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Abstract: Al/Cu laminate composite was fabricated based on hot press sintering using Cu sheet and Al powders as raw
materials. The effects of sintering parameters on interfacial structure and mechanical properties were investigated. The
results revealed that a uniform AI/Cu interface with excellent bonding quality was achieved. The thickness of
intermetallic compounds (IMCs) reached 33.88 pum after sintering at 620 °C for 2 h, whereas it was only 14.88 um
when sintered at 600 °C for 1 h. AlCu phase was developed through the reaction between Al4Cuy and ALCu with
prolonging sintering time, and an amorphous oxide strip formed at AlCu/AlsCuy interface. Both the grain morphology
and interfacial structure affected the tensile strength of Al/Cu laminate, whereas the mode of tensile fracture strongly
relied on the interfacial bonding strength. The highest tensile strength of 151.1 MPa and bonding strength of 93.7 MPa
were achieved after sintering at 600 °C for 1 h.
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1 Introduction

Cu alloys have superior thermal/electrical
conductivity, good ductility, and high strength.
Since the lightweight has become an important
trend in industry, the high density of Cu alloys is
considered as a major problem. As the most
important lightweight metallic materials, Al alloys
have the advantages of excellent formability and
good corrosion resistance [1], and their thermal/
electrical conductivity is only slightly lower than
that of Cu alloys. Hence, fabricating Al/Cu
laminated composite to combine the advantages of
both alloys has attracted much attention [2—4]. Till
now, Al/Cu laminate has been applied in the fields
of conduction systems, batteries, and automotive
industries [5].

In Al/Cu laminate, the interface between Al
and Cu layers can be bonded under a condition of
high temperature and deformation, and the final
performance strongly depends on both the bonding
quality and interfacial structure [6,7]. In general, the
metallurgical bonding is firstly realized between Al
and Cu layers. Cu and Al atoms diffuse into their
opposing matrixes, and a brittle intermetallic
compounds (IMCs) layer forms at Al/Cu interface.
The layer affects the bonding quality, interface
strength, and overall mechanical properties of
Al/Cu laminate. Based on the Al—Cu binary phase
diagram, it is known that Al4Cus, Al,Cus, Al3Cus,
AlICu, and ALCu phases are the possible IMCs.
CHANG et al [8] reported that the IMCs layer at
Al/Cu interface was composed of Al,Cu, AlsCuy
and AlCu. JIANG et al [9] calculated the apparent
activation energies for the formation of Al,Cu and
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AlsCuy as 0.78 and 0.83 eV in Cu-rich area,
respectively, which were smaller than the normal
values, suggesting that the reactions at Al/Cu
interface were controlled by interfacial and grain
boundary diffusion. ZHANG et al [10] reported that
the growth of IMCs layers in Al/Cu laminate
conformed to a diffusion-controlled kinetic mechanism.
XU et al [11] found that the high magnetic field
increased the growth activation energy of IMCs
layers. BESSON et al [12] reported that AlsCus
formed through non-thermally activated mechanisms
in Al-25at.%Cu mixture produced by mechanical
alloying. The above open literatures [6—12] indicate
that in the metallurgical bonding process of Al/Cu
interface, the types and formation order of the IMCs
are different and depend on both the formation
energy and formation mechanism.

Till now, multiple methods have been
developed to prepare Al/Cu laminate, such as the
friction stir welding [13], electron beam welding
[14], continuous casting [15], and accumulative roll
bonding (ARB) [16—22]. MAO et al [13] prepared
dissimilar 6061-T6 Al and T2 pure Cu joints by
submerged friction stir welding (SFSW), and the
thin and uniform IMCs layer was achieved. WANG
et al [15] carried out the horizontal continuous
composite casting to prepare Al/Cu laminate with a
thickness of 2 mm, and concluded that the increase
of first-pass reduction and rolling temperature
was beneficial to the Dbonding strength.
RAHMATABADI et al [22] produced the ultrafine
grained AI5052/Cu composite by ARB, and
found that the plane stress fracture toughness of
Al5052/Cu composite increased with increasing
number of ARB cycles. MAO et al [23] enhanced
the interfacial bonding degree of Al/Cu laminate
and controlled the thickness of IMCs layer within
550 nm by rolling and subsequent annealing at
250 °C. The above studies indicate that controlling
the thickness and composition of IMCs layer plays

