words: equal channel angular pressing; shear strength; laminated composites; diffusional joint

1 Introduction

Severe plastic deformation (SPD) process has
proven its ability as a suitable method for producing
ultra-fine grained (UFG) structures in metals and alloys.
The main goal of SPD is to produce bulk materials with
excellent specific strength. The obtained properties
through SPD result from grain refinement and work
hardening occurred during the deformation [1—4].
Conventional deformation methods decrease the ductility
of the material, which is not desirable in many
applications, while, SPD processes produce UFG
materials with high mechanical properties such as
hardness, strength and toughness as well as reasonable
ductility [5,6]. There are many SPD processes available,
among which equal channel angular pressing (ECAP)
has the most potential for industrial applications [7-9].
In the ECAP process, the sample is pressed repetitively
through a die constrained within a channel which is bent
at an abrupt angle characterized by two parameters: the
intersection angle of the channels (@) and corner
curvature angle (). Sample dimensions are not changed
during the ECAP process and the whole energy is
consumed for grain refining and dislocation density
increment, which enhances the strength of ECAPed

materials [10—12].

Today, laminated composite materials are
increasingly used in many industries because of the
properties that cannot be achieved from a single material.
For instance, compared to Cu alloys, the combination of
Al and Cu decreases the weight by 50% and the price by
40%. Al/Cu composite applications include armored
cables, busbar, and etc [13]. Due to the supreme
electrical conductivity, light weight, and resistance to
corrosion of laminated composites, they are mainly used
in electrical and chemical industries [14]. Laminated
composites can be produced by the hot and cold
deformation processes such as rolling, extrusion,
drawing and accumulative roll bonding (ARB) as well
as explosion welding, electrodeposition, physical
vapor deposition (PVD) and diffusion bonding
processes [14—19]. One of the recent processes used for
laminated composite fabrication is equal channel angular
pressing [19,20].

The aim of current work was to study the effect of
ECAP parameters such as pass number and processing
temperature on bonding strength of laminated
composites. Another important goal of this work was to
increase the bonding strength of laminated composites by
transforming the mechanical bonds to the diffusional
ones. In order to study the influence of solubility of
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composite components, two different composites having
metals with limited mutual solubility (copper-aluminium
composite) and complete mutual solubility (copper—
nickel composite) were fabricated. The microstructure of
materials interface was analyzed by scanning electron
microscope (SEM) and X-ray diffraction (XRD). The
shear strength of the joints was also measured by shear
strength test and the results were compared to each other.
2 Experimental

The materials used in current work were
commercial purity aluminium, copper and nickel rods
received from the market. In order to fabricate laminar
structures, the copper rods were machined by lathing to
give cylindrical samples with diameters of 4 mm and
tubes with outer and inner diameters of 8 and 12 mm,
respectively. Nickel and aluminium tubes with outer
diameter of 8§ mm and inner diameter of 4 mm were also
machined from initial rods. Followed by machining, the
laminated composites were produced by penetrating of
3 layers of Cu/Al/Cu and Cu/Ni/Cu in each other by low
pressure. The lengths and diameters of laminar structures
were about 60 and 12 mm, respectively. The laminar
structure of Al/Cu/Al is demonstrated in Fig. 1(a).

10 mm ,

Fig. 1 Laminar structure of Al/Cu/Al before ECAP (a) and
1-pass and 4-pass ECAPed Al/Cu/Al composites (b)

