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Three types of Cu/Al joints with different interfacial microstructures prepared by diffusion bonding, friction stir welding, and
explosive welding were obtained, and the interfacial thermal conductivity was emphatically discussed in this paper. Two layers of
intermetallic compounds with a width of 5~12 yum were formed in the joint prepared by diffusion bonding. And a mixture of a
supersaturated solid solution and few dispersed compounds with a thickness less than 1 ym was formed in the friction stir welding
Cu/Al joint. The bonding interface of the Cu/Al explosive welding joint presented a wavy-like morphology with a width of
300~350 ym. The interfacial thermal conductivity with different interfacial microstructure was calculated analytically using the
acoustic mismatch model and compared with the measured value of the joints. The interfacial thermal conductivity mainly
depends on the type of interfacial phase and its thickness. The calculated result showed that the interfacial thermal conductivity of
friction stir welding joint was the highest (1~8 x10” W m >K™"). The experiment results suggested that the interfacial thermal

conductivity showed the trend that explosive welding < friction stir welding < diffusion bonding.

1. Introduction

As a typical thermal/electrical component, Cu/Al hybrid
structures have been widely used in industries such as circuit
transmission, heat dissipation, shipbuilding, hydrometal-
lurgy, and other fields [1-3]. For example, copper cladding
aluminum used in a wire can not only reduce the quality of
the wire by 50% but also greatly reduce the cost of the wire by
35% under the same conductivity condition [4]. Cu/Al
hybrid plate radiator can realize the effective combination of
thermal conductivity and heat dissipation, and improve the
cost performance [5]. All of these Cu/Al structures are re-
lated to the Cu/Al heterogeneous joining. And the interfacial
microstructure and performance play a key role in the
service efficiency and service life of the Cu/Al hybrid
structure [6, 7].

However, it is difficult to obtain a satisfactory Cu/Al joint
due to the significant difference in metallurgical and

chemical properties. Meanwhile, the brittle intermetallic
compounds (IMCs) are easily formed, which seriously de-
teriorates the mechanical properties and the conductivity of
the Al/Cu joints [8, 9]. In the present study, different welding
methods, in case of diffusion bonding (DB) [10], brazing
[11, 12], friction stir welding (FSW) [13-15], laser welding
[16], and explosion welding (EW) [17, 18], have been proved
to be an alternative method in joining Al and Cu. These
studies have shown that it was inevitable to form the hard
and brittle Al,Cu, phases such as Al,Cu, AlCu, Al4Cu,, and
Al;Cuy on the interface of Cu/Al joints. These IMCs pro-
moted creak propagation and weakened the joint [19]. Wang
et al. [20] found the formation of Al,Cu and voids in the Al/
Cu joint during the diffusion brazing. Tavassoli et al. [21]
found that the thermal conductivity and joint strength
decreased with the increase of total thickness of IMCs.
Tanaka et al. [22] found that the joint strength was inversely
proportional to the IMC thickness. All the above
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investigations verified that the interfacial microstructure
(including thickness, phase type, and distribution) had
important effects on the properties of the Cu/Al joint. The
influence of the preparation technology and the interfacial
microstructure on the joint strength has been studied ex-
tensively [13, 23, 24]. Less attention has been paid to the
interfacial thermal conductivity of the Cu/Al heterogeneous
interface area. However, the interfacial thermal resistance
not only seriously affects the thermal conductivity of the
joint but also has great influence on the service life when it is
used as a conductive component. It has great practical
significance to study the interfacial thermal conductivity of
Cu/Al joint and reveal the thermal conductivity mechanism
of Cu/Al heterogeneous interface with different interface
structures.

In this paper, three types of Cu/Al joints with different
interfacial microstructures prepared by DB, FSW, and EW
were obtained and evaluated. The microstructures and
compositions of the Cu/Al joints were investigated. The
thermal conductivity was estimated, and the corresponding
interface thermal conductivity model was built. The influ-
ence of different interface structures and thicknesses on the
thermal conductivity of Cu/Al joints was analyzed.

2. Experimental Details

Considering that Cu/Al structures are mostly used as
conductive and thermal components, 1060 Al (99.6 wt%)
and T2 Cu (99.9wt%) were selected as the base metals.
Table 1 shows the composition and properties. DB, FSW,
and EW were used to fabricate Cu/Al joints in this study. The
microstructure and thermal conductivity properties of Cu/
Al joints with different interface structures obtained by three
methods are emphatically discussed.

