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This study proposes a welding process, ultrasound-assisted friction stir welding of dissimilar Al/Cu metals.
Zinc foil is melted using the heat generated by a pinless stirring tool, and the molten intermediate layer is
stirred by ultrasonic cavitation to achieve an effective connection. The metallurgical reaction behavior of
the joint under the action of the sound field was studied, and the effects of different microstructures on the
joint performance were analyzed. Specifically, the following observations were reported in this study: (1)
When ultrasound assistance was used, the cavitation effect changed the brittle intermetallic compounds of
Al2Cu from a continuous distribution to a block distribution, and the mechanical properties of the joint
were greatly improved; (2) the effects of the thickness of the zinc were also determined. The results showed
that the highest shear tensile force was obtained when the thickness of the zinc foil was 0.2 mm. When the
thickness was 0.3 mm, the ultrasound effect was weakened. The copper-side interface generated a zigzag-
shaped Al4.2Cu3.2Zn0.7 layer with a thickness of 3.4 lm and had a continuous distribution. Increasing the
thickness of the zinc to 0.5 mm, however, drastically decreased the mechanical properties of the joint due to
incomplete melting of the zinc layer.
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1. Introduction

Cu alloys have been widely applied in the manufacturing of
air conditioners, refrigerators, wireways, and central processing
unit (CPU) radiators. However, the high price and density of Cu
have limited its applications. Therefore, the joining of Al to Cu
has been used to meet the increasing demand for Cu since this
method not only combines the advantages of high thermal and
electrical conductivity but also lowers the price (Ref 1-3).
However, joining dissimilar Cu and Al metals is a significant
challenge because of the poor weldability that arises from their
different chemical, mechanical, and thermal properties and the
formation of brittle Cu-Al intermetallic compounds (IMCs)
(Ref 4, 5). Conventional fusion welding methods have high
work temperatures that exceed the melting temperature of the
base metal. Thus, these methods are not recommended because
they lead to further solidification defects that are unsafe for the
application of welded structures.

Solid-phase connection technologies, such as friction stir
welding (FSW) and ultrasonic welding, have been widely
applied in recent years due to their particular advantages and
provide new directions for the preparation and development of
Al-Cu structures. However, IMCs have also been found in
friction stir welded Al-Cu joints when the new welding method

is used to join dissimilar metal materials (Ref 6-8). For
example, Jiahu Ouyang et al. (Ref 9) reported that the IMCs of
Al2Cu, AlCu and Al4Cu9 appeared in an FSW butt joint of
6061 aluminum alloy and pure copper.

To avoid the formation of brittle IMCs in the production of
high-strength joints, previous investigations of dissimilar metal
joining used an interlayer (Ref 10). For example, J. P. Oliveira
et al. (Ref 11) joined NiTi and Ti6Al4V using a niobium
interlayer and no brittle intermetallic compounds were ob-
served. Thus, the selection of an appropriate interlayer could be
successfully applied to join Al and Cu. Zn was chosen because
of its ability to interact well with both Al and Cu at high
temperatures, as seen in the Al-Zn (Ref 12) and Cu-Zn (Ref 13)
binary phase diagrams. For example, Elrefaey et al. (Ref 14)
used Zn foil as an intermediate layer to join Al and Cu by FSW,
which not only inhibited the formation of brittle compounds but
also expanded their distribution range.

Nevertheless, by adding an interlayer in the middle of the
Al/Cu joint, the production of aluminum-copper IMCs can be
inhibited, and the mechanical properties of the joint can be
improved. However, the need for a pin in FSW results in an
aesthetically undesirable keyhole and groove (channel) which
significantly influence the weld strength. Zhang et al. (Ref 15)
reported that the same effect can be achieved by using a pinless
tool for welding. However, because friction exists between the
stirring tool and the upper plate, the Zn layer cannot be stirred.
As a result, the composition of the weld zone is not uniform,
which causes the aluminum and copper elements to aggregate
easily and form a brittle IMC at the intermediate layer.