an important role in the bonding strength and
mechanical properties of Al/Cu laminate [24—29].
This study aimed to assess the practicability of
producing Al/Cu laminate through the vacuum hot
press sintering method. Unlike the traditional
sheet/sheet stack method, the proposed hot press
sintering process enabled Al powders to establish a
closer contact with the Cu sheet. This configuration
could enhance the bonding quality of Al/Cu
interface and help to mitigate the thermal stress
between layers, and the vacuum atmosphere further
prevented the impurities and oxides at the interface.
Moreover, the effects of sintering factors on the
microstructure, interfacial structure, and mechanical
properties of Al/Cu laminate were clarified.

2 Experimental

2.1 Materials and experimental procedures

Pure Al powders and T2 Cu sheet were used as
the raw materials for Al/Cu laminate. Al powders
(Changsha TIJO Metal Material Co., Ltd., China)
had spherical shape and the size of 21-23 um. The
purity of Al powders was greater than 99.8%. T2
Cu sheet (Shanghai Zhuoshun Metal Products Co.,
Ltd., China) had a diameter of 55mm and a
thickness of 1 mm.

Figure 1 schematically shows the preparation
procedures of Al/Cu laminate. In order to refine Al
powders and improve their sintering performance,
the ball milling was conducted prior to hot press
sintering in an internal argon atmosphere. The mass
ratio of grinding balls to powders, rotation speed,
and rotation time were 5:1, 300 r/min, and 2 h,
respectively. In order to remove the oxides and
impurities on the surface, the T2 Cu sheet was put
into a 15 vol.% HCI solution for about 10 s. Then,
the ultrasonic cleaning was carried out in an ethanol
solution for 15 min. After that, Al powders and
Cu sheets were alternately stacked inside a graphite

Al power \, =
Ball milling

=

Cu plate

Vacuum hot press sintering

Fig. 1 Schematic illustration of fabrication process of Al/Cu laminate
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mold to construct Al/Cu laminate with 3 Cu layers
and 2 Al layers. The hot press sintering furnace
(ZT—40-21Y, Chenhua, China) was used to
perform sintering, during which the heating rate,
applied pressure, and vacuum degree were
10 °C/min, 30 MPa, and 8x107*Pa, respectively.
The sintered sample with a cylindrical shape had a
diameter of 55 mm and a thickness of 5 mm (1 mm
for each Al or Cu layer). Various sintering
temperatures (600 and 620 °C) and holding time
(1, 2, and 4 h) were attempted. Accordingly, the
samples were abbreviated as 600-1, 600-2, 600-4,
and 620-2, respectively. The former number
indicated the sintering temperature and the latter
number indicated the holding time.

2.2 Microstructure characterization and
mechanical properties tests

The scanning electron microscope (SEM,
JSM—-7800F, JEOL, Japan) was adopted to observe
the morphology of Al/Cu interface, and the energy
dispersive spectrometer (EDS, JSM—7800F, JEOL,
Japan) was used to analyze the behavior of
elemental diffusion. The SEM and EDS samples
were mechanically polished to have a mirror
surface. The grain structure was examined by
electron backscatter diffraction (EBSD, JSM—7800F,
JEOL, Japan), and the sample was prepared by
diamond polishing and subsequent argon ion

Spectral line scan

14.88 um

Spectral line'scan

24.88 um

Fig. 2 SEM images across Al/Cu interfaces of 600-1 (a), 600-2 (b), 600-4 (

polishing (AIP). The scanning area was around
250 pm x 150 um, and the scanning step was set to
be 0.3 um. In order to determine the compositions
of IMCs and the lattice structure at Al/Cu interface,
the transmission electron microscopy (TEM, Talos
F200X, FEI, USA) analysis was conducted, and the
TEM sample was prepared based on focused ion
beam (FIB) technique.