For the Cu/Al vacuum DB process, after ultrasonic
cleaning and drying, the specimens were put into the
furnace for assembly. The bonding process proceeded at
565°C for 30min and 60min in a vacuum furnace
(3.0~5.0 X 107> Pa). The welding pressure was maintained
at 5 MPa during the welding process. The details of the
parameters optimized are in the previous work [25]. FSW
of the Cu/Al plates was conducted using a XA5032
vertical milling machine. Preliminary experiments
showed that no surface defect joint can be obtained when
Cu was fixed on the advancing side [15]. In the FSW
process, the homemade fixtures were used. And a single-
pass but mode was used. The Cu plate was placed on the
advancing side and the Al plate placed on the retreating
side. The welding speed was selected as 60 mm/min, and
the rotation speed was in the range of 750~1500rpm,
which could obtain the appropriate heat input. The
welding process proceeded at the welding speed of
60 mm/min and the rotation speed of 1180 and 950 rpm
in this paper. The Cu/Al EW joints were prepared by
Xi’an Tianli Clad Metal Materials Co., Ltd. The Cu and Al
plates were assembled in parallel as the flying and base
plates. Detailed parameter description of the EW process
is presented in reference [26]. The stand-off distance was
1.35mm, the explosive ratio of 2.1, the detonation
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velocity was 2100 m/s, and the impact velocity V, was
851 m/s [26]. Figure 1 shows the experimental schematic
diagram of the DB, FSW, and EW processes. Cu/Al in-
terface with different interfacial microstructures and
thicknesses can be obtained by different methods.

After welding, the samples were cut perpendicular to
the welding interface. All samples were subjected to
metallographic characterization by the scanning electron
microscopy (SEM, JEOL, JSM-6700) with an energy-
dispersive spectrum (EDS). The phase composition of the
fracture surfaces was investigated by an X-ray diffraction
(XRD) instrument with Cu Ka radiation. The joint
welding strength was evaluated by shear tests with the
Instron 5880 machine. The microhardness of the Cu/Al
joint was measured using the TUKON2100 Vickers
microhardness tester with the loading of 10g and the
dwell time of 10s. The thermal conductivity of the Cu/Al
composite combined layer was measured using the Xenon
lamp thermal conductivity meter DXF200 (TA Instru-
ments, USA). Combining the layer into the cylinder, the
specification was @12.7 mm x 1 mm and the experiment
temperature was 30°C.

3. Results and Discussion
3.1. Microstructure of the Cu/Al Bonded Interface

3.1.1. Interface Microstructure of Vacuum DB Cu-Al Joint.
Figure 2 shows the microstructure of the Cu/Al joints with
different holding times during the DB process. Two layers of
products with different grayscales were formed on Cu/Al
interface when the holding time was 30 min, and three layers
were formed on the joint when the holding time was 60 min.
The total width of the diffusion reaction layer in the interface
region was in the range of 5~12 um. The layer near the Cu
side was continuous laminar, and the layer near the Al side
shows an uneven bump on the contact interface with the Al
base metal. With the increase of holding time, the thickness
of the diffusion interaction layer has significantly increased.

Figure 3 shows the analysis of the elemental composition
and phase composition of the Cu/Al interface region. The
distribution of elements perpendicular to the interface is
shown in Figure 3(a). EDS spot scan analysis was used to
preliminarily determine the compound. The spectrograms
and the element content of the different regions indicated in
Figure 2 are shown in Figures 3(c)-3(e). The EDS analysis of
point 02 in Figure 2(b) and point 05 in Figure 2(d) suggested
that these were possible Al4Cu9 phases. The EDS analysis of
point 01 in Figure 2(b) and point 03 in Figure 2(d) located
layer near the Al side showed that the atom ratio of Al : Cu
was close to 2 : 1. It could be speculated as the Al,Cu phase. A
layer appears between Al,Cuy and Al,Cu layers when the
holding time is extended to 60 min. It has a gray scale similar
to the Al4Cuy phase, and EDS data showed that it was the
AlCu phase, as shown in Figure 3(d).

In order to further determine the phase on the Al/Cu
interface of the joints prepared by vacuum DB, XRD
analyses were carried out on the fracture surface. The
fracture morphology showed that a part of the fracture
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TaBLE 1: Composition and properties of 1060 Al and T2 Cu base metals used in this paper.