Ultrasound welding provides a new approach. Ultrasound-
assisted brazing, another environmentally friendly welding
method, is also widely used in the joining of dissimilar metals.
In previous studies (Ref 16, 17), when using this method to
braze joints, the ultrasound wave propagating to the liquid-
phase brazing seam can create a cavitation effect and an
acoustic flow effect near the solid–liquid interface of the joints.
These effects promote the wetting and spreading of the liquid
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solder on the base metal surface and the metallurgical reaction
between the solder alloy and the base metal and effectively
refine the solidified structure of the metal, improving the
homogeneity of the structure. Nevertheless, because the brazing
process needs to be carried out on a heating stage or furnace
and the equipment requirements are restrictive, the require-
ments cannot be met for long welds or large-area welding.
These problems can be overcome by using pinless FSW with
high rotation speed (Ref 18) as the heat and pressure source and
ultrasound assistance to stir the interlayer. Few previous studies
have explored this approach.

Building on the prior background research described above,
this study uses ultrasound-assisted FSW to fabricate Al/Cu
heterogeneous metal joints. The microstructures of the joints
were optimized by changing the thickness of the interlayer to
improve the mechanical properties of the joints. In particular,
this study focuses on the interfacial metallurgical reaction
behavior of the joint under an acoustic field and the influence of
different microstructures on the joint performance.

2. Experimental Procedures

In this study, a pinless tool made of H13 tool steel with
shoulder diameters of 10 mm was designed and used. A
commercial 1-mm-thick sheet of 6061-T6 Al alloy (composi-
tion in wt.%: Al-1Mg-0.62Si-0.5Fe-0.28Cu-0.1Mn-0.05Zn)
and a 1-mm-thick sheet of pure copper were selected for
joining. Pure zinc foil was used as the filling metal. The sizes of
the aluminum plate and the copper plate were 80 mm 9 100
mm and 80 mm 9 80 mm, respectively. Pure zinc with
thicknesses of 0.2 mm, 0.3 mm and 0.5 mm was used as the
interlayer, with a size of 90 mm 9 20 mm, as shown in Fig. 1.

Prior to the welding experiments, the faying surfaces of the
aluminum and the copper were sanded using 800 emery papers.
Next, the plates were cleaned with ethanol followed by acetone
before joining. The assembly was fastened in an overlapping
configuration with the Cu substrate placed under the Al
substrate and the zinc foil sandwiched as an interlayer between
the Cu and Al substrates, as seen in Fig. 1. For comparison, the
FSB process was classified into two groups, with or without
ultrasound assistance, with zinc thicknesses of 0.2 mm, 0.3 mm
and 0.5 mm in each group. The same parameters (plunge depth
of 0.2 mm, travel speed of 100 mm/min, rotation speed of
11,000 rpm and rotation tool tilt angle of 0�) were used. The
ultrasound parameters were set to a vibration frequency of
20 kHz and a power of 960 W. The welding parameters are
summarized in Table 1. The samples corresponding to the
different thicknesses of zinc in Group A are referred to as A0.2,
A0.3 and A0.5, while the samples corresponding to the

different thicknesses of zinc in Group B are referred to as
B0.2, B0.3 and B0.5.

After the experiment was completed, the shear tensile
samples (130 mm long and 12.5 mm wide) and metallographic
samples (25 mm long, 5 mm wide and 2 mm thick) were
obtained by wire cut electrical discharge machining (WEDM).
Two tensile samples were taken from each test plate. The
metallographic samples were mounted and then mechanically
polished with carbide abrasive papers. Finally, the macrostruc-
ture was observed using an optical microscope. The morphol-
ogy of the microstructure was further analyzed by scanning
electron microscopy (SEM) with a secondary electron imaging
(SEI) model, and the chemical composition of the intermediate
layer was determined by an energy-dispersive x-ray (EDS)
system. X-ray diffraction (XRD) was used to determine the
phase of the fracture surface. Tensile tests were carried out at
room temperature with an electronic drawing machine at a
drawing rate of 1 mm/min.

3. Results

3.1 Surface Macroscopic Appearance

Figure 2 shows the surface morphology of the weld. All the
welding surfaces are similar, so only one representative graph
was selected for analysis from the B0.2 sample. As seen from
the figure, because the tool tilt angle was set at 0� and the
plunge depth was 0.2 mm, a large flash formed at the retreating
side of the joint, but none of the joints presented substantial
macroscopic defects. In addition, the Zn was melted, and
extrusions appeared both at the beginning and at the end of the
welding, as shown in the enlarged area in the figure, indicating
that the zinc layer melted under these welding conditions.
However, this result was not observed in the A0.5 sample,
indicating that under these conditions, Zn cannot be completely
melted due to insufficient heat production. Thus, the A0.5
sample will not be mentioned below.

