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Optimizing welding parameters for defect-free aluminum joints by evaluating
the effects of expulsion on weld quality and mechanical performance
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Abstract

AA7075, widely used in aviation structures due
to its high strength and corrosion resistance,
has emerged as a promising lightweight material
for automotive body applications. This study
investigates the resistance spot welding (RSW)
process of AA7075. Although RSW offers cost
reduction and efficiency advantages, welding
AA7075 presents challenges such as high thermal
cracking sensitivity and severe expulsion. In Part
1, the MPMA-RSW process was introduced, which
combines multipulse (MP) and magnetic-assisted
(MA) techniques to address these challenges. The
microstructure of the welds was systematically
characterized and analyzed in detail. Part 2 focuses
on analyzing the mechanical properties and
expulsion behavior of AA7075 RSW joints, including
tensile-shear strength and fracture morphology. By
evaluating the effects of expulsion on weld quality
and mechanical performance, this research aims to
provide insights for optimizing welding parameters
to produce defect-free, high-quality aluminum
joints. Additionally, it contributes to advancing
AA7075 applications in critical industries by
improving the weldability and mechanical properties
of RSW joints.
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Introduction

Known for its high mechanical strength and resistance to
corrosion, AA7075 was initially used in aviation and is now
progressively being integrated into the body structures of
automobiles and high-speed trains (Ref. 1). Utilizing resis-
tance spot welding (RSW), a process commonly employed in
those industries, for joining AA7075 materials can allow for
maintaining cost efficiency, thanks to the low cost and reli-
ability of the process, while minimizing assembly line changes.
However, the high solidification cracking sensitivity and severe
expulsion occurring during welding pose challenges to the
use of the RSW process (Ref. 2). To address these issues, the
MPMA-RSW process was proposed in Part 1 of this paper, and
the nugget morphology and microstructure under different
process combinations were investigated (Ref. 3). This process
combines the multipulse (MP) with magnetically assisted (MA)
techniques to achieve RSW joints without significant defects.
Part 2 systematically investigates the expulsion behavior,
mechanical properties, and fracture morphology of welded
joints under different processing combinations.

Welding expulsion significantly impacts the quality of spot
welds. Generally, expulsion increases the indentation of the
nugget and decreases the nugget diameter and mechanical
performance (Ref. 4). The mechanism and the prediction
models of expulsion were deeply studied. Zhang presented a
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force balance model, showing that expulsion happens when
the nugget pressure exceeds the electrode pressure (Refs. 5,
6).Valaee-Tale et al. modified this model and considered the
effects of mechanical properties (especially yield strength) of
worksheets, the diameter of electrode tips, the yield stress,
and the thickness of the sheets (Ref. 7). Measuring expulsion
through the RSW process signals has become a mainstream
method. C. Ma et al. observed that when expulsion occurs,
signals such as dynamic resistance, electrode force, and dis-
placement all exhibit a sharp decline (Ref. 8). Among these
signals, the force signal is a highly sensitive, non-susceptible
method (Ref. 9) and is the most suitable method to detect
expulsion occurrence. Xia et al. proposed a method for pre-
dicting expulsion by the sudden change of the force signal
(Refs.10,11). Recent advancements in multiphysical process
simulations, such as those by Lv et al. (Ref.12), enabled the
generation of synthetic data to validate expulsion detection
models and optimize signal-based monitoring techniques,
offering a deeper understanding of dynamic signals during
welding.

Researchers often assess the quality of spot welds through
tensile-shear tests. Typically, tensile-shear fractures can be
classified into interfacial fractures (IFs), partial thickness
fractures (PTFs), partial button fractures (PBFs), and button
fractures (BFs). Achieving high-toughness BFs is consid-
ered a hallmark of high-performance weld spots (Ref. 13). P.
Wung et al. studied rotation during the tensile-shear process
and established failure rules, including the contributions of
tensile shear and peel bending (Ref.14). Chao established a
tensile-shear performance prediction model that considered
the rotation of the workpiece and failure theory during the
tensile-shear process (Ref.15). M. Pouranvari et al. proposed
a model to determine the critical nugget diameter for the
transition fromthe IF fracture mode induced by shear stress
to the BF fracture mode induced by tensile stress (Ref. 16).
Chen etal. established a model to estimate the critical nugget
diameter of the fracture mode transition by analyzing the
stress field of the heat-affected zone (Ref. 17). The above
models show that the main factors affecting the mechanical
properties of tensile-shear tests are nugget diameter, defects
(Ref. 18), the hardness of different zones of the weld, the
degree of rotation, or the thickness of the sheet.