Base Composition Melting point Coefficient of linear Heat conductivity/  Tensile strength Resistivity
metal (mass %) (°C) expansion (107°K™) W(m-K)™! (MPa) (107°Q:m)
1060 Al Al>99.6% 1083 16.5 394.0 83~91 27.6~29.1
T2 Cu Cu>99.9% 660 23.6 222.0 293~300 17.1~18.5

Rotational direction

ﬂ<— Axial pressure

Solder mask
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Stir tool

T2 Cu
Solder mask
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®) (0

FIGURE 1: The experimental schematic diagram. (a) DB, (b) FSW, and (c) EW.
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FIGURE 2: The microstructure of the Cu/Al joints with different holding time. (a, b) 30 min and (¢, d) 60 min.

occurred at the interface of the two compounds and a part ~ Al,Cuy was found in both joints, which are consistent
occurred inside the compound [25]. The results are with the above point scanning results. There was no
shown in Figure 3(b). The diffraction peak of Al,Cuand  obvious diffraction peak of the AlICu phase. This may be
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FIGURE 3: Analysis of elemental composition and phase composition of the joint prepared by DB. (a) Element distribution perpendicular to
the interface, (b) XRD analysis results of the fracture surface, and (c-e) spectrograms and element contents.

due to the small amount of the Al/Cu phase, which cannot
cause an obvious diffraction peak. In addition, it is also
related to the fracture location.

3.1.2. Interface Microstructure of FSW Cu/Al Joint. The
microstructure of the interfacial region of the Cu/Al FSW
joint produced by different rotation speed is shown in
Figure 4. The metallurgical reaction occurred during the
FSW process. An obvious diffusion layer with the
thickness less than 1um was formed on the Cu/Al in-
terface. EDS spot scan analysis and XRD analyses on the
fracture surface were all carried out to determine the
compound on the interface. The related results are shown
in Figure 5. The chemical composition changed gradually
from the Al side to the Cu side. It indicated that there
were no obvious IMCs of fixed composition formed. The
XRD pattern showed a weak Al,Cu diffraction peak on
the fracture surface. It indicated that a small number of
Al,Cu phases were formed. But there is no continuous
lamellar formation. In addition, there were some particles
distributed in the aluminum side matrix.

The formation mechanism of these particles was dis-
cussed in detail in reference [15].

3.1.3. Interface Microstructure of EW Cu/Al Joint.
Figure 6 shows the microstructure of the Cu/Al joint produced
by EW. The bonding interface presented a wavy-like mor-
phology. An enlarged vortex structure is shown in Figure 6(b).
Different interface morphologies were analyzed with an enlarge
view of region A and B indicated by the blue dotted circle in
Figure 6(b). In the region A, it presented good bonding with a
transition layer of 5 ym. There were some light gray needle-like
structures embedded in a dark gray substrate in this region, as
shown in Figure 6(c). The EDS analysis showed that the light
gray needle-like structures were the Cu-rich solid solution and
the dark gray substrate near Al side was the Al-rich solid so-
lution. The spectrograms are shown in Figure 7. In the region B,
a vortex structure was formed and defects such as pores and
cracks were appeared. A large number of brittle IMCs were
generated. The thickness was approximately 300~350 ym. The
atom ratio of the point 08 and 09 indicated that compounds in
the vortex region were possible AL,Cu phases. XRD analysis
further confirmed the existence of the Al,Cu phase.

3.2. Mechanical Properties of Cu/Al Joints. The shear strength
and the microhardness of three types of Cu/Al joints were
tested. The test results are shown in Figure 8. In the shear
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FIGURE 4: The microstructure of the FSW Cu/Al joints with different rotation speed. (a, b) 1180 rpm and (c, d) 950 rpm.

