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Abstract: Al/Cu dissimilar joining is a key technology for reducing the weight and cost of electrical
components. In this study, the dissimilar friction stir lap welding (FSLW) of a Ni-containing Al alloy
to pure Cu was performed, and the effects of the addition of Ni on the weld strength and interfacial
microstructure were examined. A thin intermetallic compound (IMC) layer was observed at the
Al/Cu weld interface produced by FSLW. The addition of 3 at.% Ni effectively improved the weld
strength, although the thickness of the IMC layer increased. The IMC layer formed at the Al/Cu
interface without Ni comprised CuAl2 and Cu9Al4 from the pure Al side. In contrast, the IMC layer
formed with 3 at.% Ni consisted of (Ni,Cu)Al, CuAl, and Cu9Al4 from the Al side. The addition of Ni
eliminated the weak CuAl2/Cu9Al4 interface, thereby improving the weld strength. The results of
this study suggest that the strength of the Al/Cu weld can be effectively improved by the thinning of
the IMC layer caused by FSLW and the change in interfacial microstructure caused by Ni addition.

Keywords: dissimilar weld; intermetallic compound; friction stir weld; aluminum alloy; copper

1. Introduction

Multi-material systems have attracted wide attention owing to their improved proper-
ties from combining dissimilar materials. Many studies examined the mechanical prop-
erties, interfacial microstructure, and corrosion behavior of multi-material systems, such
as Al/Fe structure [1–3]. In particular, the multi-material structures of Al and Cu have
been widely researched in the field of welding engineering, thereby reducing the cost and
weight of electrical components. However, Al–Cu intermetallic compounds (IMCs), such
as CuAl2, CuAl, and Cu9Al4, form at the Al/Cu dissimilar interface because of the high
affinity between Al and Cu [4–8]. Moreover, a significant degradation of the Al/Cu weld
strength due to the formation of brittle IMCs during the welding process has been reported
as a common problem in many studies [8–11]. Zhou et al. [12] examined the relationship
between the thickness of the IMC layer and the welding current (heat input) during pulsed
double-electrode gas metal arc welding (DE-GMAW)–brazing of Al to Cu and concluded
that the thickness of the IMC layer increased with an increase in the welding current over
35 A, which decreased the Al/Cu weld strength. Zare et al. [13] examined the interfacial mi-
crostructure and mechanical properties of Al/Cu dissimilar welds produced by resistance
spot welding and reported that an increase in the welding current beyond a critical value
decreased the Al/Cu weld strength owing to the formation of a large amount of the CuAl2
phase at the weld interface. Therefore, there have been many attempts to improve the
weld strength by controlling the thickness of the IMC layer using a low-heat-input welding
process. Tan et al. [14] conducted the butt-welding of 5A02 Al alloy to pure Cu using
load-controlled friction stir welding (FSW) equipment and showed that the formation of
nanoscale, continuous, and uniform IMC layers greatly enhanced the Al/Cu weld strength.
Other solid-state welding processes, such as ultrasonic welding, cold roll welding, and
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friction stir spot welding (FSSW), have also been shown to effectively reduce the thickness
of the IMC layers, successfully improving the Al/Cu weld strength [4,11,15–19].

Alternatively, some studies have reported that the addition of alloying elements is an
effective way to improve the mechanical properties of Al/Cu welds [20–26]. Feng et al. [24]
performed Al/Cu brazing with Zn–22Al–xCe filler metals and showed that the shear
strength of the Al/Cu joint produced with Zn–22Al–0.05Ce filler metal was higher than
that with Zn–22Al. This study showed that the addition of Ce to the Zn–22Al filler metal
refined the interfacial microstructure and decreased the thickness of the IMC layer formed
in the Al/Cu brazed joint. Yan et al. [26] examined the effect of alloying elements on the
mechanical properties of Al/Cu brazed using Al–Si–La–Sr filler metals. They found that
the addition of Si and La to the filler metal strengthened the brazed seam region, which led
to fracture of the Al base metal. Furuya et al. [27] examined the effect of alloying elements
on the weld strength and interfacial microstructure of Al/Cu dissimilar joints produced by
laser lap brazing and reported that the addition of Ni to the Al alloy distinctly improved
the weld strength through the formation of a (Ni,Cu)Al layer at the weak CuAl2/Cu9Al4
interface. Furuya et al. [28] also examined the effect of alloying elements on the strength of
welds produced by gas tungsten arc welding (GTAW) with Al–X filler materials (X = Mn,
Si, Cr, Zn, Ni, or Sn), showing that the addition of Ni effectively improved the Al/Cu weld
strength. These results show that Ni is an effective alloying element for improving the
strength of Al/Cu dissimilar fusion welds.

