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Resistance spot welding (RSW) was carried out on a 3 mm thick 7075 aluminium alloy. A 50 pm thick Zn interlayer was
added to improve the weld quality and mechanical properties of the joint. The macroscopic morphology, microstructure,
precipitated phase, microhardness, and mechanical properties of the RSW joint before and after the addition of the Zn
interlayer were comparatively analyzed. After adding the Zn interlayer, the microstructure and mechanical properties of
the welding joints were considerably improved, and the effective range of the welding current was expanded. The grain
size of the welding joint was clearly refined, the columnar crystal zone narrowed, and the equiaxed crystal zone widened.
The precipitated phase changed from a reticular or long-strip-like to point- or short-strip-like and decreased in size. The
number of precipitated phases increased, and the phase distribution became more uniform. The number of defects in the
welding joint clearly decreased, and the joint microhardness increased. The maximum tensile shear force sustained by the
Zn-RSW joint was 14.29 kN, which was 51.5 % greater than that without the Zn interlayer. The addition of the Zn
interlayer changed the fracture mode from interfacial fracture to button fracture, and obvious plastic deformation occurred

before the fracture. The Zn-RSW joint could absorb 245 % more energy than the RSW joint.
Keywords: resistance spot welding, aluminium alloy, Zn interlayer, microstructure, mechanical properties.

1. INTRODUCTION

Replacing traditional steel with high-strength
aluminium alloys has become one of the most important
measures alleviating the energy crisis and reducing
environmental pollution [1, 2]. The 7075 aluminium alloy
has become the primary choice for a lightweight material
because of superior processing properties, good corrosion
resistance, high specific strength, and low density. The 7075
aluminium alloy has been widely used in the aerospace field
since the late 1940s [3-5]. With the progress and
development of industrial technology, the 7075 aluminium
alloy has also been gradually applied to automobile
manufacturing. However, this alloy has a low melting point
and low resistivity, and an oxide film can easily form on the
surface [6—8]. Additionally, it is difficult to carry out
welding process design and quality control of aluminium
alloys [9,10]. Therefore, achieving high-quality
connections in aluminium alloys is a critical issue in the
manufacturing and application fields [11, 12].

The advantages of RSW include a high production
efficiency, low production cost, and easy automation. It is
widely used to form connections in automobile bodies
[13, 14]. However, a high welding current and electrode
pressure are needed for RSW because of the high electrical
and thermal conductivity of aluminium alloys [15]. Other
problems include a short electrode life, spatter, and crack
defects resulting from RSW of aluminium alloys [16].
Therefore, RSW joints of aluminium alloys are low-quality
and have poor mechanical properties [17, 18]. Some
researchers have attempted to improve these properties by
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adding metallic interlayers. Adding an interlayer can reduce
intermetallic compound formation and serve as a bridge that
closely connects two metals [19].

Chen et al. [20] studied the effect of adding a Zn
interlayer to a RSW joint of DP600 steel and an A5052
aluminium alloy. The addition of Zn affected the growth
morphology of the intermetallic compounds. Compared
with the RSW joint without the interlayer, the RSW joint
with a Zn interlayer could sustain a 28% higher tensile shear
force and was considerably more plastic. Bryan et al. [21]
used a stainless steel interlayer to perform RSW of
dissimilar metals. The stainless steel interlayer prevented
the formation of Fe—Al intermetallic compounds and
increased the tensile shear force that could be sustained by
the joint by 4.8 KN. Zhang et al. [22] studied the influence
of an Al/Zn interlayer on the properties of RSW joints of a
Mg-Al alloy. After Al addition, cracks in the sample
became discontinuous, whereas Zn addition eliminated
cracks in the sample. Crack suppression improved the
mechanical properties of the sample. Liu et al. [23] reported
that the inclusion of a Nb interlayer affected the properties
of RSW joints of titanium and steel. The addition of Nb
improved the microstructure of the welding joint. Using a
welding current of 7 kA produced a joint that could sustain
a tensile shear force of 4.3 kN. Qin et al. [24] studied the
influence of an Al-Si interlayer on the microstructure and
properties of RSW joints of AI-Mg,Si-Si. The addition of
the Al-Si interlayer considerably increased the nugget
diameter, reduced the energy consumed during welding, and
increased the tensile shear force sustained by the joints.