The laminar structures of Cu/Al/Cu and Cu/Ni/Cu
were pressed through an ECAP solid die having a
channel angle of @=90° and an outer curvature angle of
P=20°. The ECAP process was conducted using a
hydraulic press of 100 t capacity operating with a ram
speed of 0.2 mm/s. Molybdenum disulfide (MoS,) was
used as a lubricant. The laminar structures were pressed

at room temperature (RT) and high temperature (300 °C)
for either 1 or 4 passes, equivalent to imposed strains of
about 1 and 4, respectively [21,22]. All pressings were
conducted by using processing route A (no bar axis
rotation) which yields the highest shear stress and results
in more increase in the shear strength of the joint [23].
For high temperature ECAP, the ECAP die was heated to
300 °C by an electric resistance furnace at the heating
speed of 20 °C/min and maintained for 15 min before
inserting a specimen into the entrance channel. All
specimens were held inside the ECAP die for 5 min
before pressing. The images of 1-pass and 4-pass
ECAPed Al/Cu/Al composites are illustrated in Fig. 1(b).

In order to evaluate the strength of the joints
between layers of laminated composites, a shear strength
test was performed in accordance with ASTM F 1044-87
standard. Two different dies were fabricated to measure
the shear strength of internal and external interfaces.
Figure 2(a) shows the schematic design of the die used
for shear strength test. To compare the shear strength,
cylindrical specimens with a height of 6 mm were cut
from the same end of produced composites perpendicular
to the axial direction. All cylindrical specimens
were taken at approximately the midpoint of specimens.
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Fig. 2 Schematic diagram of die used for shear strength testing
(D1=Deore=0.5 mm, D,=D,,.+0.5 mm) [13] (a) and a cylindrical
sample used for shear strength test and separated composite
layers after test (b)
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Zwick/Roell Z100 universal testing machine was utilized
to measure the shear strength. The shear test was
repeated at least for 2 times and the average value was
reported. A cylindrical sample used for shear strength test
and separated composite layers after shear strength test
are illustrated in Fig. 2(b). In order to examine the
formation of the diffusion-bonded joints in the
composites, 6 mm high cylindrical specimens were
divided into four slices by a CNC wire cut PW500A
machine and then the contact between layers were
analyzed.

The scanning electron microscopy equipped with an
energy dispersive X-ray spectrometer (EDS) was also
utilized to prepare micrographs, element distribution map
and line scan analysis of the joint interfaces using Vega
Tescan set. In order to characterize the formation of
intermetallic compounds, the XRD analysis was
performed using a Philips diffractometer equipped with a
Cu K, radiation. The microstructural examinations have
been also carried out by using a Quanta 3D FEI field
emission scanning electron microscope (FESEM) with
electron backscatter diffraction (EBSD) attachment at an
accelerating voltage of 15 kV and a beam current of
10 nA. The EBSD images were obtained on the area of
about 4 um x 6 um with the step size of 20 and 50 nm
for Ni and Cu materials, respectively.

The microhardness distribution in cross section of
the ECAPed samples was measured with a Buehler
(mxt-al model) microhardness tester equipped with a
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Vickers indenter under a load of 1 kg and 15 s dwelling
time. Each microhardness data were at least the average
of five indentations.

3 Results and discussion

3.1 Microstructure characterization

In order to examine the formation of diffusional
bond between layers of Cu/Al/Cu and Cu/Ni/Cu
composites ECAPed at different conditions, SEM images
of joint interfaces were taken (Figs. 3 and 4). The
contrast of Fig. 3 is better than that of Fig. 4 due to the
greater difference between atomic mass of Al and Cu
compared to that of Ni and Cu. EDS line scan analyses
and distribution maps of Cu and Al (or Ni) elements of
joint interfaces are also illustrated in Figs. 5-9. As can be
seen in SEM images, by increasing ECAP temperature
and pass number, diffusion of the elements increases and
interfaces between layers become smoother. As shown in
Figs. 5 and 6, after 1 pass of ECAP at 300 °C, the
diffusional bond between Cu/Al as well as Cu/Ni has
partly formed. This bond in Cu/Ni interface is more
diffusional than that in Cu/Al interface. In addition, a
reasonable concentration of solute atoms is present in
Cu/Ni/Cu composites, while the concentration of solute
atoms in Cu/Al/Cu composites is negligible. Careful
inspection of Figs. 7 and 8 reveals that a considerable
concentration of solute atoms can be clearly seen in
4-pass ECAPed Cu/Ni/Cu composite at 300 °C, in