Another difficulty with the RSW Al-Al process is obtain-
ing a BF mode when welding thick aluminum sheets. R.S.
Florea studied the tensile-shear tests of 2-mm-thick AA6061
RSW using different parameters; all of the results showed
interfacial fracture (Ref. 19). Huang et al. applied the MA
process to the RSW of 3-mm-thick AA6061, and the fracture
mode transferred to PTFs of MA-RSW from IFs of traditional
RSW (Ref.20). The PTF mode means that the crack does not
extend directly along the faying surface but extends inside the
nugget, resulting in a longer fracture path with higher tough-
ness and fracture energy absorption. This phenomenon also
appearsinthe MA-RSW of 4-mm-thick A7ZNO1 aluminum alloy
(Ref.2) and 1.6-mm-thick SiCp/2024Al composite (Ref. 21).

While prior studies have demonstrated the efficacy of
MA-RSW and MP-RSW in enhancing welding quality, com-
bining these two approachesinto a composite MPMA-RSW
process holds the promise of further advancing the properties
of AA7075 welds. Part 2 of the study aimed to quantify the
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Fig. 1 — Stress-strain tensile curve and sample of
AA7075 base metal (units: mm).

Table 1 — Mechanical Properties of AA7075

Yield Strength Ultimate Strength Elongation
(MPa) (MPa) (%)
488 517 "

improvement in mechanical properties, including tensile
strength and ductility, achieved through the MPMA-RSW
process. A complete analysis of the mechanical properties
will evaluate the effectiveness of the MPMA-RSW processin
resolving the weldability problems of AA7075. Moreover, the
insights gained from this study will facilitate the development
of optimal welding parameters for producing high-quality,
defect-free aluminum alloy joints with superior mechanical
performances, thereby advancing the application potential
of AA7075 in demanding industries.

Experimental Procedures

Material and Testing Setup

The study utilized 2.8-mm-thick hot-stamped 7075 alumi-
num alloy. The mechanical properties of the base metal were
tested by quasi-static tensile testing following ISO standards
(Ref.22),and the tests were conducted twice. A Zwick Z100
tensile testing machine was used. The strain rate was set
at 0.002/s, and the extensometer’s gauge length was 75
mm. The curves are presented in Fig. 1, and the results are
shown in Table 1.

The lap-shear testing specimen is illustrated in Fig. 2. All
experimental workpieces were manufactured with dimen-
sions 0f 150 X 50 mm and underwent alcohol cleaning before
welding. The overlap width between the two sheets was 50
mm. Additionally, 2.8-mm-thick gaskets were introduced in
the clamped area during the tensile tests. Three samples for
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Fig. 2 — Schematic diagram of tensile-shear testing incorporated samples. Note that the tensile shear testing
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Fig. 3 — The electrode force signal curves for different welding processes: A — RSW and MA-RSW; B — MP-RSW

and MPMA-RSW.

each process combination were made to ensure repeatabil-
ity. Quasi-static lap-shear tests were conducted on a SUNS
UTM5504 testing machine at a fixed tensile rate of 1 mm/
min, and the grip-to-grip distance was 150 mm.

Welding Process

The welding process details are described in Part 1 of this
paper (Ref. 3). The MFDC controller and multiring domed
electrodes were used. Four different process combinations
were employed, namely RSW, utilizing single-pulse parameters
without the magnetically assisted (MA) method; MA-RSW,
using single-pulse parameters with the MA method; MP-RSW,
employing multipulse (MP) parameters without the MA
method; and MPMA-RSW, utilizing the MP and MA methods
together. The single and MP parameters were designed to
achieve similar nugget diameters for reasonable comparisons.

Force Signal Measurement

Similar to the approach adopted in Ref. 10, an indirect
measurement of the electrode force Fwas conducted using
a Kistler surface strain sensor mounted on the fixed electrode
arm, converting force-related surface strain into a voltage

sighal with 2% precision. Sensor installations were kept away
from electrodes to avoid process interference. A four-channel
isolated data acquisition device sampled sensor signals at
500 kSPS (samples per second) with 12-bit ENOB. Sampling
values were averaged every 0.25 ms for noise reduction, and
the processed data were transmitted to a personal computer
via fast Ethernet in real time.

