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Abstract

High-strength, corrosion-resistant, and heat-
treatable 7xxx aluminum alloys have long been 
important structural materials in the aerospace 
industry. Recently, driven by the progress in vehicle 
lightweighting, the application of 7xxx aluminum 
alloys has also emerged as a prevailing trend in high-
speed rail and automotive manufacturing. However, 
welding 7xxx aluminum alloys with high-alloying-
element content presents stubborn porosity and 
hot-cracking defects. The magnetically assisted 
resistance spot welding (MA-RSW) process has been 
proven to be an effective method to improve the 
toughness of aluminum alloy welds by introducing 
electromagnetic stirring. Still, it may increase the 
risk of expulsion. In response to these challenges, 
this two-part paper aims to investigate a composite 
process called multipulsed magnetically assisted 
resistance spot welding (MPMA-RSW), which 
combines an external magnetic field and a multipulse 
current schedule to improve the weldability of 7xxx 
sheets. This part compares material characterization 
using different methods, including nugget 
appearance, microstructure, and crack propagation. 
The results show that both the multipulsed resistance 
spot welding and the MA-RSW processes can inhibit 
the porosity defects but cannot avoid hot cracking. 
In contrast, the composite process MPMA-RSW 
can effectively inhibit the porosity defects, reduce 
the hot cracks, and refine the grains. The MPMA-
RSW process can be used to address the welding 
challenges of 7xxx aluminum alloys, presenting a 
favorable outlook for industrial applications.  
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Introduction 
Aluminum alloys, renowned for their lightweight properties 

and high strength-to-weight ratio, are pivotal in modern 
manufacturing, especially in the automotive and aerospace 
industries (Ref. 1). Among these alloys, AA7075 stands out 
for its exceptional strength, corrosion resistance, a broad 
spectrum of solution heat treatment temperatures, and rapid 
natural aging properties (Ref. 2). However, as a kind of the 
Al-Zn-Mg-Cu series, AA7075 holds a substantial amount 
of alloying elements, exhibits a wide melting range with a 
low solidus temperature, and is highly prone to weld crack-
ing (Ref. 3), making AA7075 a “non-weldable” alloy (Ref. 
4). With the rise of friction stir welding (FSW), solid-phase 
bonding has become a novel approach to solving the prob-
lem of AA7075 welding (Ref. 5). For pipe or rod welding, 
rotary friction welding (RFW) has emerged as a promising 
solid-state joining method for reliably connecting materials 
with high hot cracking sensitivity (Ref. 6). Nevertheless, due 
to cost and efficiency considerations, conventional welding 
methods have been extensively studied over the past few 
decades and have not been abandoned.

Many efforts have been dedicated to obtaining effective 
fusion joints for AA7075. Zhang et al. investigated dou-
ble-wire pulsed cold metal transfer welding, achieving a 
maximum strength of 63% compared to the base material 
(BM) strength for 6 mm AA7075-T6 welds without postweld 
heat treatment (PWHT) (Ref. 7). Liu et al. studied the sinu-
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soidal oscillating laser welding of AA7075 and studied the 
dynamics of the weld pool and mechanisms for suppressing 
porosity defects through simulation. The results show that 
oscillating frequency optimization reduced the porosity rate 
to only 1% (Ref. 8). Hu et al. (Ref. 9) proposed a hybrid weld-
ing strategy exploiting laser beam oscillation and a pulsed 
magnetic field in hybrid laser and arc butt weld of AA7050 
and increased the tensile strength to ~90% compared to 
the BM. The researchers underscored the positive impact of 
the pulses, oscillations, or external magnetic fields, mainly 
controlling the thermal evolution and the fluid flow, which 
have become the common methods to improve the fusion 
welding quality of 7-series aluminum alloys.

Resistance spot welding (RSW) is the leading process 
in body manufacturing due to its low cost, high degree of 
automation, and strong adaptability. Applying an external 
magnetic field in the RSW process, called the magneti-
cally assisted RSW (MA-RSW) process, has been widely 
studied since 2011 (Ref. 10), which can reduce defects and 
refine grains in aluminum welding (Ref. 11). Qi et al. applied 
MA-RSW to A7N01. They effectively increased the fatigue 
life of the joint by approximately 137.31% and 60.71% under 
low-load and high-load conditions (Ref. 12), respectively. 
However, MA-RSW, to some extent, increases the risk of 
expulsion during the welding process (Ref. 13). It is cru-
cial to set appropriate parameters to suppress expulsion 
(Ref. 14). Li et al. (Refs. 15, 16) successfully optimized the 

MA-RSW process by employing step-pulse parameters. To 
improve the quality of aluminum welding, General Motors 
(GM) developed a multipulsed (MP) RSW parameter called 
the conditioning, shaping, and sizing (CSS) schedule (Ref. 
17), which was utilized by Deng et al. to obtain defect-free 
aluminum alloy joints (Ref. 18). Therefore, introducing 
MP-RSW parameters into the MA-RSW process could be a 
viable measure to address the expulsion issue.