3.2 Microscopy Analysis

Fig. 1 Schematic diagram with different zinc layer thicknesses, (a) 0.2 mm, (b) 0.3 mm, (c) 0.5 mm

Table 1 List of the FSB parameters

Group A Group B

Thickness of zinc, mm 0.2, 0.3, 0.5 0.2, 0.3, 0.5
Ultrasound assistance No Yes
Plunge depth, mm 0.2 0.2
Traverse speed, mm/min 100 100
Rotation speed, rpm 11,000 11,000
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3.2.1 Cross-Sectional Macrostructure. Figure 3 shows
the intersecting surface morphology of the weld under different
process conditions. The 0.2 mm plunge resulted in a weld zone
that was significantly concave on the aluminum side. The
corresponding interlayer also appeared to have a bowl-like
structure, while the middle interlayer was too thin to be
observed. These observations indicate that sufficient heat was
generated during the welding process to melt the Zn layer, but
the thickness of the original zinc layer was still maintained on
both sides due to the insufficient heat and pressure. However,

compared to those of the other samples, the intermediate layer
of the B0.5 sample was thick, and no voids or cracks appeared.
To further analyze the structure of the intermediate layer and
the effect of ultrasound on the quality of the weld, SEM and
EDS analysis of the interface is required, as shown below.

3.2.2 SEM Analysis of the Cross Sec-
tions of the Welds. As shown in Fig. 4, SEM images of
the weld area in the interlayer were obtained from the areas
indicated by the red rectangles in Fig. 3. Considering that the
mechanical properties of the A0.3 and A0.2 samples are
similar, which will be demonstrated in Sect. 3.3, only the A0.2
sample was selected for comparative analysis to illustrate the
effects of ultrasound on joint quality. Figure 4(a) shows the
interface microstructure of A0.2. Combined with EDS, the
results show that the interlayer is mainly composed of white
bulk CuZn5 and gray eutectic Al-Zn, which are homogeneously
distributed in the middle layer. The eutectic Al-Zn layer with a
thickness of 1 lm is near the aluminum substrate, while two
layers of distinct colors appear near the copper substrate.

Figure 4(b) shows the interface microstructure of B0.2,
which was prepared with ultrasound assistance and was
completely altered compared with that of the A0.2 sample.
The thickness of the interlayer decreased from 43 lm to 28 lm.
Additionally, the interlayer structure was still composed of
CuZn5 and eutectic Al-Zn, but the amount and morphology had
changed. The proportion of CuZn5 decreased and was dis-
tributed in the middle of the interlayer, while the proportion of
eutectic Al-Zn increased along both sides of the substrate. This
result indicates that the aluminum content in the interlayer
increased. Notably, a homogeneous bulk section was formed at
the copper interface but merely emerged as a lump and did not
exhibit a lamellar distribution. The chemical composition (in
at.%) of the heterogeneous IMC region was 71.1Al-28.9Cu.
Based on the ratio of Al to Cu in the atomic composition given
by the EDS results, the bulk section is Al2Cu. It also worth to
be notice that the eutectic structure is very small compared with
that shown in Fig. 6(a) and is not distributed in layers. This
kind of structure is quite compact and does not fracture easily. It
indicates that applying ultrasound during the welding process is
beneficial for refining the interlayer structure.

Fig. 2 Typical morphology of the weld surface

Fig. 3 Cross-sectional macrostructures of the joint interface,
produced using different parameters. (a) A0.2, (b) A0.3, (c) B0.2, (d)
B0.3, and (e) B0.5
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As the thickness of the zinc foil increased to 0.3 mm, the
interface changed again, as shown in Fig. 4(c), and the
interfacial thickness increased to 40 lm. In addition to the
formation of CuZn5 and eutectic Al-Zn, there were rectangular
dark substances in the interface. EDS analysis shows that these
substances were Al2Cu. Because the 0.3 mm zinc foil was
used, the increased zinc content led to increased dissolution of
the Al into the zinc layer per unit volume, which led to the
formation of a brittle phase of Al2Cu in the interlayer. Using
flame joining, some researchers (Ref 19, 20) also obtained
Al2Cu in the interfacial layer, which may be attributed to
transition corrosion of the Al base metal in the solder layer
during welding.