Characterization

Microhardness contours were measured using a VH1102
Vickers hardness tester. Longitudinal sections of the frac-
tures were prepared by cutting the tested samples along their
centerlines followed by polishing and etching, as described in
Part1. Longitudinal fracture photographs were then acquired
using the integrated microscope of the VH1102 Vickers hard-
ness tester. The surface morphology of the fractured welds
was characterized via a VK-X260K laser scanning confocal
microscope (LSCM). The projection area toward the faying
surface (i.e., the 2D projection area) and the real 3D fracture
surface area were measured from LSCM results. The fracture
surface was observed in the secondary electron mode using
a TESCAN VEGAS scanning electron microscope.
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Fig. 4 — A — Load vs. extension curves of tensile-shear tests; B — the values of the fracture cross-sectional area.
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Fig. 5 — Comparison of: A — Peak load; B — energy absorption among RSW, MA-RSW, MP-RSW, and MPMA-RSW.

Results

Expulsion

The electrode force signals during the four processes
are depicted in Fig. 3. The corresponding force drop, AF,
is marked on the curves of RSW in Fig. 3A and MP-RSW in
Fig. 3B. Each sudden drop AF, in the signal represents the
occurrence of expulsion. Recent control strategies (Ref. 23)
have utilized such force-drop patterns to trigger real-time
parameter modulation, mitigating expulsion severity. The
variable i denotes the sequential number corresponding to
the ith instance of force reduction during the welding pro-
cess. The total electrode force drop, AF, was calculated by
the following equation:

AF = Z AF;

The results showed that using single-pulse welding param-
eters resulted in higher frequency and amplitude of force
drops than multipulse welding parameters. The stiffness

™
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of the welding gun (K)) used in this study was measured
according to (Ref. 24) and was defined as K, = 2896 N/mm.
The electrode displacement AS could be obtained from the
following equation:

@

Since ASis directly proportional to the expulsion mass
AM, the sudden drop in the electrode force signal AFis also
directly proportional to AM (Ref.10). The average measured
values of AF for three repeats of RSW, MA, MP, and MPMA
were 4350 + 351N, 5196 + 400N, 3016 + 462N, and 4194
+ 426N, respectively. It can be observed that compared with
RSW, MA-RSW increased the AM by 19.4%. Compared with
MP-RSW, MPMA-RSW increased the AM by 39.1%.

Mechanical Performance

Figure 4Arepresents the curves obtained during shear ten-
sile tests and summarizes the load and shear stress at rupture.
Figure 5 shows the lap-shear performance for four processes.
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Fig. 6 — Fracture surfaces of: A — RSW; B — MA-RSW; C — MP-RSW; D — MPMA-RSW observed by SEM, and
height distribution of A1 — RSW, B1 — MA-RSW, C1 — MP-RSW, and D1 — MPMA-RSW observed by LSCM. The
boxes in A-D represent the positions for subsequent magnified observation, and the white dotted frames in
A1-D1outline the calculation range of the 2D fracture cross-sectional area.

It can be observed that after applying an external magnetic
field, the peak load of tensile shear of MA-RSW was signifi-
cantly increased by 73.5% compared with that of RSW, and
the peak load of tensile shear of MPMA-RSW was increased
by 20% compared with that of MP-RSW. The nugget sizes
differed between the four processes, so directly comparing
their mechanical performance is not necessarily simple. The
cross-sectional area of the fracture surfaces, as the white
dotted areas shown in Figs. 6A1-D1, was measured in Fig. 4B.
To eliminate the influence of the nugget size, the projection
area toward the faying surface (i.e., the 2D projection area,
A,.) was measured, while to eliminate the influence of different
fracture modes, the real 3D fracture surface area A, was also
measured. In this study, the concepts of shear strength and
unit-area energy absorption were introduced, calculated as
the peak force (F,,,,) and energy absorption (U) divided by

)
IAX-
the cross-sectional area A, and A,  measured in Fig. 4B, i.e.,

- Fmax
2D —
AZD
3
Fmax ( )
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2D — T,
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i @
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where 1, and 1, denote the shear strength values calcu-

lated using A, and A, , respectively, whereas E, and E_,

represent the unit-area energy absorption values derived
fromA, and A . Thet,, T, andE,, E, for the four pro-
cesses were ranked as follows: MPMA-RSW > MP-RSW
> MA-RSW > RSW. Compared with traditional RSW,
MPMA-RSW demonstrated remarkable improvements in
performance. It boosted t,, by 52.1% and enhanced E,_ by
a substantial 220.3%. Moreover, it also increased T, by

39.3% and raised E, by 193.6%.