300 °C

4 H’ %

Fig. 3 SEM images of Cu/Al interface in Cu/Al/Cu composite: (a) 1-pass ECAPed sample at 300 °C; (b) 4-pass ECAPed sample at

Fig. 4 SEM images of Cu/Ni interface in Cu/Ni/Cu composite: (a) 1-pass ECAPed sample at 300 °C; (b) 4-pass ECAPed sample at

300 °C; (c) 4-pass ECAPed sample at room temperature
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Fig. 5 SEM distribution maps of Al (a) and Cu (b), and EDS line scan analysis of Cu/Al interface (c) in 1-pass ECAPed Cu/Al/Cu

composite at 300 °C

Fig. 6 SEM distribution maps of Ni (a) and Cu (b), and EDS line scan analysis of Cu/Ni interface (c) in 1-pass ECAPed Cu/Ni/Cu

composite at 300 °C

Fig. 7 SEM distribution maps of Al (a) and Cu (b), and EDS line scan analysis of Cu/Al interface (c) in 4-pass ECAPed Cu/Al/Cu

composite at 300 °C

comparison with that in 4-pass ECAPed Cu/Al/Cu
composite at 300 °C, which provides another evidence
for formation of more diffusional bond in Cu/Ni/Cu
compared with that in Cu/Al. The elements with lower
melting point, i.e., Cu compared to Ni and Al compared
to Cu, have diffused more than the elements with higher
melting point which is supported by Kirkendall
phenomenon.

In general, it is expected that owing to the Arrhenius
exponential relationship between temperature and
diffusion coefficient, increasing the ECAP temperature
leads to an increase in diffusion coefficient. In cubic
metals, motion of atoms within the crystal lattice is
caused by movement of vacancies, and accordingly the
diffusion ability of atoms is dependent on the movement
of vacancies. Therefore, the movement of vacancies
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Fig. 8 SEM distribution maps of Ni (a) and Cu (b), and EDS line scan analysis of Cu/Ni interface (c) in 4-pass ECAPed Cu/Ni/Cu

composite at 300 °C

Fig. 9 SEM distribution maps of Ni (a) and Cu (b), and EDS line scan analysis of Cu/Ni interface (c) in 4-pass ECAPed Cu/Ni/Cu

composite at RT

increases with increasing the temperature or holding time
at high temperature, and consequently, the diffusion
coefficient rises and the joint becomes more diffusional
[24]. The formation of diffusional bonds in both
composites at high temperature can be also attributed to
divacancies. In fact, at high temperature ECAP process,
the amount of vacancies increases and due to the high
pressure applied during ECAP process, vacancies are
able to overcome the tension field and repulsive forces
existing between themselves and therefore they merge
together. Accordingly, atoms have to travel longer
distances and, as a result, divacancies create another
diffusion mechanism and increase the diffusion
coefficient [25,26].

The joint formed in 4-pass ECAPed sample at room
temperature is mostly mechanical, but as can be seen
from Figs. 4(c) and 9, diffusional bonds can be also
observed. On the other hand, SEM analysis shows that
increasing pass number of ECAP at room temperature
and high temperature causes an increase in diffusion of
elements. So, it can be concluded that the strain imposed
in ECAP process accelerates the diffusion rate. The
reason lies in temperature rise and formation of fast

diffusion paths during ECAP process. The temperature of
samples can be increased up to 85 °C during ECAP
process depending on the material type and extrusion
speed [27,28]. Due to the high plastic deformation
occurring in ECAP process, dislocation density increases
and because of the vacancies build-up and increased free
volume caused by dislocations, the diffusion coefficient
at grain boundaries increases, which leads to the
formation of fast diffusion paths. Increased diffusion rate
and decreased activation enthalpy of diffusion have been
also attributed to the non-equilibrium state of some grain
boundaries with more energy in UFG microstructure
formed by SPD process [29,30].