However, further increasing the thickness of the zinc foil to
0.5 mm, as shown in Fig. 4(d), revealed that there was original
zinc at the interfacial layer. Compared with the interface
morphology under other conditions, the thickness of the
interlayer increased significantly to 150 lm. Eutectic Al-Zn
can be found along the aluminum substrate, and the Al/Zn
interfacial layer exhibits irregularity.

3.3 Mechanical Behavior of the Welded Joint

3.3.1 Lap Shear Tensile Test. Figure 5(a) shows the
shear strength of the joints under different parameters. The
failure load remains the same and then decreases significantly
to 0 kN (the joint broke before being clamped) with increasing

Fig. 4 Cross-sectional SEM micrograph at the center of the different sample. (a) A0.2, (b) B0.2, (c) B03, and (d) B0.5

Fig. 5 (a) Dependence of the shear tensile force and (b) typical shear tensile force–displacement curves under different conditions
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zinc foil thickness in Group A, while the failure load
decreases with increasing zinc foil thickness in Group B.
The highest shear force (2.45 kN) was found in the B0.2
sample, which implies that the FSB process with ultrasound
assistance is effective for dissimilar Cu and Al metals with a
Zn metal filler. Figure 5(b) shows the typical shear tensile
force–displacement curves under different conditions. The

displacement increased when ultrasound was applied, espe-
cially for the B0.2 sample, which had the highest displace-
ment.

3.3.2 Fracture Behavior. Two types of fracture modes are
shown in Fig. 6(a). Only the B0.2 sample broke in type 1 mode
(in the base aluminum metal, not at the interface). The others
fractured in type 2 mode (near the copper side). Figure 6(b)

Fig. 6 (a) Two types of fractures (Type 1 is fractured at the aluminum side, and Type 2 is fractured at the interface); (b) SEM image of the
aluminum side fracture of the B0.2 sample; (c) and (d) SEM images of the Cu-side fractures of the A0.2 sample; (e) and (f) SEM images of the
Cu-side fractures of the B0.2 sample; (g) and (h) SEM images of the Cu-side fractures of the B0.3 sample
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shows the aluminum side of the B0.2 fractured sample. It is
interesting that many tiny pits appear on the surface of the
aluminum, with diameters of 2-3 lm. This is similar to the
‘‘dissolution pit’’ formed by the ultrasound cavitation mentioned
by Chen et al. (Ref 21). No similar morphology was observed on
the aluminum surface of the other samples. Thus, the ultrasound
effect is most clear in the B0.2 sample.

Figure 6(c), (d), (e), (f), (g), and (h) shows the fractography
at the lower Cu plate obtained using SEM. Figure 7 illustrates
the intensity peaks of various compounds at 2h diffraction
angles for the Cu side. The fracture of the B0.5 sample is not
selected in Fig. 6 because the fracture occurred at the interface
between CuZn5 and Cu. Because the B0.2 sample was broken
at the Al substrate, the sample was exposed to a low
temperature for 30 min to make it brittle and then detached
with a hammer to expose the weld nugget in the Cu metal.

Figure 6(c) shows the copper-side fracture surface of the
A0.2 sample, and Fig. 6(d) is the magnified image of Fig. 6(c).
The presence of both Al-Zn eutectic and Al2Cu at the surface
can be confirmed by the XRD data in Fig. 7(a). In addition, the
tearing ridge and cleavage surface can be observed in the
microscopy image, which shows typical intergranular fracture
features, and can be seen on the fracture surfaces. Figure 6(e)
shows the fracture morphology of the B0.2 sample produced
using ultrasound. The dark gray region in the figure is the
diffusion layer that was mentioned in the EDS analysis in
Sect. 3.2.2. Figure 6(f) is the magnified image of Fig. 6(e),
which exhibits an intergranular fracture type. The lumpy CuZn5
is distributed uniformly in the figure which the dendrite is not
teared or deformed. Thus, the fracture may along the CuZn5/Al-
based solid solution surface. Figure 6(g) shows the fracture
morphology of the B0.3 sample. Compared to that of the B0.2
sample, the interface of the B0.3 sample does not contain a
large amount of CuZn5, but Al4.2Cu3.2Zn0.7 (identified by EDS
and XRD) was found in the upper part of the picture.

4. Discussion

Based on the above results, most joints were broken near the
copper side. That is, the interface layer near the copper side is
the weak zone of the weld joint. This finding has also been
illustrated in other research studies (Ref 22, 23). To analyze the
influence of ultrasound assistance and zinc layers with different
thicknesses on the quality of the welded joint, the copper side
was specifically studied.