1400
| [
1200
1000
5 1
£ 800 -
= ]
g 600
5 1 " L n
400
1 °
i °
200 Y v e ..
. = I
T T T T T T T
10 20 30 40 50 60 70 80
26
* Al)Cu
® Cu
m Al (a)

v
144€ | .
vand Spectrogram of point 06
1126 o
o
oo
aeax
o Cu rich solid solution
ol a—T r " Fr— : P o
(b)
- N
e i :
- Spectrogram of point 07
-
205
2000
2K
e Al rich solid solution
0951
90 oun =
00K A

£ 1% 200 100 Az 3 60 200 0 S0

FIGURE 5: Analysis of phase composition of the joint prepared by FSW. (a) XRD analysis results and (b, c¢) spectrograms and element

contents.

strength test, three samples were prepared for each pa-
rameter. The shear strength of different joints is shown in
Figure 8(a). The shear strength of the EW and FSW Cu/Al
joints was in the range of 95~105 MPa. It was approximately
equal to that of the 1060Al metal. The special interlocking
interface structures in the EW joint ensured the high joint
strength. The formation of a thin, continuous, and uniform
diffusion layer was the main reason of the good bonding
strength of the FSW joint [27, 28]. The shear strength of the
joint prepared by the DB process was approximately 67 MPa.
This was mainly due to the stratified structure of the IMCs.

The microhardness distributions were obtained, as
shown in Figure 8(b). The microhardness on the Cu/Al
interface was much higher than that on the matrix due to the
presence of IMCs. It had a high microhardness range of
363-409 HV in the interface area in the EW Cu/Al joints.
The width of the high hardness region corresponds to the
microstructure analysis of the interface in Figure 6. Only a
few points of high microhardness were detected in the
transition layer of the DB and FSW Cu/Al joint. That might
be because the thickness of the interfacial transition layer
was so small that only a few points fell on the IMCs.
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FIGURE 6: The microstructure of Cu/Al joint produced by EW. (a, b) Interface microstructure, (c) an enlarge view of A, and (d) an enlarge
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FIGURE 7: Analysis of phase composition of the joint prepared by explosive welding. (a) XRD analysis results and (b-e) spectrograms and

element content of different regions.

3.3. Evaluation of Interfacial Thermal Conductivity Cu-Al
Heterogeneous Interface

3.3.1. Thermal Conduction Model of Cu/Al Composite
Structure. As a heat conduction component widely used in
the field of heat dissipation and refrigeration field (heat
dissipation substrates, compressors, etc.), the interfacial
thermal conductivity of the Cu/Al structure was an im-
portant performance in practical application. The micro-
structure of the Cu/Al interfacial region, such as the
composition and distribution of phases, will have a

significant impact on the thermal conductivity of the in-
terface. There has been a lot of research studies on the
thermal conductivity of the metal/nonmetal interface. For
example, Tan et al. [29] compared the effects of the type and
the thickness of the interface transition layer (ITL) on the
thermal conductivity of the composite structure. It showed
that the thermal conductivity of the composite material
decreases as the thickness of the ITL increases. For Cuand Al
pure metals on both sides, electron conduction is the main
mechanism. For intermetallic compounds, phonon con-
duction is the main mechanism. Therefore, for the Cu/Al
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FIGURE 8: Mechanical properties of three kinds of Cu/Al joints. (a) Shear strength and (b) microhardness distribution.

interfacial region where multiple layers of compounds are
generated, not only the thermal conductivity of the com-
pound layer itself but also the thermal conductivity of the
metal/compound interface must be considered.

The total interfacial thermal conductivity (A1) of the
Cu/Al composite structure can be determined by series total
thermal resistance at all surfaces. The calculation principle is
the same as that of series resistance in the circuit. The ex-
pression is shown as follows [30]:

1 1 d 1
IMC

htotal hAl/IMC kIMC hCu/IMC

(1

Here, hayvc is the interfacial thermal conductivity between
Al and the IMC, kpyc is the thermal conductivity of the
IMCs, dpyc is the thickness of the IMC transition layer, and
himcycu 1s the interfacial thermal conductivity between Cu
and the IMC. When the heat is transferred in the Cu/Al
composite structure, the phonon is the main heat transfer
medium in the IMC layer, and the electron is the main
carrier of the heat transfer in the Cu and Al substrates on
both sides. At the interface between the base metal and the
IMC interface, the heat is transferred through the phonon-
phonon and phonon-electron coupling. The thermal con-
ductivity of the interface can be calculated using the acoustic
mismatch model (AMM) as follows [31]:

1 " P1V1P2Ya
h=—p1~C—l-#. (2)
2 vy (P11 +P2V2)2

Here, p is the material density, C, is the material-specific
heat, and v is the propagation velocity of phonon in a
material. When calculating the thermal conductivity at the
Al/IMC interface, 1 represents Al and 2 represents IMC.
Since the phonon propagation velocity of some materials
cannot be obtained from the literature, it can be calculated
according to the volume modulus and shear modulus of the
material. The specific calculation process is shown as follows:

7
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Here, the three Cu/Al bonding interfacial regions were
analyzed, and the corresponding thermal resistance models
were established. In the interfacial region of the DB joint,
two layers of IMCs (AL,Cu and Al,Cuy) were formed and
distributed in parallel between Al and Cu substrates. The
total thermal resistance of the interfacial region was
equivalent to the series thermal resistance of each part series,
as shown in Figure 9(a). Based on the thermal resistance
model, the total interfacial thermal conductivity (ho1) can
be estimated by the following equation:

1 1 dal,cu, 1

+ .
hayan,cu,

(4)

The total interfacial thermal conductivity was calculated
analytically according to equation (6) and the base data in
Table 2, as shown in Figure 9(b). The interfacial thermal
conductivity of the DB joint was in the range of
1~8 x10°W m 2K ™" when the thickness of the ITL was in
the range of 5~12 ym. When the thickness of the ITL was
small, the thermal conductivity decreased rapidly with the
increase of the thickness. When the thickness of the ITL was
greater than 15um, the interfacial thermal conductivity
decreased t slowly and tended to a constant value.

For the interfacial region of the FSW joint, a mixture of a
supersaturated solid solution and a few dispersed

dAlz Cu 1
+

htotal(DB) hAl/AlZCu kAlZCu hAlzCu/Al4Cu9 kAL,Cu9
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FIGURE 9: The interfacial thermal resistance model of the joint prepared by DB. (a) The interfacial region and thermal resistance model and
(b) interfacial thermal conductivity varying with the thickness of the IMCs.

TaBLE 2: Relevant parameters for the calculation of thermal conductivity.

1 -1 -3 11 vms
KW-m K pKg-m CyJ-kg K GGPa BGPa
Vi V1 Vaverage
Al 230 2700 904 26 76 6420 3130 3595
Cu 400 8930 385 2500 4910 2801
Al,Cu 21.8 4360 500 371 99.4 2917 5843 3154
Al,Cuy 50 6850 537 63.3 128.0 3040 5568 3236

compounds were distributed between Al and Cu. The total
thermal resistance was equivalent to the series thermal re-
sistance of the interfacial layer and the interfaces on both
sides, as shown in Figure 10(a). Based on the thermal re-
sistance model, the total interfacial thermal conductivity
(Miora) of the joint prepared by FSW can be estimated by
equation (5). The calculation results of interfacial thermal
conductivity according to equation (7) and the base data in
Table 2 are shown in Figure 10(b). It can be found that the
interfacial thermal conductivity of the FSW joint was in the
range of 1~25 x 107 Wm 2K}, and the thickness of the ITL
was in the range of 0.5~1.5ym. With the increase of the
thickness of the ITL, the interfacial thermal conductivity
decreased rapidly and then tended to a constant value.
Considering that the ITL is a mixture of a supersaturated
solid solution and a few dispersed compounds, different
thermal conductivity (k) of the ITL (in the range of
21.8~230 W m ™ "-K ") were selected. With the increase of the
thermal conductivity (k) of the ITL, the interfacial thermal
conductivity increased, as shown in Figure 10(b).

1 1 dtransition layer 1

htotal (FSW) hAl/ transition layer ktransition layer hCu/transition layer
(5)

Given the actual interfacial structure of the EW Cu/Al
joint in Figure 6(a), the interfacial thermal resistance model
can be abstracted, as shown in Figure 11(a). Combined with

the actual characteristics of the explosive welding Cu/Al
interfacial region, the total thermal resistance can be
expressed as the thermal resistance of the narrow interface
region and the vortex region in series and then calculated in
parallel. The total interfacial thermal conductivity (hyor,) of
the EW joint can be estimated by equation (6). Based on the
data in Table 2 and equation (6), the interfacial thermal
conductivity was calculated analytically, as shown in
Figure 11(b). The interfacial thermal conductivity of the
joint prepared by EW was in the range of
1~35x10°Wm K",

k

solid solution

h (EW) = (hAI/solid solution T d + hCu/solid solution ) x

solid solution

k cu
p+ <hA1/A12cu + dL + hCu/AlZcu) x(1-p),

Al
Al2cu
(6)

where p is the ratio of the vortex region.