The microhardness across Al matrix, Al/Cu
interface, and Cu matrix was measured based on
nano-indentation system (Hysitron TI980, BRUKER,
USA) using a triangular Berkovich diamond
indenter. Moreover, the tensile test was conducted
on a universal testing machine (E45.105, MTS,
USA) at ambient temperature, and the sample had a
gauge length of 14mm. The digital image
correlation (DIC, Const, XTDIC, China) system
was equipped to in-situ observe the deformation
and fracture behavior during the tensile test. The
three-point bending test was used to evaluate the
bonding strength between Al and Cu layers. The
sample for bending test had a V-notch with a depth
of 0.5 mm, and its dimensions were around 40 mm x
6 mm X 5 mm.

3 Results

3.1 Microstructure and Al/Cu interfacial structure
Figure 2 shows the SEM images of the Al/Cu
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laminates at various sintering temperatures and time.
As is seen, good metallurgical bonding is achieved
at all Al/Cu interfaces, and no obvious cracks or
voids can be observed. This indicates that using the
hot press sintering method developed in this study
can fabricate the Al/Cu laminates with high bonding
quality. In 600-1 sample, two different IMCs layers
are observed at Al/Cu interface and they distribute
in the form of unsmooth strips, as shown in
Fig. 2(a). The IMCs layer close to Cu layer is
labeled as A, and that close to Al layer is labeled as
B. In 600-2, 620-2, and 600-4 samples, three IMCs
layers are observed at Al/Cu interface, as shown in
Figs. 2(b—d). The new layer formed between A and
B is labeled as C. Moreover, it is obviously seen
that large amounts of tiny particles distribute in Al
layers, as marked by the yellow arrows in Fig. 2.
According to EDS results, the Al/Cu atom ratio of
these particles is close to 2:1, indicating that they
should be Al>,Cu phase. The total thickness of IMCs
layer was measured, and the average value is
marked in Fig. 2. When the sintering temperature is
600 °C, the thickness of IMCs layer greatly
increases from 14.88 to 30.00 um as the sintering
time increases from 1 to 2 h. It is interesting that the
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thickness decreases to 24.88 um with a sintering
time of 4 h. The reason will be discussed in the
latter section. Comparing Fig. 2(b) with Fig. 2(d), it
is clear that high sintering temperature causes
an increase in the thickness of IMCs layer to
33.88 um.

EDS line scanning was performed across the
Al/Cu interfaces, and the results are plotted in
Fig. 3. It is seen that a certain diffusion depth exists
between Al and Cu layers. Overall, the longer the
sintering time or the higher the temperature is, the
more deeply the atoms diffuse into each other. The
content of Cu in Al layer fluctuates in some regions,
corresponding to the tiny Al,Cu particles distributed
in Al layer. It has been mentioned that different
IMCs layers (A, B, and C) formed at Al/Cu
interface. In order to preliminarily determine the
types of IMCs, the spectral point analysis was
performed and the results are listed in Table 1. It is
found that the average Al/Cu atom ratios in the A,
B, and C layers are close to 1:2, 2:1, and 1:1,
respectively. Hence, combined the EDS results and
the previous studies, the IMCs of the A, B, and C
layers are determined as AlsCuo, Al,Cu, and AlCu,
respectively [30].
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Fig. 3 EDS line scanning results across Al/Cu interfaces of 600-1 (a), 600-2 (b), 600-4 (c), and 620-2 (d) samples
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Table 1 Spectral point analysis results of IMCs layers in
different samples

Sample Layer Alcontent/at.%  Cu content/at.%

A 35.0 65.0
600-1 B 62.5 37.5
C — —
A 38.57 61.43
600-2 B 66.3 33.7
C 50.7 493
A 34.06 65.94
600-4 B 65.2 34.8
C 54.0 46.0
A 383 61.7
620-2 B 66.2 33.8
C 50.8 49.2

Zone=[110]
Fig. 4 TEM analysis results of 600-4 sample: (a) BF image showing Al4Cuog, AICu, and Al4Cuy/AlCu interface; (b) BF
image showing AICu, AlLCu, and AICu/AlCu interface, (c,d) Enlarged BF images showing AlsCus/AlCu and
AlCu/AlyCu interfaces, respectively; (¢) HRTEM image; (f) O distribution corresponding to oxide strip at Al4Cus/AlCu
interface; (g, h, i) SAED patterns of Zones SAED1, SAED2, and SAED3, respectively