4.1 The Influence of Ultrasound Assistance on the Joint
Interface

Figure 8(a) and (b) shows the SEM images of the Cu
interface magnified in Fig. 4. The results of the EDS analysis at
the locations marked in Fig. 8 are shown in Table 2. Fig-
ure 8(a) shows the Cu interface of sample A0.2, which was
obtained without ultrasound. Some cracks, marked by arrows in
the image, can be found in the reaction layer/filler metal
interface, which may be detrimental to the reliability of the
joint. Two interfacial layers with a measured thickness of
approximately 3 lm can be found on the copper side. Table 2
shows that the upper layer is Al2Cu and that the lower layer is a
diffusion layer with a certain amount of Zn. Kuang et al. (Ref
24) found similar structures but did not explain this result. In
fact, Al and Cu atoms have strong reactivity, and Al has a faster
diffusion rate than that of Zn in the Cu matrix (Ref 25, 26),
especially at high temperatures. As long as the atomic
concentration reaches a certain level, Al2Cu is the first IMC
(Ref 27) produced in the interlayer. Figure 8(c) depicts the EDS
scans of line 1 in Fig. 8(a), which show that the presence of less
Zn and more Al and Cu elements resulted in the formation of
the Al2Cu and 1.2 lm diffusion layers. Integrated the fracture
results and the IMC studies made above, the fracture of the
joint starts at the interface layer of Al2Cu and then extends to

Fig. 7 XRD patterns of the Cu-side fractures under different process conditions. (a) A0.2, (b) B0.2, (c) B0.3, and (d) B0.5
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the middle until the fracture occurs. Due to the brittleness of
Al2Cu and the rapid propagation of cracks, its shear strength
and elongation were low, as shown in Fig. 5(b).

Figure 8(b) shows the Cu interface of sample B0.2, which
was prepared using ultrasound assistance. Compared to that of
the joint welded without ultrasound assistance, the thickness of
the Cu interfacial layer decreased to approximately 1.2 lm, as
shown in Fig. 8(d). Based on the EDS results, the light gray
layer at point B is a diffusion layer with a certain amount of
dissolved Zn atoms, while the black block area at point A is
Al2Cu. Due to the cavitation effect of ultrasound, the elements
in the interlayer are more uniformly distributed. As a result, the
atomic concentration required to form lamellar Al2Cu cannot be
reached, and Al2Cu can only be distributed in bulk at the
copper interface. Consequently, this structure greatly improves
the mechanical properties of the joint. Therefore, the reason that
a large amount of CuZn5 appears on the fracture surfaces of
Fig. 6(e) and (f) can be explained, but Al2Cu is hardly found.
Notably, there is no tearing edge morphology in Fig. 6(f).
Combining with Fig. 4(b), we can infer that the fracture
location should be at the interface between CnZn5 and Al-Zn
eutectic, but not in the interior of Al-Zn eutectic.

To explain the formation process of the interlayer when
ultrasound is applied, a schematic diagram of welding process
is shown in Fig. 9. First, as the shoulder continues to approach,

once the temperature of the interlayer reaches zinc melting
point of 419�C, the zinc layer begins to melt, and copper and
zinc start dissolving into zinc, as shown in Fig. 9(a). Then, the
shoulder moves directly above the zinc layer, the temperature
continues to rise, and the diffusion intensifies. The near-copper
side begins to react with zinc to form CuZn5 and to react with
the diffused aluminum to form a small amount of Al2Cu due to
the enrichment of copper atoms. Finally, because the reaction of
Cu with Al gives priority to the formation of Al2Cu, an Al2Cu
IMC layer with a certain thickness is formed in the enrichment
zone on the copper side, as shown in Fig. 9(d). When
ultrasound is applied, because of the cavitation effect, Al2Cu
is no longer distributed in layers near the copper side but as a
small, fast shape at the interface, as shown in Fig. 9(c). The

Fig. 8 SEM images near the Cu substrate of different samples. (a) A0.2 and (b) B0.2. (c) EDS line scan results of line 1 indicated in (a). (d)
EDS line scan results of line 2 indicated in (b)

Table 2 Element compositions and possible phase
constitutions of the regions marked in Fig. 8

Samples Regions at.% Phases

A0.2 A 69.67Al-30.33Cu Al2Cu
B 41.70Al-48.28Cu-10.02Zn Diffusion layer

B0.2 C 65.15Al-32.11Cu-2.74Zn Al2Cu
D 31.32Al-66.58Cu-2.1Zn Diffusion layer
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intermediate layer is composed of refined Al-Zn eutectic and
CuZn5.