3.3.2. Experimental Measurements of Thermal Conductivity
Cu/Al Joint. The thermal conductivity of the Cu/Al com-
posite structure was determined by the xenon lamp thermal
conductivity apparatus Netzsch LFA457 Microflash®. The
Cu/Al sample containing the interfacial transition layer is
processed into a cylinder with the specification of
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@10 mm x 1 mm. The thermal diffusivity was obtained by
the laser flash method under the condition of adiabatic. The
thermal conductivity was calculated by the equation as
follows:

MT) = a(T) - p(T) - C, (1), (7)
where «(T) is the thermal diffusion coefficient, C,(T) is the
specific heat capacity, and p(T) is the density. The measured
values of thermal conductivity and thermal diffusion coet-
ficient change with temperature are shown in Figure 12.
Figures 12(a)-12(c) show the change of thermal diffusion
coefficient with the temperature of the interfacial transition
layer, aluminum matrix, and copper matrix of three kinds of
joints. And Figures 12(d)-12(f) show the corresponding

thermal conductivity as a function of temperature. With the
increase of temperature, the thermal diffusivity decreases
monotonically. The thermal conductivity of joints prepared
by DB and FSW was higher than that of the Al base metal,
while the thermal conductivity of EW is lower than that of
the Al base metal. A comparison of the calculated and ex-
perimental values of thermal conductivity is shown in
Table 3.

Considering the interfacial microstructure of the dif-
ferent Cu/Al joints, the corresponding interface thermal
conductivity model was built. The calculation results show
that the interfacial thermal conductivity mainly depends on
the type of interfacial phase and its thickness. The structural
defects (cracks, cavities, etc.) and IMCs in the joints can
seriously affect the interfacial thermal conductivity. Because
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FIGURE 12: The measured values of thermal conductivity and thermal diffusion coefficient change with temperature.

TasLE 3: Comparison of the calculated and experimental values of
thermal conductivity.

The calculated interfacial Measured thermal

\r::tls(l)l:lg thermal conductivity conductivity
(W-m™2K™) (W-m™ K™
DB 1~8x10°W m2K! 250~280
FSW 1~25%x10" Wm™ K™ 230~270
EW 1~35%x10° W m 2K 150~180

of the low intrinsic thermal conductivity and the disconti-
nuity of the lattice structure, the hot carriers were heavily
scattered, which significantly reduced the interfacial thermal
conductivity. The interfacial thermal conductivity of the
FSW joint was the highest (1~25x10"Wm >K'). The
calculated interfacial thermal conductivity was compared
with the experimental values. The experiments suggest that
the interfacial thermal conductivity results preserve the
trend that explosive welding < friction stir  wel-
ding < diffusion bonding. There are two main reasons for the
low measured thermal conductivity of FSW joints. One was
that some copper particles entered into the aluminum
matrix near the interface and formed compounds, which
reduces the thermal conductivity. The other is the obvious
grain refinement in which the metal near the interface has
undergone large plastic deformation and dynamic
recrystallization.

4. Conclusion

The main motivation of this paper was to evaluate the effect
of interfacial microstructure on the thermal conductivity of
the Cu/Al joints prepared by DB, FSW, and EW. The in-
terfacial microstructure and compositions were examined.
The thermal conductivity of the three types of joints was
estimated, and the corresponding interface thermal con-
ductivity model was built. The main conclusions are as
follows:

(1) In the interfacial region of the DB joint, two layers of
IMCs (Al,Cu and Al,Cuy) were formed and dis-
tributed in parallel between Al and Cu substrates.
The total width of the ITL was in the range of
5~12 ym. For the interfacial region of the FSW joint,
an obvious diffusion layer (a mixture of a super-
saturated solid solution and few dispersed com-
pounds) was formed on the Cu/Al interface with a
thickness less than 1um. The bonding interface of
the Cu/Al EW joint presented a wavy-like mor-
phology. The vortex region consisted of a vortex-like
structure with a width of 300~350 um which con-
sisted a large number of Al,Cu.

(2) The thermal conductivity was estimated, and the
corresponding interface thermal conductivity model
was built. The interfacial thermal conductivity with
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different interfacial microstructures was calculated
analytically using the acoustic mismatch model and
compared with the measured value of the joints. The
interfacial thermal conductivity mainly depends on
the type of interfacial phase and its thickness. The
calculated result shows that the interfacial thermal
conductivity of the FSW joint was the highest. The
experiments results suggested that the interfacial
thermal conductivity results preserve the trend that
EW < FSW < DB.
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