Fracture Path

In Fig. 6, the RSW and MA-RSW welds show IF mode,
while MP-RSW and MPMA-RSW show PTF mode after
tensile-shear tests. Notably, MPMA-RSW demonstrates a
significantly longer crack propagation path than MP-RSW,
which can be attributed to the higher fracture scan height
of MPMA-RSW compared to MP-RSW. From the surface
height scanimage in Figs. 6A1-D1, itis observable that RSW
contains numerous defects, including pores and cracks,
forming dark blue regions demonstrating a significantly
lower heightin the nugget center. MA-RSW exhibits a larger
diameter but still follows an IF mode, with continuous cracks
and pores presentin the nugget center. MP-RSW has a ten-
dency for PTFs but still shows cracks in the nugget center.
MPMA-RSW demonstrates PTFs, although small cracks are
still present on the button, as shown in Fig. 6D1. Itis worth
mentioning that when MP-RSW and MPMA-RSW were used,
the cracks decreased and the void defects almost com-
pletely disappeared.
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Fig. 7 — The process mechanism diagram of reducing expulsion with multipulse parameters: A — Single-stage
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Discussion

Mechanism of Expulsion

Figure 7 illustrates the mechanism by which using MP
parameters suppressed expulsion. Regarding the generation
of expulsion, the classical explanation posits that expulsion
arises when the nugget expands at a faster rate than the
corona bond expands (Ref. 4). Recent studies suggest that
expulsion occurs when the stress at the sheet interface
exceeds the yield stress of the high-temperature corona
bond; this also means that the weld nugget lacks the plastic
constraint from the surrounding area (Ref. 7). Therefore,
the concept of the corona bond is still used to explain the
mechanism. In the early stages of welding, the nugget and
corona bond grow together, preventing the nugget from
breaking through the corona bond area. In the middle stages
of welding, the excessively high thermal input of single-stage
parameters and nugget offset causes the nugget to break
through the corona bond, resulting in expulsion and the
formation of voids that eventually form porosity defects
in the nugget after solidification. However, the use of MP
parameters allows the nugget to cool between pulses, while
the corona bond continues to grow due to the diffusion of
thermal energy into the sheets, increasing the distance
between the nugget and corona bond edges and, thus, lim-
iting the risk of expulsion and the formation of porosities
in the nugget.
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Mechanism of Crack Propagation

To observe the crack propagation path during shear frac-
ture, cross-sectional views of the shear fracture surfaces were
extracted, as depicted in Fig. 8. Notably, cracks in both RSW
and MA-RSW propagated along the interface, apparently
linking with the solidification cracks during propagation.
However, with the adoption of multipulse parameters, cracks
in MP-RSW no longer propagated linearly between solidifi-
cation cracks. The fracture paths deviated and propagated
through the thickness of the nugget. As shown in Fig. 8C, the
fracture path connected the void defects in the nugget center
of MP-RSW, which may have been the main factor governing
the propagation of cracks from the boundary to the interior
of the sheet. The fracture paths in MPMA-RSW exhibited
more significant deviation, bypassing the nugget centerand
propagating along the nugget edge. This occurrence can be
attributed to the presence of internal cracks traversing the
RSWand MA-RSW nuggets and the void defects concentrated
atthe faying surface, which served as focal points for internal
crack propagation during the shear testing process. In con-
trast, MP-RSW and MPMA-RSW exhibited fewer defects in the
center of the nugget, allowing cracks to propagate outside
the faying surface plane. Although MP-RSW and MPMA-RSW
exhibited PTF mode, the 3D fracture surface area, as shown
in Fig. 4B, did not increase significantly compared with that
of RSW and MA-RSW because the profile of each fracture
surface was irregular, and cracks, pores, etc., could also have
contributed to enlarging the 3D area.

Studies show that crack propagation can be influenced by
hardness distribution (Ref. 2). The hardness distribution for
the four processes studied isillustrated in Fig. 9. For RSW, the
hardness was generally uniform, except in the void regions.



Fig. 8 — Crack path within fractured tensile-shear specimens: A — RSW; B — MA-RSW; C — MP-RSW; D — MPMA-
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Generally, the hardness of the columnar grain zone was lower
than that of the equiaxial grain zone of the MA-RSW nugget,
and such a hardness distribution showed distinct stratification.
The hardness of the equiaxial grain zone was uneven, showing
significant hardening on the periphery, which was conducive
to the formation of PTF mode. However, large longitudinal
cracks also existed in the center of the MA-RSW nugget, which
may have been the main reason for the IF mode. The micro-
hardness of MP-RSW and MPMA-RSW was similar, showing
slight softening in the center and a lack of stratification. The

low-hardness sites in MP-RSW coincided with penetrating
cracks and central voids (~100 pm in diameter). The small
void defects (~20 pm in diameter) in MPMA-RSW shown in
Part1 might have been the cause of the small number of blue
low-hardness sitesin the nugget center. The hardness results
showed that the hardness of MPMA-RSW was not significantly
improved compared with other processes. Therefore, the obvi-
ous difference concluded from Figs. 8 and 9 is the degree and
scale of defects, which may have been the main reason for the
change in fracture mode.
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Fractography Analysis