In summary, the addition of suitable interlayer materials
can considerably improve the microstructure and properties
of RSW joints. Adding an interlayer reduces the formation
of intermetallic compounds, promotes metallurgical
bonding between dissimilar metals and reduces the number
of defects and energy consumption during welding. Many
studies have been carried out on using interlayers to enhance
the microstructures and mechanical properties of RSW
joints of dissimilar metals, but only a few have focused on
RSW of a single metal. Therefore, the objective of this study
was to use a Zn interlayer to increase the weld quality of
RSW joints of 7075 aluminium alloy. The microstructures
and mechanical properties of the joints before and after the
addition of the welding Zn interlayer were analyzed. This
analysis provides necessary reference data and theoretical
support for improving the quality and properties of RSW
joints of 7075 aluminium alloy with a Zn interlayer.

2. MATERIALS AND METHODS

The material investigated in this study was a 3 mm thick
AAT7075 aluminium alloy with cutting dimensions of
70 mm x 25 mm, and a 50 um thick Zn interlayer with
cutting dimensions of 25mm x 25 mm. RSW was
performed using a DN-200 medium-frequency direct
current welding machine. Cr—Zr—Cu was used as the
welding electrode material with an end diameter of 8 mm.
The welding current was increased from 27 kA to 33 kA in
1 kA increments, the welding time was 400 ms, and the
electrode pressure was 5.5 kN. Fig. 1 is a schematic of the
RSW process.
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Fig. 1. Schematic of the RSW process

Tests on the microstructure and mechanical properties
of the welding joints were carried out in accordance with the
AWS D8.2M:2017 standard [25]. An INSTRON 5982
universal testing machine was used to measure the tensile
shear force. As shown in Fig.2, 3 mm thick pads were
placed at two ends of the sample, and the tension speed was
set at 1 mm/min.
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Fig. 2. Schematic of the tensile shear test

The macroscopic morphology of the welding joint was
observed via a STEMI 2000-C stereomicroscope. The
microstructure was observed via a metallographic
microscope. The microhardness of the welding joints was
measured with an FM-810 microhardness tester. The tester
parameters included a dwell time of 15 s, a force of 2 N, and
a measurement distance of 0.2 mm. An FEI Quanta 650
FEG field emission environmental scanning electron
microscope (SEM) was used to observe the microstructure
of the welding joint and to measure electron back-scattered
diffraction (EBSD) patterns. After mechanically grinding,
the samples were electrochemically polished using a DC-
regulated power supply, with a solution of 90 % ethanol and
10 % perchloric acid serving as the electrolyte. The
polishing time was 70 to 90 s, and the polishing voltage was
30 V. The EBSD operated at 20 kV high voltage and 2.25 m
step length. The distribution of alloying elements was
determined via energy dispersive spectroscopy (EDS). The
phase composition was analyzed via X-ray diffraction
(XRD). The test parameters included a step size of 0.02°, a
scan speed of 5°-min~%, and a scan range of 10° to 90°.

3. RESULTS AND DISCUSSION
3.1. Tensile shear force and nugget diameter

The tensile shear force and nugget diameter of RSW
joints of 7075 aluminum alloy with a Zn interlayer are
shown in Fig. 3 and Fig. 4, respectively.
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Fig. 3. Tensile shear force of the RSW and Zn-RSW joints
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Fig. 4. Nugget diameter of the RSW and Zn-RSW joints

Fig. 3 shows that with increasing welding current, the
tensile shear force sustained by the welding joint (both



before and after adding the Zn interlayer) increased and then
decreased. When the welding current was 29 kA, the RSW
joint reached a peak of 9.43 kN. After adding the interlayer
Zn, the Zn-RSW joint tensile shear force was greater than
the RSW joint tensile shear force at the same welding
current. At a welding current of 29 kA, the Zn-RSW joint
sustained a tensile shear force of 11.69 kN, which was
23.4 % greater than that for the RSW sample. As the
welding current increased, the tensile shear force sustained
by the Zn-RSW joint peaked at 14.29 kN, which was 51.5 %
greater than that for the RSW joint.

At the same welding current, the RSW joint had a larger
nugget diameter than the Zn-RSW joint, as shown in Fig. 4.
The nugget diameter of the RSW and Zn-RSW joints
gradually increased with the welding current. Bijoy et al.
[26] reported that increasing the nugget diameter can
considerably improve the bearing capacity of a joint.
However, a large nugget diameter results in increasing
spatter of the welding joint and defects are easily generated
inside the nugget. Therefore, the mechanical properties of
the joints began to decrease with increasing nugget
diameter. Interfacial fracture occurred in the RSW joint at
the optimal welding current of 29 kA, whereas button
fracture occurred in the Zn-RSW joint at an optimal welding
current of 32 KA.