In order to further determine the types of IMCs
and conduct a nanoscale analysis on the interfaces
between different IMCs layers, 600-4 sample was
selected for TEM observation. The bright field (BF)
images shown in Figs. 4(a, b) reveal three distinct
IMCs layers and corresponding two layer-to-layer
interfaces. Figures 4(c,d) depict the magnified
BF images of the AliCuy/AlCu and AlICuw/ALCu
interfaces, respectively. As is seen, a thin bright
strip exists at AlsCuo/AlCu interface. However, the
connection at Al,Cu/AlCu interface is tight, and
the transition is smooth and flat. Figure 4(f) shows
the EDS results of the O element distribution at
AlICu/Al4Cuy interface. It is clear that the O element
segregation area agrees well with the position of the
bright strip shown in Fig. 4(c), confirming that the
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strip should be composed of oxides. Figure 4(e)
shows the high-resolution TEM (HRTEM) image of
the dotted circle marked in Fig. 4(c). As is seen, the
oxide strip presents an amorphous state, and there is
a transition connection with the phase intermediate.
Figures 4(g—1) show the selected area electron
diffraction (SAED) patterns of Zones SAEDI,
SAED2, and SAED3 marked in Figs. 4(a, b). The
body-centered tetragonal structure, face-centered
cubic simple dot matrix, and monoclinic C
bottom-centered dot matrix are identified in SAEDI,
SAED2, and SAED3, which correspond to AlCu,
Al4Cuy, and AlCu phases, respectively. These facts
further prove the conclusions drawn from the EDS
results presented in Table 1.

AT
d=0.4264 nm

Figures 5(a—c) show the HRTEM images and
inverse fast Fourier transform (IFFT) maps of
Al4Cuo, AlCu, and Al>Cu, respectively. It is clear
that the distortion degree of lattice structure varies
significantly in different phases. The lattice stripe
images are given in Figs. 5(d—f) by performing
IFFT on the red boxed areas indicated in
Figs. 5(a—c). It is determined that the lattice
orientations of AlsCuy, AICu, and Al,Cu are (112)
with a lattice spacing of d=0.360 nm, (001) with a
lattice spacing of d=0.562 nm, and (110) with a
lattice spacing of d=0.462 nm, respectively. As
shown in Fig. 5(d), a severe lattice distortion exists
in Al4Cuy phase, and lots of edge-type dislocations
indicated by symbol “T” as well as the mixed