Comparison of SEM images and EDS analysis
reveals that the diffusion of atoms near joint interface of
Cu/Ni/Cu composite is considerably higher than that of
Cu/Al/Cu composite and subsequently the bond between
layers in Cu/Ni/Cu composite is more diffusional
compared with that in Cu/Al/Cu composite. According to
Kirkendall phenomenon, it is expected that, due to the
lower melting point of Al and the greater difference
between Al and Cu melting point, in comparison with the
melting point difference between Cu and Ni, stronger
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diffusional bond can be formed in Cu/Al/Cu compared
with that in Cu/Ni/Cu. But, due to the infinitesimal
difference between the atomic radius of Cu and Ni,
solubility and diffusion of these elements in each other is
more than those of Cu and Al. Therefore, Cu/Ni interface
is smoother and their bond is stronger. Moreover, the
formation of oxide layers in Al surface at high
temperature can also prevent the diffusion of atoms in
Cu/Al/Cu composites, while Ni is nobler than Al and
thereby its oxidation rate is very low [19].

In order to investigate the formation of intermetallic
compounds, XRD analysis was conducted. XRD patterns
of mating surface of separated Al and Cu layers in 4-pass
ECAPed Cu/Al/Cu composite at 300°C are
demonstrated in Fig. 10. Due to the complete solubility
of Cu and Ni, intermetallic compounds could not be
formed in mating surface of Cu/Ni/Cu composite. The
nucleation and growth of intermetallic compounds are
thermally activated process and accelerate by increasing
ECAP temperature. According to Fig. 10, AlCu and
AlCu, intermetallic compounds are formed in both Al
and Cu layers. The amount of AlCu compounds in Al
layer is more than that of AlCus due to the higher
concentration of Al atoms in Al layer, while, the amount
of AlCuy compounds is more than that of AICu in Cu
layer as a result of higher concentration of Cu atoms in
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this layer. These compounds can decrease the bonding
strength of the layers, because they have non-metallic
covalence bonds and they are brittle [19,31,32].

As stated previously, significant grain refinement
occurred during ECAP process of laminated composite.
So, EBSD analysis was performed to investigate the
effect of ECAP process on grain refinement. Figure 11
shows EBSD inverse pole figure maps (IPF maps) of
4-pass ECAPed Cu/Ni/Cu composites at RT and 300 °C.
The IPF maps of all the layers were prepared. The IPF
maps in Fig. 11 indicate the crystallographic orientations
of the grains perpendicular to the pressing direction,
where the grain colors are determined by the orientation
of each grain as depicted in the unit triangle. The grains
with misorientation angle greater than 15° are considered
as effective grains. As shown in Fig. 11, significant grain
refinement occurred during ECAP process. The initial
grain size of about 48 um in Cu layers was refined down
to about 650 and 1000 nm after 4 passes of ECAP at RT
and 300 °C, respectively. On the other hand, the grain
size of Ni layer decreased from 25 pm to 500 and
600 nm after 4 passes of ECAP at RT and 300 °C,
respectively. The grain refinement of all layers reveals
that the SPD process occurred in all layers and the @ and
¥ angles of each layer were not change considerably
during ECAP process. The mentioned angles of each

(a) (b) L °
=—Cu =—Cu
. 4 —AlCu 4 —AlCu
: e —AlCu, *—AlCu,
[ ]
A A Ju
— As ) A

20 30 40 50 60 70 80 90 100 110120

20/(°)

20 30 40 50 60 70 80 90 100 110120
200(°)

Fig. 10 XRD patterns of mating surface of separated Al and Cu layers in 4-pass ECAPed Cuw/Al/Cu composite at 300 °C: (a) Al layer;

(b) Cu layer

Fig. 11 EBSD inverse pole figure maps of Cu and Ni layers in 4-pass ECAPed composites at RT (a)—(c) and 300 °C (d)—(e):

(a, d) Cu-inner layer; (b, e) Ni-middle layer; (c, f) Cu-outer layer
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layer were also measured after ECAP process and the
results indicate that the @ and ¥ angles of each layer
were approximately the same as those of ECAP die.