The addition of the Zn interlayer not only increased the
joint tensile shear force but also expanded the effective
range of the welding current. According to AWS D8.2
M:2017 [25], the minimum use requirement of the welding
joint in this test is a nugget diameter of 7 mm and a
minimum welding joint tensile shear force of 9.1 kN.
According to Fig. 3 and Fig. 4, under the premise that the
nugget diameter and tensile shear force meet the standard,
the effective range of the RSW welding current was
29 kA —30 KA for the RSW joint and 27 kA —33 kA for the
Zn-RSW joint. In the absence of an interlayer, the minimum
welding current that met the use requirements was 29 kKA.
Addition of the Zn interlayer reduced the minimum welding
current to 27 kA. Therefore, adding a Zn interlayer can also
reduce the energy consumption of the welding process. This
will help manufacturers save energy and reduce costs.

3.2. Microstructure and EDS analysis

Fig. 5 shows the cross-sectional morphologies of the
welding joints before and after the addition of the Zn
interlayer. With increasing welding current, the nugget
diameter of the RSW and Zn-RSW joints gradually
increases. As the welding current is 29 kA, there are no
discernible shrinkage cavities or crack defects in the nugget.
Fig. 5 b shows that when the welding current reaches 32 kA,
large shrinkage cavities and cracks appear inside the RSW
joint. Fig.5d clearly shows that the shrinkage defects
disappear after the addition of the Zn interlayer.

Fig. 6 shows the microstructures of the RSW and
Zn-RSW joints. In both cases, four zones were observed in
the welding joints: the base metal, a heat-affected zone, a
columnar dendrite zone, and an equiaxed crystal zone.
Fig. 7 shows EBSD maps of the joints. Fig. 7 a corresponds
to the A region of Fig. 5 a, Fig. 7 b corresponds to the B
region of Fig. 5 b, and Fig. 7 ¢ corresponds to the C region
of Fig. 5 d, and the directions are rotated clockwise by 90°.

Fig. 5. Cross-sections: a—RSW joints at 29 kA; b—RSW joint at
32 kA; c—Zn-RSW joints at 29 kA; d—Zn-RSW joints at
32 kA

In Fig. 7, the width of the columnar crystal zone of the
32 kA RSW joint is the largest, which is due to the increase
of heat input with the increase of welding current. In
addition, the columnar crystal zone is clearly narrower for
the Zn-RSW joint than for the 29 kA RSW joint. The width
of the columnar crystal zone is approximately 330 um for
the 29 KA RSW joint and 150 um for the Zn-RSW joint. The
columnar crystals in the Zn-RSW joint are also smaller than
those in the RSW joint. This result is obtained because as
the welding current increases, the heat input to the Zn-RSW
joint increases, but increasing the elemental Zn content
reduces the solidus temperature of the alloy, causing the
melt to overheat. Generally, the degree of supercooling of
the melt increases with the melt superheating, which
increases the nucleation rate. With increasing nucleation
rate, both the number of nuclei in the liquid phase and the
number of newly formed grains increase. The newly formed
grains are in contact with the columnar crystals, which

further limits crystal growth [27, 28].
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Fig. 6. Microstructure of the joints: a—no interlayer, 29 kA; b—no
interlayer, 32 kA; c—Zn interlayer, 32 kA

Fig. 8 shows the grain orientation distribution of the
equiaxed grain zone in the nugget center, and Fig. 9 shows
the equiaxed grain zone's average grain size. Fig. 8 and
Fig. 9 show that, in the absence of an interlayer, with the
welding current increasing, the RSW joint heat input
increases, and the grain size gradually increases. At a
welding current of 29 kA, the average grain size is 22.5 pm.
As the welding current increases to 32 kA, the average grain
size increases to 32.9 um, which is 46.2 % greater than that
at 29 kA. An increase in the grain size reduces the
deformation ability of the alloy, resulting in poor plasticity.
Moreover, an excessive number of grains results in
differences in the strengths of grain boundaries, induces
cracks, and reduces the alloy toughness. At a welding
current is 32 kA, the addition of the Zn interlayer
considerably reduces the grain size of the welding joint. The
average grain size is 32.9 um in the joint without the
interlayer and 25.4 um in the joint with the interlayer,
corresponding to a reduction of 29.5 %, which manifests as
grain refinement.

Fig. 7. EBSD maps of the joints: a—no interlayer, 29 kA; b—no
interlayer, 32 kA; c—Zn interlayer, 32 kA

Grain refinement can be explained by the different heat
generated during RSW. The heat generated is determined by
Joule 's law.

Q = I*Rt(]). @

The heat input by resistance spot welding is affected
mainly by the welding current | (A), the electrode resistance
R (Q) and the welding time t (). As the welding current and
welding time remain unchanged, the electrode resistance is
proportional to the welding heat input. The resistance
between the electrodes includes the resistance Rw of the
workpiece itself, the contact resistance Rc between the two
workpieces, and the contact resistance Rew between the
electrode and the workpiece, as shown in Fig. 10 a.