d=0.426 nm
(110 )/\\/

\

IFFT

Fig. 5 Nanoscale analysis results of Al4Cug, AlCu, Al,Cu and Al,Cu/AlCu interface: HRTEM images of AlsCuo (a),
AlCu (b), and AlLCu (c); IFFT images of Al4Cuo (d), AlCu (e), and ALCu (f); (g) HRTEM image of AICu/Al,Cu
interface; FFT (h) and IFFT (i) images of purple boxed region indicated in (g)
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dislocations appear. Figure 5(¢) shows that only
partial lattice distortion with no obvious
dislocations exists in AICu. Figure 5(f) reveals that
there are obvious lattice distortions and a small
number of edge-type dislocations in Al,Cu. Both
AlCu and Al4Cuy initially form as solid solutions,
and then the IMCs eventually form. The entry of
dissimilar metal atoms into the matrix lattice can
induce distortion, and thus the lattice distortion of
AlLCu and Al4Cuo is severer than that of AlCu.
Figure 5(g) depicts the HRTEM image of
AlCW/ALCu interface. The lattice structures of
AlCu and Al,Cu are different, and there is an
interfacial transition region between them with
severe lattice distortion and dislocation cluster. The
orientation of AlCu side is (110) with a lattice
spacing of d=0.4264 nm, and that of AlCu side is
(202) with a lattice spacing of d=0.3764 nm, and
there is a certain phase difference between them
with an angle of about 15°. Moreover, AlLCu
exhibits some stacking faults near the interface, as
indicated by the purple box in Fig. 5(g). The fast
Fourier transform (FFT) is performed on the purple
boxed area, and the result is displayed in Fig. 5(h).
As is seen, the diffraction spot along the direction
of (110) crystal plane shows as a straight line with
obvious stacking fault features. The IFFT result of
the purple boxed area is shown in Fig. 5(i). The
lattice stripe in the green box indicates the existence
of stacking fault and the lattice region marked by
two opposite symbol “T” in the red box is a
characteristic of the existence of dislocation ring.
This indicates that there is a role of pressure
deformation mechanism in the formation of Al,Cu.
Figure 6 displays the inverse pole figures
(IPFs) and phase images of Al and Cu obtained
from EBSD analysis. As is seen from the IPFs,
in all samples, no obvious selective orientation is
observed, and significant differences can be
observed in the grain morphology of each layer. As
is seen from the phase images, the grains of AlsCuyg
show obvious polygonal shapes, and their grain size
is much larger than that of AlCu and ALCu. It is
noted that some dispersed Al,Cu particles are
distributed at the grain boundaries of Al layer,
which agrees with the SEM results shown in Fig. 2.
This indicates the precipitation of the Al,Cu phase,
and the reasons are explained as follows. The Cu
concentration gradually decreases with increasing
distance from Al/Cu interface, and it is no longer

sufficient to form a uniform Al,Cu layer. However,
the high sintering temperature can provide a driving
force to make Cu atoms aggregate at the grain
boundaries. Hence, the relatively high Cu
concentration at grain boundaries can reach the
condition of forming AlCu, and the dispersed
AL Cu particles precipitate.

Figure 7 shows the pole figures of Al and Cu

layers in different samples. As is seen, the texture
strength of Al layer is relatively low and shows a
uniform distribution, and the influence of sintering
parameters on the texture strength and distribution
is not significant. However, the Cu layer exhibits
significantly higher texture strength compared to Al
layer. As the sintering temperature increases, the
texture strength of Cu layer increases, and the
texture distribution becomes more uniform. With
the extension of the sintering time from 1 to 2 h, the
texture of Cu layer is deflected and its strength
slightly increases. However, when the sintering
time is extended to 4 h, the texture strength of Cu
layer decreases with a uniform distribution.
Figure 8 shows the grain size distribution and
average grain size of different IMCs. As is seen, Cu
layer consists of many large grains and few small
grains, while the grains in Al layer are more
uniform in size and much smaller than those in Cu
layer. At the sintering temperature of 600 °C, the
average size of Cu grains slightly decreases with
increasing the time from 1 to 4 h, indicating the
occurrence of partial dynamic recrystallization. The
grain size of Al layer is not sensitive to the sintering
time, while it obviously increases by a high
sintering temperature of 620 °C. The average grain
size of Al4sCuy is the largest, and that of AlCu is the
smallest. With the extension of sintering time, the
average grain sizes of Al,Cu and AlCu phases show
an increasing trend, while that of AlsCuy firstly
increases and then decreases. Since Al layer was
fabricated from the loose Al powders, the diffusion
velocity of Al atoms into Cu layer is much faster
than that of Cu atoms into Al layer. As a result, the
solid solution firstly forms in the Cu layer close to
Al/Cu interface. When Al concentration reaches
a certain degree, AlsCus begins to form under
the condition of high temperature, and it tends to
gradually grow deeper into Cu layer due to the
concentration gradient [8]. With further increase of
sintering time, the recrystallization of AlsCus takes
place, thereby reducing the grain size.



Kai-qiang SHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2484—2499 2491

001 101

Al 0 AlCy,

N AlLCu [ Cu
I AlCu

Fig. 6 EBSD results of IPFs (a, c, e, g) and phase images (b, d, f, h) of 600-1 (a, b), 600-2 (c, d), 600-4 (e, f), and 620-2

(g, h) samples

3.2 Mechanical properties

Figure 9(a) indicates the bonding strength
obtained from the three-point bending tests of the
Al/Cu laminates with different sintering parameters.