Based on previous studies, the Al/Cu joint strength can be improved by both thinning
the IMC layer, resulting from the use of low-heat-input solid-state welding processes, and
by adding alloying elements to the weld interface. The combination of these two effective
measures might lead to further improving the Al/Cu weld strength, but the combined
effect of FSW and the addition of alloying elements on the Al/Cu weld strength has yet
to be examined. Some studies examined the effect of Ni interlayer on the mechanical
properties of the Al/Cu weld produced by FSW [20,29,30]. Hou et al. [29,30] examined
the metallurgical and mechanical properties of friction stir butt-welded joints of Al to Cu
via a cold–sprayed Ni interlayer and reported that the Ni coating improved the interfacial
strength and ductility of the Al/Cu weld. These studies showed that the Ni interlayer
played a role of a diffusional barrier between Al and Cu, and prevented the formation
of Al–Cu brittle IMC layer. However, the contribution of Ni addition to the mechanical
properties and microstructure of IMC layer formed at the interface of the Al/Cu weld
produced by FSW has not been clarified. This study aims to examine the effect of Ni
addition on the mechanical properties and formation of IMCs at the Al/Cu dissimilar
interface during FSLW.

2. Materials and Methods
2.1. Materials

The materials used in this study were an O-free Cu C1020 plate with dimensions of
100 × 60 × 2.0 mm3 and a commercially pure Al (A1070) ingot. Their chemical composi-
tions are listed in Tables 1 and 2, respectively. To examine the effect of Ni on the weld
strength and interfacial microstructure, an Al–Ni alloy ingot was fabricated by a conven-
tional casting method, in which the Ni content was adjusted to 1, 3, and 5 at.%. The A1070
ingot with pure Ni powder was melted at 1173 K in an electric furnace (Yamato Scientific,
Tokyo, Japan). After the molten metal was homogenized by stirring, it was cast into a metal
mold. The cast Al–Ni alloy was rolled to a thickness of 2 mm at room temperature and
cut into pieces with the same dimensions as those of the C1020 plate. The average Vickers
hardness values of Cu and cast Al alloy with 0, 1, 3, and 5 at.% Ni were 47, 22, 33, 47, and
49 HV, respectively.
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Table 1. Chemical composition of C1020.

Element O Cu

wt.% 0.0001 99.99

Table 2. Chemical composition of A1070.

Element Si Fe Cu Mn Ti Al

wt.% 0.06 0.07 0.00 0.00 0.00 99.87

2.2. FSW

The Al/Cu plates were lap-welded using a position-controlled FSW machine. A
schematic of the Al/Cu dissimilar FSLW process is shown in Figure 1. The Al plate was
placed on the Cu plate, and the lap weld was formed by inserting the welding tool into
only the Al plate. The welding tool had a shoulder with a diameter of 15 mm and a probe
with a diameter and length of 4 and 1.7 mm, respectively. The rotational speed, travel
speed, and tilt angle from the plate normal were kept constant at 2000 rpm, 1 mm/s, and
3◦, respectively. The plunge depth was controlled to 1.8 mm.

Figure 1. Schematic of the Al/Cu dissimilar friction stir lap welding (FSLW) process.

2.3. Tensile Shear Test

To examine the Al/Cu weld strength, tensile shear tests were conducted at room
temperature with a crosshead speed of 0.3 mm/s using an Instron screw-driven testing
machine (Shimadzu, Kyoto, Japan). Tensile specimens with a gauge width of 10 mm were
cut perpendicular to the welding direction. To fix the tested area in the tensile specimens to
20 mm2, two slits 2 mm apart were made in the Al stir zone and Cu plate using an electrical
discharge machine, as shown in Figure 2. Three samples were tested for each Ni content in
this experiment, and their strengths were averaged.