R = 2Rw + Rc + 2Rew. (2)

At the beginning of resistance spot welding, the uneven
surface of the base metal prevents complete contact between
the two workpieces upon lap placement.



Fig. 8. Grain orientation in the ECZ of the nugget center: a—no
interlayer, 29 kA; b-no interlayer, 32kA; c-Zn
interlayer, 32 kA
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Fig. 9. Average grain size of the ECZ

Pressurization deforms the contact point between the
two workpieces, which increases the contact area between
the plates, as shown in Fig. 10 a.The thin soft added Zn

interlayer causes the contact area between the plates to
increase with the pressure.
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Fig. 10. Schematic of the welding process of a joint without an
interlayer: a—before welding; b—in the welding process;
c—the nugget morphology after welding

The current through the narrow interfacial area
decreases, reducing the contact resistance and thereby, the
welding heat input, as shown in Fig. 11 a.
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Fig. 11. Schematic of the welding process of a joint with an added
Zn interlayer: a—before welding; b—in the welding
process; ¢ - the nugget morphology after welding

During welding, the melting point of Zn is lower than
that of the base metal, causing the Zn interlayer to melt
preferentially and fill the gap between the plates, which
increases the contact area and thereby reduces the contact
resistance and the heat input, as seen in Fig. 11 b. The
decrease in the heat input causes the nugget diameter to
decrease, as shown in Fig. 10 ¢ and Fig. 11 c. Compared
with the results for the joint without the interlayer, the
decrease in the heat input to the joint with the Zn interlayer
results in a relatively small nugget diameter and decreases
the grain size, manifesting as grain refinement.

Furthermore, the addition of the Zn interlayer makes up
for the burning loss of the Zn element caused by the welding
process. During welding, mutual diffusion occurs between
Al and Zn. During the cooling process, due to the extremely
low solubility of Zn in Al at low temperature, a fine two-
phase microstructure is finally formed, including an o-Al
phase and Zn-rich phase particles. These fine second phase
particles can pin grain boundaries, effectively hinder grain
growth, and strengthen the joint through the second phase
strengthening mechanism [29, 30]. According to the study
of Lietal. [31], grain refinement can reduce stress
concentration and enhance deformation uniformity [32, 33].
Therefore, grain refinement can improve the strength and



hardness as well as the plasticity and toughness of welding
joints.

Fig. 12 shows a BSE image of the nugget zone.
Fig. 12 a and Fig. 12 b shows a large precipitated phase in
the joint without an interlayer, grains distributed along the
crystal boundary in a reticular or long strip, and shrinkage
defects in the nugget.

Fig. 12. BSE images of the nugget center before and after the
addition of the interlayer: a—no interlayer, 29 kA; b—no
interlayer, 32 kA; c—Zn interlayer, 32 kA

The action of tensile stress results in a high stress
concentration in the shrinkage cavity, and a crack source is
preferentially generated. The crack easily expands along the
coarse precipitated phase, resulting in intergranular brittle
fracture [34]. As the welding current increases, the size of
the precipitated phase increases and the number decreases.
In addition, the size and number of shrinkage cavities
increase. As shown in Fig. 12 ¢, the addition of the Zn
interlayer reduces the size of precipitated phases and
increases their number, and low number of shrinkage
cavities. The phase distribution becomes more uniform,
with a point-like or short-strip distribution at the grain
boundary, consistent with the study of Lietal. [35]. The
number of shrinkage defects is considerably reduced, which
can improve the mechanical properties of the welding joint
[36]. When subjected to impact or vibration, this fine
uniform precipitated phase can absorb a large quantity of
energy. The defect-free joint has no prominent stress
concentration, which prevents cracking of the joint.

The precipitated phases of different shapes in Fig. 12
were analyzed by EDS point scanning, and the results are
shown in Table 1.

Table 1. Analysis of the chemical composition at the EDS points
of the characteristic phases

Spectrum Element, atomic %

Mg Zn Al Cu
1 3.76 3.52 91.79 0.93
2 8.26 6.23 82.26 3.25
3 1.90 4.81 91.97 1.32
4 2.08 3.93 92.93 1.06
5 5.27 5.94 85.43 3.36
6 6.69 6.60 84.98 1.73

According to it, the components of the precipitated
phases in the nugget zone before and after the addition of
the interlayer are Mg, Zn, Al, and Cu. The nugget zone was
analyzed by XRD, and the results are shown in Fig. 13.
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Fig. 13. XRD patterns for the nugget zone

Compared with the XRD pattern of the RSW joint, the
diffraction peaks in the XRD pattern obtained after addition
of the interlayer are located at essentially the same positions
and are stronger. The nugget zone is composed of a-Al and
Mgs2(AlZn)ae (T phase). Addition of the Zn interlayer
changes the size and number of precipitated phases in the
nugget, but it does not change the type of precipitates.