As is seen, the bonding strengths of 600-1 and
600-4 samples are 93.7 and 93.2 MPa, respectively,
indicating a good interfacial bonding. However, the
bonding strength of 600-2 and 620-2 are relatively
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Fig. 7 Pole figures of Al (a—d) and Cu (e—h) layers in 600-1 (a, e), 600-2 (b, f), 600-4 (c, g), and 620-2 (d, h) samples

Fig. 8 Grain size distribution of Al (a), Al:Cu (b), AlCu (c), AlsCug(d) and Cu (e), and average grain size statistics of

IMCs (f)
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Fig. 9 Mechanical test results of Al/Cu laminates:
(a) Bonding strength; (b) Tensile strength and elongation

much lower, and the lowest value of 82.7 MPa
appears in 620-2. Figure 9(b) shows the tensile
strength results. As is seen, the tensile strength
shows a tendency of decreasing and then increasing
with the extension of the sintering time. Comparing
the tensile strength of 600-1 and 600-2, it gradually
decreases from 151.1 to 132.9 MPa. When the
sintering time is extended to 4 h, the tensile strength
gradually increases to 144.8 MPa. As the sintering
temperature is raised from 600 to 620 °C with the
same sintering time of 2 h, the tensile strength
increases to 144.4 MPa, indicating an increasing
trend with the increase of sintering temperature.

The 600-1 and 600-4 samples were selected to
perform the nano-indentation test, and the load—
displacement curves and the average hardness of
different IMCs and matrix are plotted in Fig. 10. As
is seen, the micromechanical properties of IMCs
layer differ significantly from the matrix. Overall,
the hardness of IMCs is much higher than that of Al
or Cu matrix, and Al4Cug owns the highest hardness
of greater than 10.3 GPa. During the plastic
deformation process, the stress easily concentrates
at Al/Cu interface and the deformation between

the grains is delayed, which may interrupt the
deformation coordination and promote the
generation and extension of cracks. Hence, the
cracks are generated and extended mainly in the
brittle IMCs layer. In addition, the nanoscale oxide
bands are observed in the IMCs layer of 600-4.
These oxide bands can not only hinder the diffusion
of Al and Cu atoms, but also increase the density of
crystal defects and impede the dislocation motion,
which may result in the severe dislocation-interface
interactions and a certain degree of synergistic
strengthening effect [31].
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Fig. 10 Nano-indentation results of 600-1 and 600-4
samples: (a) Local load—displacement curves; (b) Average

hardness
4 Discussion

4.1 Diffusion pattern across Al/Cu interface

As aforementioned, the thickness of IMCs
layer firstly increases and then decreases with the
extension of the sintering time. It is an unusual
phenomenon which is contradictory to the
conventional theory. It is widely accepted that the
IMCs thickness keeps increasing with the extension
of sintering time [10,32]. In hot press sintering
process, the pressure is always applied on the
sample to promote the sintering quality of Al layer
and interfacial bonding of Al/Cu interface. The
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mutual diffusion of Al and Cu atoms is the main
factors increasing the thickness of IMCs, while the
deformation and contraction of IMCs layer caused
by pressure can reduce the thickness of IMCs [33].
At the early stage of sintering, the IMCs layer does
not form or its thickness is thin. Hence, the
resistance of Al and Cu atoms to diffuse across the
IMCs layer is small, and the mutual diffusion rate
of them is fast. Moreover, since the IMCs layer
formed under pressure has high strength, the
shrinkage effect of IMCs layer due to the applied
pressure is small. Therefore, the thickness of IMCs
greatly increases from 14.88 to 30.00 pm when the
sintering time is extended from 1 to 2 h at 600 °C.
As the thickness of IMCs increases, the resistance
of Al and Cu atoms to diffuse across the IMCs layer

becomes large, which can cause a decrease of the
growth rate of IMCs layer. Moreover, with the
extension of sintering time, the recrystallization
continuously softens IMCs layer, and the applied
pressure causes the shrinkage effect on IMCs layer.
If the shrinkage effect is more significant than the
expansion effect due to the atom diffusion, the
thickness of IMCs layer tends to decrease. Hence,
the thickness of IMCs layer decreases from 30.00 to
24.88 um as the sintering time is extended from 2 to
4 h at 600 °C.