It can be deduced form Fig. 11 that increasing
ECAP temperature leads to an increase in grain size and
the increase in grain size of Cu layers is higher than that
of Ni layer. The reason lies in occurrence of partial
recrystallization and partial recovery in Cu and Ni layers,
respectively. Recrystallization in nanocrystalline copper
produced by SPD was investigated previously in other
works. The high stored energy of cold work during SPD
process provides the driving force of recrystallization
and consequently the recrystallization can take place in
Cu at low temperatures. Recrystallization could not
occur in Ni at low temperatures, therefore, increasing
ECAP temperature has not a significant effect on grain
size of Ni layer [24,33].

3.2 Shear strength of joints

In order to study the effect of increasing ECAP
temperature and the number of ECAP passes on the
bonding strength of composite, shear strength test was
performed. The results of shear strength test are
presented in Tables 1 and 2. The shear strength of
internal and external bonds of unECAPed composite was
measured to be about 3 and 2 MPa, respectively. There
was no bond between the layers before ECAP and this
small strength was due to the friction between layers.
The comparison of shear strength before and after ECAP
process reveals that the strength of the bonds increases
up to 13 times after ECAP process. As can be seen in
Tables 1 and 2, the shear strength of internal bonds in all
specimens is considerably higher than that of external
bonds, because the maximum strain is imposed to middle
part of the specimens and subsequently the internal joint
becomes stronger [34]. As expected, shear strength of the
bonds increased with increasing the number of ECAP
passes. The shear strength of the bonds of 4-pass
ECAPed composites at RT and 300 °C are approximately
100% and 60% higher than that of 1-pass ECAPed
composites, respectively. The increase of bond strength
during ECAP can be attributed to severe plastic
deformation in ECAP process. The applied pressure on
mating surface and the surface expansion increases with
increasing the number of passes, and thereby bonding
strength becomes stronger. Plastic collapse of the
bonding surface asperities during ECAP process leads to
intimate contact and consequently junction growth and
adhesion between layers occur [13,31]. Another reason
of increasing joint strength by increasing pass number
lies in the effect of ECAP process on diffusion rate
acceleration. As stated in microstructure characterization
section, ECAP process accelerates the diffusion rate of
alloying elements. Tables 1 and 2 show that by

increasing the ECAP temperature and holding time at
high temperature, the shear strength of the bonds
increases due to the formation of stronger diffusion-
bonded joints between composite layers. By increasing
ECAP temperature from RT to 300 °C, the shear strength
of different specimens increases by about 40%—50%.

Table 1 Shear strength of joints in ECAPed Cu/Al/Cu
composites under different conditions

ECAP Holding Shear strength, MPa
condition time/min  Internal bond External bond
1 pass at RT 10 9.1 5
1 pass at 300 °C 10 15.5 8.6
4 passes at RT 40 18.3 12.4
4 passes at 300 °C 40 24.6 14

Table 2 Shear strength of joints in ECAPed Cu/Ni/Cu
composites under different conditions

. Holding Shear strength/MPa
ECAP condition . .
time/min  Internal bond External bond
1 pass at RT 10 14.1 8.8
1 pass at 300 °C 10 25.2 19.8
4 passes at RT 40 33.9 20.8
4 passes at 300 °C 40 39.7" 25.8"

* Interface bond was not detached; ** Specimen failed due to cracking
occurring in sample

It should be noted that, the internal bond of 4-pass
ECAPed Cu/Ni/Cu at 300 °C was not detached and the
punch was deflected, showing remarkably high shear
strength of the diffusional bonds of the specimen. The
external bond of the mentioned specimen was not also
detached but the specimen was failed due to cracking
occurring in the specimen. On the other hand, after
external detaching of 4-pass ECAPed Cu/Al/Cu at
300 °C, a thick layer of Al can be seen on Cu surface,
meaning that the external bonding strength of Cu/Al is
higher than the bonding strength among Al atoms.