Figure 2. Locations of the slits in the tensile shear test specimen.

2.4. Microstructure Examinations

The microstructure of the cross section of the weld was examined by optical mi-
croscopy (OM), scanning electron microscopy (SEM, JXA-8530F, JEOL, Akishima, Japan),
and transmission electron microscopy (TEM, JEM-2100(HR), JEOL, Akishima, Japan). The
thickness of the IMC phases was determined from backscattered electron (BSE) images
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obtained by SEM. The IMC phases formed at the interface were identified using TEM
with energy-dispersive X-ray spectroscopy (EDS). TEM specimens were prepared using a
focused ion beam (FIB, JIB-4600-F, JEOL, Akishima, Japan) system. After the tensile shear
tests, the interfaces on the cross sections of the fractured welds were examined by SEM. The
phases on the fracture surfaces were examined using X-ray diffraction (XRD) to identify
the fracture location of the weld.

3. Results and Discussion
3.1. Weldability and Mechanical Strength of the Joint

Figure 3a shows the typical appearance of the Al/Cu weld produced by FSLW. The
surface of the stir zone was smooth without any welding defects, such as voids or flash, and
the Ni content of the Al alloy minimally affected the weld quality. A macroscopic overview
and the microstructure of the typical Al/Cu dissimilar interface are shown in Figure 3b,c
respectively, which show that a defect-free Al/Cu weld was successfully obtained. A
continuous IMC layer was observed at the Al/Cu dissimilar interface, which was thicker
toward the weld center.

Figure 3. (a) Typical appearance of the Al/Cu weld produced by FSLW and (b) macroscopic overview
of the cross section and (c) backscattered electron (BSE) image of the Al/Cu dissimilar interface.

The macroscopic overviews of a specimen fractured by tensile shear test are shown
in Figure 4a,b. From a macroscopic point of view, all tensile specimens fractured near
the interface between the Al stir zone and the Cu plate. Figure 4c shows the relationship
between the Ni content of the Al alloy and the tensile shear strength of the Al/Cu weld
produced by FSLW. The measurement error was ±10 MPa. The tensile shear strength
of the joint produced without Ni was approximately 30 MPa, and the addition of Ni
effectively improved the Al/Cu weld strength, reaching approximately 60 MPa at 3 at.%
Ni. Furuya et al. [28] reported that the addition of 2.3 at.% Ni to the Al/Cu weld produced
by GTAW exhibited the most effective improvement in the weld strength, reaching 50 MPa.
Therefore, the strength of the Al/Cu weld produced by FSLW was higher than that of
the weld produced by GTAW. These results suggest that the addition of an appropriate
amount of Ni has the potential to effectively increase the strength of Al/Cu welds produced
by FSLW.
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Figure 4. (a,b) Macroscopic overviews of a fractured specimen and (c) relationship between the
tensile shear strength and the Ni content of the Al alloy.

3.2. Interfacial Microstructure

Figure 5 shows the BSE images of the Al/Cu dissimilar interface for each Ni content.
An interfacial microstructure was observed at the weld center, and the reaction layer formed
at the dissimilar interface consisted of several IMCs. Figure 6 shows the relationship
between the thickness of the IMC layer and the Ni content of the Al alloy. The thickness
of the IMC layer with 3 at.% Ni was 2.4 µm, while without Ni, it was 1.4 µm, indicating
that the addition of 3 at.% Ni increased the thickness of the IMC layer. In contrast, it was
reported that an IMC layer thicker than 30 µm formed at the interface of an Al/Cu weld
produced via GTAW with 2.3 at.% Ni [28]. Because FSW is a low-heat-input joining process,
it effectively reduces the thickness of the IMC layer. Many previous studies concluded
that a reduction in the IMC layer thickness at the dissimilar interface improves the weld
strength [13,31,32]. Thus, the thin IMC layer formed at the Al/Cu interface during FSLW
might be a microstructural factor causing the strength of the Al/Cu weld produced by
FSLW to be higher than that of the weld obtained by GTAW. However, this study showed
that a high weld strength was obtained with a thick IMC layer after FSLW. To clarify this
discrepancy, the details of the microstructures of the IMC layers at the Al/Cu weld interface
in the Al/Cu welds containing different Ni contents were examined by TEM.