4.2 The Influence of Zn Thickness on the Joint Interface
with Ultrasound Assistance

Increasing the filler zinc metal thickness to 0.3 mm, as
shown in Fig. 10(a), leads to the formation of a thin serrate
structure, and the thickness of the Cu interfacial layer increases
to approximately 3.4 lm. Based on the EDS results shown in
Table 3, the dark layers (marked ‘‘A’’) were estimated to be
composed of an Al4.2Cu3.2Zn0.7 phase, and the light gray layers
(marked ‘‘B’’) are diffusion layers. According to the theory of
ultrasound, when the clearance of the ultrasound action
increases, its effect is weakened. As a result, this interface is
not similar to that in Fig. 8(b). However, why was Al2Cu not
generated? This phenomenon may be related to the concentra-
tion of the liquid solder. Due to the increased thickness of the
zinc foil (to 0.3 mm), the concentration of zinc in the liquid
solder is increased, and there is more dissolved Al. Based on
the phase diagram of Al-Cu-Zn ternary alloy (Ref 28), the
formation energy of Al4.2Cu3.2Zn0.7 is lower than that of
Al4.2Cu3.2Zn0.7 at the same temperature. In addition, the
increased zinc content also promotes the formation of
Al4.2Cu3.2Zn0.7 at the Cu interface. According to the literature,
Al4.2Cu3.2Zn0.7 is a brittle IMC that has high rigidity and
brittleness. In particular, the thickness of the IMC was more
than 2 lm (Ref 29). As a result, when the joint is loaded, stress
is easily concentrated in these areas, leading to joint failure (Ref
22). Therefore, the copper-side fracture interfaces of Fig. 6(g)
and (h) distribute a large amount of Al4.2Cu3.2Zn0.7 and show
intergranular fracture. From the EDS line scan result shown in

Fig. 10(c), the diffusion layer decreased to 1 lm. This result
indicated that the element diffusion was weakened.

Figure 10(b) shows the Cu interfaces of the B0.5 sample
prepared with ultrasound assistance. The above analysis and
EDS line scan results in Fig. 10(d) show that Al atoms could
diffuse to the copper side because the zinc layer was not fully
melted, and the copper-side interface could generate only
CuZn5 and a 5-lm-thick diffusion layer. Due to the theory of
ultrasound, the cavitation effect must be reflected in the liquid
phase, so the 0.5 mm zinc foil cannot be successfully connected
under these conditions. This result also indicates that zinc can
be fully diffused on the copper side due to the absence of other
types of compounds. In other words, Al2Cu and Al4.2Cu3.2Zn0.7
can prevent the diffusion of Zn to the copper side.

5. Conclusion

In this paper, the microstructures and mechanical properties
of Al/Zn/Cu friction stir welded joints prepared using ultra-
sound assistance are studied. In addition, the thickness of the
Zn layer was varied to study the influence of the gap on the
welding quality. The main conclusions are as follows:

(1) The use of ultrasound-assisted FSW can successfully
yield welded joints without any holes or cracks.

(2) Joints prepared with ultrasound assistance and 0.2 mm
Zn as the interlayer formed CuZn5 and eutectic Al-Zn at
the center of the welded joint and a discontinuous
Al2Cu layer near the copper side, suggesting that ultra-
sound caused a potential vibration and cavitation effect.

Fig. 9 Schematic diagram showing the formation mechanism of the interlayer structure during welding process. (a) Initial dissolution stage, (b)
reaction stage, (c) final stage with ultrasound assistance, and (d) final stage without ultrasound assistance
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However, when the joints were prepared without ultra-
sound, the interlayer structure formed a continuous
Al2Cu layer on the copper surface, which drastically re-
duced the resistance to crack propagation.

(3) With increasing zinc foil thickness, the effect of ultra-
sound gradually weakens. Al-to-Cu joints prepared with
ultrasound assistance and 0.2 mm Zn as the interlayer
had larger lap shear tensile strengths than those prepared
using 0.3 mm or 0.5 mm Zn as the interlayer because
joints made using a relatively thicker Zn interlayer pro-
duced IMCs of Al4.2Cu3.2Zn0.7 or original zinc.
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