Figure 11 shows the kernel average misorientation
(KAM) maps of 600-1, 600-2, 600-4, and 620-2
samples, and the KAM values. As is seen, at the
sintering temperature of 600 °C, the KAM values of
all IMCs decrease significantly as the sintering time

3.51

3600-1
21 600-2
£X600-4
B 620-2

A14CU9
IMC layer

Fig. 11 KAM maps across Al/Cu interfaces of 600-1 (a), 600-2 (b), 600-4 (c) and 620-2 (d) samples, and statistics KAM

values of different IMCs layers (e)
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is extended from 1 to 2 h, while such decrease is
very slight as the time is further extended to 4 h and
the KAM value of AlsCuy even slightly increases.
Comparing 600-2 and 600-4 samples, it is seen that
the KAM values of all IMCs increase with
increasing temperature. As is known, KAM value
typically illustrates the stored strain energy between
grains, and it is directly proportional to the
dislocation density. In this study, the IMCs layer
forms under the combined effects of temperature
and pressure at the early stage of sintering, and the
pressure plays a dominated role. Hence, the IMCs
layer shows high KAM value and high dislocation
density with the sintering time of 1h. Then, the
recrystallization is promoted by increasing sintering
time, causing the elimination of dislocations and
reduction of KAM values. When the sintering
temperature increases from 600 to 620 °C, the
thickness of IMCs layer changes slightly, while the
variation of KAM value increases greatly. This
indicates that the dislocation density accumulated
by the deformation is more significant than the
dislocation elimination caused by recrystallization
at high sintering temperature.

4.2 Formation mechanism of IMCs layer

As aforementioned, Al,Cu and AlsCuy are
observed with the sintering time of 1 h, while as the
time is greater than 2 h, the new phase of AlCu
forms between AlLCu and AlsCus. These facts
indicate that Al,Cu and Al4Cuy firstly form at Al/Cu
interface during hot press sintering process, and
then AlCu phase forms by the reaction of Al,Cu
and Al4Cuy with the increase of sintering time. The
formation mechanisms of different IMCs are
schematically drawn in Fig. 12. BESSON et al [12]
reported that Al4Cuy could form in the Cu-rich zone
during mechanical alloying and the formation of

Al4Cuy was driven by only a low thermal activation
energy. It is seen from the IFFT image of Al4Cus in
Fig. 5(d) that there are some edge-type dislocations
and serious lattice distortion in AlsCuy, which
indicates that its formation is greatly affected by the
applied pressure during hot press sintering. With the
rise of temperature, Al and Cu atoms diffuse into
each other. The Al-rich Al—Cu solid solution forms
on the Al side of the interface, and Cu-rich Al-Cu
solid solution forms on the Cu side. With the
diffusion of Al atoms, when the temperature reaches
a certain value, the formation condition of Al4Cus is
satisfied, and it firstly nucleates in the Cu layer.
After that, AlsCuy tends to gradually grow deeper
into the Cu layer. Then, AlLCu nucleates in the
Al—Cu solid solution on the Al side and grows with
the diffusion of Cu atoms in the subsequent
sintering process. The thermal activation energy
required for the formation of AlCu is higher than
that of Al4Cus. This means that higher temperature
is required for the formation of ALCu. AlCu
is generated by a two-phase reaction after the
formation of Al,Cu and Al4Cus [9,34—36], and AlCu
with a small thickness is distributed between Al,Cu
and Al4Cuo.