Figure 5. BSE images of the Al/Cu dissimilar interface for each Ni content.
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Figure 6. Relationship between the thickness of the intermetallic compound (IMC) layer and the Ni
content of the Al alloy.

Bright field (BF) TEM and elemental maps of the Al/Cu interface without Ni are
shown in Figure 7a, and the selected area electron diffraction (SAED) patterns of the IMC
layers formed at the Al/Cu interface are presented in Figure 7b,c. The elemental maps
show that the IMC layer consisted of two thin layers. Based on the SAED patterns, these
two layers were identified as CuAl2 and Cu9Al4 from the Al side. Some previous studies
reported that CuAl2 and Cu9Al4 are the dominant phases formed at the Al/Cu dissimilar
interface during FSW [5,9,33]. Guo et al. [34] revealed the preferential formation of CuAl2
and Cu9Al4 at the Al/Cu interface by calculating the driving force for the formation of
each IMC. However, improper consolidation, such as voids or cracks, was locally observed
at the Al/Cu interface, as shown in Figure 7a, possibly deteriorating the strength of the
Al/Cu weld produced by FSLW. Improper consolidation may be due to inappropriate
welding parameters, but the optimization of the welding parameters was not performed in
this study.

Figure 7. (a) Bright field (BF) and elemental maps of the IMC layer formed at the Al/Cu dissimilar
interface without Ni and (b,c) corresponding selected area electron diffraction (SAED) patterns.

Figure 8 shows a BF image, elemental maps, and SAED patterns of the IMC layers
at the Al/Cu dissimilar interface with 3 at.% Ni. The elemental maps suggest that the
IMC layer with the addition of 3 at.% Ni comprised three thin layers. Additionally, the Ni
content was high in the IMC layer near the Al side. From the SAED patterns, (Ni,Cu)Al,
CuAl, and Cu9Al4 were identified from the Al side. The addition of Ni to the Al/Cu
interface changed the IMCs from CuAl2/Cu9Al4 into (Ni,Cu)Al/CuAl/Cu9Al4. The reason
for this change is unclear, but the formation of (Ni,Cu)Al may be due to the stabilization of
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the B2 phase. (Ni,Cu)Al is a NiAl solid solution with a B2-type structure [35,36]. Based on
the Al–Cu–Ni ternary phase diagram, the B2 phase is stable over a wide range of chemical
compositions and temperatures. Furuya et al. [27] also reported that (Ni,Cu)Al formed at
the Al/Cu interface produced by laser brazing with the addition of Ni, implying that the
addition of Ni stabilized (Ni,Cu)Al at the Al/Cu interface. In addition, the change of CuAl2
into CuAl due to the addition of Ni may arise from the large amount of Al consumed by
the formation of (Ni,Cu)Al.

Figure 8. (a) BF and elemental maps of the IMC layer formed at the Al/Cu dissimilar interface with
3 at.% Ni and (b–d) corresponding SAED patterns.

3.3. Examination of Fracture Location

The BSE images of the interfaces on the cross sections of the fractured tensile specimens
produced without Ni and with 3 at.% Ni are shown in Figure 9. The sample without Ni
failed at the Al/Cu interface, while a fracture clearly occurred in the Al alloy in the specimen
with 3 at.% Ni. To determine the fracture location of the weld without Ni, an XRD analysis
was conducted on the fracture surface of the failed specimen. Figure 10 shows the XRD
spectra obtained from the fracture surfaces after the tensile shear test. Al peaks overlapped
with a small CuAl2 peak were detected on the Al side, while a weak Cu9Al4 peak was
found on the Cu side in addition to Cu peaks. Pan et al. [37] reported that an Al/Cu weld
failed along the interface between CuAl2 and Cu9Al4 in thin IMC layers. Furuya et al. [27]
also reported that the fracture location of the Al/Cu joint produced by laser brazing was
the interface between CuAl2 and Cu9Al4. This implies that the Al/Cu weld without Ni
failed at the CuAl2/Cu9Al4 interface.
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Figure 9. BSE images of the interfaces on the cross sections of the fractured Al/Cu welds produced
without Ni and with 3 at.% Ni.