The comparison of Table 1 and Table 2 reveals that
the internal and external bonding strength of Cu/Ni/Cu
composites is notably higher than that of Cu/Al/Cu
composites for all the samples. The reason may lie in
higher diffusion rate and lower flow stress difference
between composite layers in Cu/Ni/Cu composites
compared with that in Cu/Al/Cu composites and
formation of oxides and intermetallic compounds in
Cu/Al/Cu composites. As discussed in microstructure
characterization section, the bonds forming between Cu
and Ni layers are mainly diffusional, while the bonds
forming between Cu and Al layers are mainly
mechanical. So, the joints in Cu/Ni/Cu composites are
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stronger than those in Cu/Al/Cu composites. In addition,
the flow stress of Cu is at least two times higher than that
of Al and consequently displacement between Al and Cu
layers can occur during pressing in ECAP process and
therefore the bond strength decreases. But, negligible
displacement can occur between Ni and Cu layers due to
the little difference between flow stress of Cu and Ni and
accordingly the stronger bond is expected. So, it can be
deduced that the non-uniform deformation in Cu/Al/Cu
composites could lead to an inadequate contact between
the mating surfaces to form sound bonds, whilst the
relatively uniform deformation in Cu/Ni/Cu could result
in an adequate contact to form strong and sound
bonds [19,35]. It should be mentioned that another
reason of lower bonding strength of Cu/Al/Cu composite
compared to that of Cu/Ni/Cu composite lies in the
presence of brittle oxides and compounds in Al/Cu
interface. Formation of oxides and intermetallic
compounds in Cu/Al/Cu composites reduces the shear
stress of interface and consequently junction growth and
adhesion between layers decreases.

In another examination, in order to demonstrate that
the contact between composite layers was diffusional or
mechanical, the samples were divided into 4 pieces, as
illustrated in Fig. 12. It was observed that the
components of 4-pass ECAPed Cu/Ni/Cu at 300 °C were
still bonded to each other, showing that the strong
diffusional bonds have formed between layers
(Fig. 12(a)). The layers of the mentioned composite were
not split by striking a heavy blow. As shown in Fig. 12(b),
the layers of the other composites were split after being
divided. The layers of composites with weak diffusional
bonds (4-pass ECAPed Cu/Al/Cu at 300 °C, 4-pass
ECAPed Cu/Ni/Cu at RT and 1-pass ECAPed Cu/Ni/Cu
at 300 °C) were hardly split by striking a heavy blow,
while the layers of mechanical-bonded composites with
no diffusional bonds (1-pass and 4-pass ECAPed
Cu/Al/Cu at RT, 1-pass ECAPed Cu/Al/Cu at 300 °C and
1-pass ECAPed Cu/Ni/Cu at RT) were easily split by
striking a weak blow. In general, it is apparent that these
results are reasonably in good agreement with shear
strength test data.

3.3 Analysis of microhardness distribution

The microhardness distribution versus the distance
from the center of ECAPed samples at different
conditions is shown in Fig. 13. Each point is a locus of a
circle of radius » from the sample center that is the
average of four points on different radiuses. The location
of each microhardness data is illustrated schematically in
Fig. 13(a). As can be seen, the microhardness of middle
layers is considerably lower than that of inner and outer
layers in Cu/Al/Cu composites, while, the microhardness

(@)

L 12 mm ]