4.3 Effects of sintering parameters on mechanical

properties

It is well known that the thicker the IMCs
layer is, the more easily the cracks are generated
and expanded at Al/Cu interface, and the lower the
interfacial bonding strength is [24]. The tensile
strength of Al/Cu laminate depends on the combined
effects of Cu layer, Al layer, and IMCs layer. With
the extension of the sintering time from 1 to 2 h, the
degree of recrystallization of Cu rises, leading to
the softening of Cu layer. Moreover, the thickness
of IMCs layer increases, leading to the decrease of

Al ©00
Cu O'f ) @e LAl

Interdiffusion Cm

Solid solution Solid solution

__»w

7
Solid solution Al Cu, crystal

f

AlCu grains

Al Cu crystal

S -
Al Cu, grains Al Cu, grains

Fig. 12 Schematic diagram of formation of IMCs layer at Al/Cu interface during hot press sintering process
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bonding strength of Al/Cu interface. These facts
cause a decrease in the tensile strength of Al/Cu
laminate. When the sintering time is extended to 4 h,
the thickness of IMCs decreases, which 1is
beneficial to the increase of bonding strength, and
thus the tensile strength of 600-4 is improved. With
the increase of sintering temperature to 620 °C, the
sintering density and performance of Al layer are
improved, and the tensile strength of Al layer
increases. As a result, the tensile strength of 620-2
is higher than that of 600-2.

Figure 13 demonstrates two different fracture
modes of Al/Cu laminate during the tensile test.
Figure 13(a) shows the failure process of 600-1.
Since the bonding strength of Al/Cu interface is
higher than the tensile strength of Al layer, Al layer
firstly fails and fractures during tension, while the
separated Al layer is still combined with the Cu
layer. In the subsequent tension, Al layer continues
to deform along with the Cu layer until Cu layer
fails because of the large differences in tensile
strength and elongation between them. Finally, Al
layer fractures into many small fragments, while the
bonding of Al/Cu interface does not completely fail,
and some Al fragments are still attached to the inner
Cu layer. Figure 13(b) shows the failure process of
600-2 during the tensile test. The bonding strength
of Al/Cu interface is lower than the tensile strength
of Al layer, leading to lateral development and

Al layer fracture

&=2%

£=6%
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expansion of cracks in IMCs layer [23,37].
Consequently, failure firstly occurs at Al/Cu
interface during tension. As a result, Al and Cu
layers peel off from each other, and both of them
deform separately under the action of tensile stress,
showing an obvious delamination fracture. The
final fracture morphology shows that the Al and Cu
layers are fully separated and the fracture position is
different. These results indicate that the bonding
strength of Al/Cu interface determines the fracture
mode of Al/Cu laminate. If the bonding strength is
high, the failure firstly appears in Al layer, and
Al/Cu interface is still in the bonding state.
However, if the bonding strength is low, Al/Cu
interface firstly fails at the early stage of tension,
and then Al and Cu layers deform individually
under the action of load. In order to obtain Al/Cu
laminate with high mechanical performances, an
IMCs layer with small thickness and low brittleness
is required, and the sintering quality of Al layer is
also important.

5 Conclusions

(1) No visible cracks or voids were detected at
Al/Cu interface, and a stable IMCs layer consisting
of AlbCu, AlsCuy, and AlCu phases formed. The
thickness of IMCs layer increased with the increase
of sintering temperature, while it first increased and

Al/Cu interface fracture

Peeling
off

Fig. 13 Fracture processes during tensile tests of 600-1 (a) and 600-2 (b) samples
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then decreased with the extension of time due to
both the growth and shrinkage effects.

(2) Al4Cuy first nucleated and grew at Al/Cu
interface near the Cu side, followed by the
nucleation of Al,Cu near the Al side. Eventually,
AlCu formed through the reaction between AlsCus
and Al,Cu. Al4Cuy exhibited a higher number of
dislocations and severer lattice distortion compared
to AlLCu and AlCu. The lattice distortion and
atomic arrangement were significant at the
interfaces of different IMCs phases, and an
amorphous oxide strip was observed at AlICu/AlsCug
interface.

(3) The tensile strength showed a tendency to
first decrease and then increase with the extension
of sintering time, while it displayed an upward
trend with the increase in temperature. The bonding
strength of Al/Cu interface played a crucial role in
determining the tensile fracture mode of Al/Cu
laminate. When the bonding strength was high, Al
layer tended to fracture into many small fragments,
with some Al fragments still attached to the inner
Cu layer. When the bonding strength was low, Al
and Cu layers tended to completely separate.
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