Figure 10. X-ray diffraction (XRD) spectra obtained from the fracture surface of the specimen
produced without Ni.

3.4. Mechanism by Which the Addition of Ni Improved the Weld Strength

The effect of the addition of Ni on the Al/Cu interfacial microstructure and fracture
location is illustrated in Figure 11. In the Al/Cu weld without Ni, the IMC layer between
pure Al and Cu consisted of CuAl2 and Cu9Al4 from the pure Al side, and the fracture
occurred at the interface between CuAl2 and Cu9Al4. In contrast, the IMC layer formed
with the addition of 3 at.% Ni comprised (Ni,Cu)Al, CuAl, and Cu9Al4 from the Al side,
and the joint failed in the stir zone of the Al alloy. These results show that the addition of
Ni improves the interfacial strength between Al and Cu. Many previous studies on Al/Cu
dissimilar welding showed that CuAl2/Cu9Al4 is the weakest interface, which is consistent
with the results of this study. The addition of Ni produced (Ni,Cu)Al and CuAl layers
instead of CuAl2, which completely avoided the effect of the weak CuAl2/Cu9Al4 interface
on mechanical loading at the Al/Cu interface. Therefore, the addition of Ni improved the
strength of the Al/Cu weld produced by FSW.
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Figure 11. Schematic of the Al/Cu dissimilar interface and fracture location of the weld produced by
FSW without and with Ni.

Figure 12 shows the effect of Ni addition on the tensile shear strength of Al/Cu
dissimilar welds produced by GTAW [28], laser brazing [27], and FSW. Unfortunately, the
Al/Cu weld produced by FSLW exhibited a lower strength than that of the welds obtained
by GTAW and laser brazing, although it had the thinnest IMC layer. One reason for the low
strength of the FSLW joint might be the presence of imperfect consolidation near the Al/Cu
interface (Figure 7), which resulted from inappropriate welding parameters. Even after
the addition of Ni, the FSLW joint showed a lower strength than that of the laser-brazed
joint. The reaction layer formed at the interface during the laser brazing consisted of a
CuAl2 + Al eutectic structure with (Ni,Cu)Al particles and CuAl2, (Ni,Cu)Al, and Cu9Al4
layers from the Al side, and the fracture occurred at the interface between CuAl2 and
(Ni,Cu)Al [27]. In contrast, some dispersoids were observed in the stir zone of the Al alloy
in the FSLW joint. It is thought that these dispersoids are NiAl and NiAl3 that formed
during the casting process. They might act as fracture sites in the stir zone of the Al alloy,
reducing the strength of the FSLW joint. Therefore, the results of this study suggest that the
weld strength can be effectively improved by combining the effect of FSLW and the change
in the interfacial microstructure caused by Ni addition.

Figure 12. Comparison of the ultimate tensile strength of Al/Cu dissimilar welds obtained via gas
tungsten arc welding (GTAW), laser brazing and FSW.

4. Conclusions

The effect of the addition of Ni on the strength of the Al/Cu weld produced by FSLW
was examined. FSLW effectively reduced the thickness of the IMC layer at the Al/Cu
interface. The addition of 3 at.% Ni caused the highest improvement in the weld strength
in this study. The addition of 3 at.% Ni changed the IMC phases from CuAl2/Cu9Al4
into (Ni,Cu)Al/CuAl/Cu9Al4 from the Al side. The addition of Ni improved the weld
strength through the elimination of the weak CuAl2/Cu9Al4 interface. The results of this
study show that the combination of thinning the IMC layer through FSW and changing
the interfacial microstructure through Ni addition is an effective method to improve the
Al/Cu weld strength.
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