Fig. 12 Wire-cut sections of Cu/Ni/Cu composites: (a) 4-pass
ECAPed sample at 300 °C; (b) 1-pass ECAPed sample at RT

of middle layers is notably higher than that of inner and
outer layers in Cu/Ni/Cu composites. The microhardness
of unECAPed aluminium, copper and nickel was
measured to be about HV 25, HV 57 and HV 102,
respectively. It is obvious from Fig. 13 that ECAP
process caused a considerable increment in
microhardness of all composites. Increasing the pass
number leads to an increase in microhardness; however,
the effect of the first pass is more profound compared to
the subsequent passes. The improvement of
microhardness can be attributed to the increase of
dislocation density and grain refinement during ECAP
process [36,37].

The microhardness analysis shows that by
increasing ECAP temperature, microhardness of the
specimens decreases. Increasing ECAP temperature from
RT to 300 °C resulted in about 5%, 10% and 20%
decrease in microhardness of Ni, Cu and Al, respectively.
The maximum decrease occurred in Al layers with the
lowest melting point compared to that of Ni and Cu,
while minimum decrease occurred in Ni layers with the
highest melting point compared to that of Al and Cu. The
reason of microhardness decrease by increasing ECAP
temperature may lie in the increment in grain size due to
the dynamic recovery and grain growth, the decline in
the strain exerted to the specimens and the decrease in
dislocation density [3,38].

Another important finding from Fig. 13 is that the
microhardness of Cu layers in Cu/Ni/Cu composite
ECAPed at 300 °C is slightly higher than that in
Cu/Al/Cu composite ECAPed at 300 °C. As stated in

microstructure characterization section, a considerable
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Fig. 13 Microhardness distribution versus distance from center of ECAPed Cu/Al/Cu and Cu/Ni/Cu composites for 1 pass and 4
passes at RT and 300 °C: (a) Schematic illustration of microhardness measurement in laminated composite; (b) 1-pass ECAPed
Cu/Al/Cu; (c) 4-pass ECAPed Cu/Al/Cu; (d) 1-pass ECAPed Cu/Ni/Cu; (e) 4-pass ECAPed Cu/Ni/Cu

amount of Ni dissolved in Cu layers during ECAP
process at high temperature, but the amount of Al
dissolved in Cu layers is negligible. So, it can be
concluded that the main reason of higher microhardness
of Cu layers in Cu/Ni/Cu composite ECAPed at 300 °C
compared with that in Cu/Al/Cu composite ECAPed at
300 °C lies in the occurrence of solid solution hardening
due to the presence of dissolved Ni atoms in Cu layers.

4 Conclusions

1) SEM images taken from the interface of Cu/Al
and Cu/Ni indicate that with increasing ECAP
temperature and pass number, the diffusion of elements
near interface of Cu/Al and Cu/Ni layers increases and
consequently the diffusional bond becomes stronger.
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Results from SEM image and linear analysis show that
the bonds at interface of Cu/Ni/Cu composites are more
diffusional than those of Cu/Al/Cu composites.

2) Shear strength test data demonstrate that the
shear strength of the bonds increases with increasing
ECAP temperature and pass number. In addition, the
shear strength test also reveals that, due to the higher
diffusion rate and lower flow stress difference between
composite components in Cu/Ni/Cu composites
compared with that in Cu/Al/Cu composites, the bonding
strength of Cu/Ni/Cu composites is notably higher than
that of Cu/Al/Cu composites for all the samples.

3) The formation of intermetallic compounds and
oxide films in Al/Cu interface reduces the shear strength
of the bonds in Cu/Al/Cu composites due to the
reduction of adhesion between the layers.

4) Results of microhardness test taken from the
sample cross-sections indicate that the microhardness of
all samples considerably increases by ECAP process and
increasing the pass number leads to more increase in
microhardness. On the other hand, increasing ECAP
temperature from RT to 300 °C resulted in about 5%,
10% and 20% decrease in microhardness of Ni, Cu and
Al, respectively.
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