3.3. Microhardness

Fig. 14 shows the welding joint microhardness
distribution before and after adding the Zn interlayer. The
nugget zone is a weak area of microhardness, and the
hardness value is about 70 % of the base metal. In the case
of no interlayer, the average microhardness of the nugget
center is 113.2 HV when the welding current is 29 kA, and
the average microhardness is reduced to 105.8 HV when the
welding current is 32 KA. With increasing welding current,
the microhardness gradually decreases.
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Fig. 14. Microhardness distributions of the welding joints

This result is obtained because the heat input increases
with the welding current, which increases the volume of
molten metal in the welding joint. The expansion speed of
the plastic ring cannot keep pace with the melting speed of
the aluminum alloy, causing the liquid metal to break
through the plastic ring boundary, resulting in surface and
internal splashing. As a result, there is insufficient liquid
metal inside the nugget, and shrinkage cavities and crack



defects form during solidification shrinkage. As a result of
the presence of defects, the internal nugget structure is not
dense. Second, the increase in the heat input increases the
grain size [37, 38]. The presence of defects and large grains
causes the microhardness of the welding joint to fluctuate
greatly, resulting in a low hardness.

At a welding current of 32 kA, the average
microhardness of the weld with the added Zn interlayer is
114.4 HV, an increase of 8.1 % from that without the
interlayer (105.8 HV). The microhardness test reveals that
after the interlayer was added, a fine-grain zone forms in the
nugget. The microhardness of the fine-grain zone is 128 HV,
which is considerably greater than that of the other regions,
reaching 86.5 % that of the base metal. This result is
obtained because after entering the weld, the liquid
interlayer metal becomes more fluid, the size of the
shrinkage cavity and number of crack defects are
considerably reduced, and the nugget density increases. At
the same time, the sizes of the grains and precipitate phase
in the joint are refined and the areas of the grain boundaries
and phase boundaries are increased, which can hinder
dislocation motion and crack expansion. The uniform
distribution of the fine and dispersed precipitate phases
prevents stress concentration. The combined action of these
factors increases the hardness of the welding joint.

3.4. Fracture characteristics

Fig. 15 is the force-displacement curve of the joint
before and after adding the interlayer. The area under the
force—displacement curve represents the energy absorbed
before the welding joint fractures [39].
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Fig. 15. Force—displacement curves of the welding joints before
and after interlayer addition

Fig. 16 shows the toughness and the tensile shear force
for the two types of welding. The toughness and tensile
shear force of the welding joint are low in the absence of an
interlayer. The toughness for the Zn-RSW joint is 11.28 J,
which is 245 % greater than that without the interlayer
(3.27 ).

4. CONCLUSIONS

In this study, RSW was carried out on a 3 mm thick
7075 aluminum alloy with a 50 um thick Zn interlayer. The
effects of adding the Zn interlayer on the macroscopic
morphology, microstructure, precipitated phase, and

mechanical properties of the RSW joint were systematically

studied. The following conclusions were drawn.

1. The maximum tensile shear force sustained by a Zn-
RSW joint is 14.29 kN, which is 51.5 % greater than
that for a RSW joint (9.43 kN). The toughness work
increases from a RSW joint is 3.27 J to a Zn-RSW joint
is 11.28 J. The Zn-RSW joint is is 245 % higher than
RSW joint.
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Fig. 16. Tensile shear force and toughness
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The Zn-RSW joint has relatively high strength and
toughness. The addition of a Zn interlayer to a RSW
joint refines the grain size of the equiaxed grain zone
from 32.9 um to 254 pm (a 29.5 % decrease) and
improves the joint microhardness.

Addition of the Zn interlayer considerably increases the
number of T phases while making the phase distribution
more uniform. The fine second phase particles can pin
the grain boundary, effectively hinder the grain growth,
and strengthen the joints through the second phase
strengthening mechanism. The network-like or strip
shape of the RSW joint is transformed into a point-like
or short strip shape for the Zn-RSW joint, and the
number of crack defects are also considerably reduced.
4. Theadded Zn interlayer fills the gap between the plates,
increases the contact area between the plates, and
reduces the contact resistance, thereby reducing the
heat input to the weld heat and facilitating grain
refinement.
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