The calculation of the 3D shear strength and the energy
absorption per unit 3D area has shown that the weld nugget
of MPMA-RSW had stronger fracture toughness than those
produced by other processes. To further study the toughness
of the weld and the micro-defects affecting the fractures, the
micro-morphology of the fracturesis observed in Fig.10. The
observation regions are marked with Roman numerals 1, II,and
[Ilin Figs.6A-D. Regionlislocated at the center of the fracture
surface. In RSW, MA-RSW, and MP-RSW fracture centers, dis-

tincteggcrate features are observed, indicative of solidification
cracks, as shown in Figs. 10A1-C1. The eggcrate morphology
arises from separating opposing cellular or dendritic fronts
along a thin liquid film at the end of solidification (Ref. 25).
Fine solidification cracks were observed at the fracture center
of MPMA-RSW, and the eggcrate structure was not prominent
(in Fig.10D1), suggesting a certain load-bearing capacity.
Through comprehensive observation of the fracture sur-
faces, it was found that in each fracture surface, there were
regions that were relatively flat overall and had large tear
ridges sparsely distributed, indicating insufficient toughness

Fig. 10 — Magnified fracture surfaces of: A1-A3 — RSW; B1-B3 — MA-RSW; C1-C3 — MP-RSW; D1-D3 — MPMA-
RSW. The regions observed in A1-D1 correspond to the Region I depicted in Figs. 6A-D, and A2-D2 correspond
to Region Il in Figs. 6A-D, and A3-D3 correspond to Region III in Figs. 6A-D.
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of the fracture surface and featuring brittle transgranular
fracture (Figs. 10A3, B3, C2, and D2). However, there were
also numerous dimples locally (Figs.10A2, B2, C3, and D3).
Therefore, each fracture surface exhibited a mixed duc-
tile-brittle fracture mode. Compared with Figs.10B2, C3, and
D3, the dimple characteristicsin Fig. 10A2 are less prominent,
and the fracture surface is relatively flat. To comprehensively
reflect the characteristics of the fracture surfaces, the areas
with typical dimples were marked in Figs. 6A-D. It can be
seen that the typical dimple regions in RSW and MA-RSW
are fewer and more dispersed. In contrast, the MPMA-RSW
and MP-RSW possess more dimple regions, concentrated
at the fracture surfaces’ rear position. Under the PTF mode,
the front part of the fracture surface was subjected to shear
force, resulting in a relatively rapid fracture and, thus, a flatter
fracture surface. The observation shows that fewer defects
were found in the fracture surface of the MPMA-RSW joint,
and the MA, MP, and MPMA processes can all improve the
fracture toughness of the welds.

Conclusions

This study systematically investigated the effects of
multipulse and magnetic-assisted resistance spot welding
processes on expulsion suppression, nugget morphology, and
fracture behaviorin AA7075 welds. The findings are summa-
rized as follows:

1. Using MA increased the tendency to expulsion. The MP
parameters effectively suppressed expulsion by controlling
nugget growth relative to the corona bond. During the cooling
phases, the corona bond expanded dynamically, concurrently
preventing nugget breakthroughs and minimizing porosity
defects in both MP-RSW and MPMA-RSW welds.

2. Implementing MP and MPMA processes significantly
altered crack propagation paths. In traditional RSW and
MA-RSW, cracks propagated linearly along the interface, lead-
ing to an interfacial failure mode. By contrast, in MP-RSW and
MPMA-RSW, cracks deviated from the original path within the
nugget, bypassing the center and preferentially extending
along the nugget edges, thus forming partial through-thick-
ness failure mode. This transition was attributed to fewer void
defectsinthe MPand MPMA processes, as there was no major
evolution in nugget hardness.

3. Shear strengths across the four processes ranked as fol-
lows: MPMA-RSW > MP-RSW = MA-RSW > RSW. The fracture
centers in RSW, MA-RSW, and MP-RSW displayed distinct
eggcrate features, showing signs of solidification cracks. Frac-
tography analysis also confirmed the enhancing effect of the
MA, MP, and MPMA processes on the fracture toughness of
the solder joints.

These results highlight that the MPMA-RSW process signifi-
cantly enhances expulsion suppression, weld defect reduction,
and fracture toughnessimprovementin AA7075 welds due to
its ability to control thermal cycles and refine microstructure
dynamically. This novel approach presents a viable solution
for high-performance applications in lightweight automotive
structures and aerospace components.
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