This study addressed the poor weldability of hot-stamped 
7075 aluminum alloy by combining the MA and MP meth-
ods to propose a composite process called MPMA-RSW for 
solving the persistent AA7075 welding defects. Two com-
panion papers were presented to summarize this study and 
validate the effectiveness of MPMA-RSW. Each part intro-
duced individual processes — RSW, MA-RSW, and MP-RSW 
— separately for comparison. In the RSW and MA-RSW con-
trol groups, single-pulse welding parameters were used. In 
part 1, a comprehensive analysis of macro and micro mor-
phologies was conducted for each process combination: 
traditional RSW, MP-RSW, MA-RSW, and MPMA-RSW. In Part 
2, the mechanisms to suppress expulsion and the mechan-
ical properties were studied. Results indicated that, due to 
the combined effects of the comprehensive regulation of 
heat and mass transfer from MP and MA, the MPMA-RSW 
process can make welds with fewer defects and superior 
performance.

Experimental Procedures 

Materials 

The study utilized 2.8 mm-thick hot-stamped 7075 alu-
minum alloy sheets, which have been processed through 
artificial aging to achieve the T6 condition, with the chemical 
composition listed in Table 1. All workpieces were manu-
factured with dimensions of 150 ⨉ 50 mm and underwent 
alcohol cleaning prior to welding. The overlap width between 
the two sheets was 50 mm.

Welding Process 

The welding tests were executed on a Fanuc R2000iC 
robot, a mid-frequency direct current (MFDC) welding 
controller made by Welding Technology Corp. (WTC), and 
a Centerline C-gun for resistance spot welding, as shown in 
Fig. 1. The design of the C-gun resembles the letter ‘C’ and is 
suitable for applications requiring high welding pressure. The 
GM-patented multiring domed (MRD) electrode was used to 
disrupt oxide films on the aluminum sheet surface, resulting 
in a notable reduction in contact resistance between the 
aluminum sheet and electrode (Refs. 19, 20).

Table 1 — Chemical Composition (wt-%) of AA7075

Grade Zn Mg Cu Cr Fe Si Al

AA7075 5.787 2.47 1.73 0.20 0.20 0.10 Bal.

Fig. 1 — Welding system. 
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This study employed four different process combinations: 
RSW, utilizing single-pulse parameters without an external 
magnetic field; MA-RSW, using single-pulse parameters 
with the addition of an external magnetic field; MP-RSW, 
employing multipulse parameters without an external mag-
netic field; and MPMA-RSW, utilizing multipulse parameters 
and incorporating an external magnetic field.

As shown in Fig. 2A, the RSW and MA-RSW processes 
adopted single-pulse welding parameters at 33 kA. The 
welds produced with the adopted single-pulse parameters 
meet the requirements of AWS D8.2M standards, ensur-
ing that the nugget diameter exceeds 7 mm (Ref. 21). The 
MP-RSW parameter was designed with reference to the pat-
ented CSS weld schedule (Ref. 17). The conditioning stage 
was intended to break surface oxides of aluminum sheet to 
focus the heat generation on the faying interface; the shap-
ing stage shaped the aluminum weld nugget at the faying 
interface, while the sizing stage promoted the growth of the 
nugget (Ref. 18). Each stage consisted of several designed 
current pulses of different durations and intensities.

The MP-RSW and MPMA-RSW welds, as shown in Fig. 2B, 
were produced at an electrode force of 1300 lb (5.8 kN), and 
the initial conditioning stage was 9.2 kA root-mean-square 
(RMS) for 0.04 s followed by 0.01 s of cooling. Then, the 
shaping stage was 18.4 kA RMS for 0.12 s, followed by 0.01 
s of cooling. The sizing stage was 22.6 kA RMS applied over 
0.40 s followed by the holding period of 0.20 s to achieve 
weld solidification, as shown in Fig. 2B. To facilitate com-
parison, the single and MP-RSW parameters were designed 
to make similar nugget diameters.

For the magnetically assisted (MA) method, encompassing 
both the MA-RSW and MPMA-RSW processes, circular N52 
permanent magnets were attached to both the upper and 
lower electrodes, as depicted in Fig. 3. The circular permanent 
magnets were 10 mm in height, with outer and inner diam-
eters of 34 and 24 mm, respectively. The distance between 
the permanent magnet and the workpiece was 3 mm. Figure 
3 illustrates the radial magnetic flux density measured using 
the TUNKIA TM5100 series Gauss meter and the test method 
aligned with previous studies (Ref. 22).

Characterization and Testing 

The cross-sectioned samples underwent wire cutting, 
followed by cold embedding with acrylic powder, and 
grinding and polishing using standard metallographic 
procedures to 0.05 μm by silica polishing liquid. Keller’s 
reagent was applied to etch the welded joints, facilitating 
the visualization of macrostructures and microstructures. 
Nugget profiles were observed using a Leica DFC295 dig-
ital optical microscope (O.M.). A Leica DM4M was used for 
higher magnification. A TESCAN MIRA3 scanning electron 
microscope (SEM) with electron backscattering diffraction 
(EBSD) capabilities was utilized for further microstructure 
analysis. The operating voltage for EBSD was 20 kV. The 
step size for EBSD images at a magnification of 500⨉ was 
3 μm, while the step size for images at a magnification of 
2500⨉ was 0.6 μm. EBSD data postprocessing was per-
formed using AZtecCrystal software without employing 
any data clean-up procedures.

Fig. 2 — Welding schedule: A — The RSW schedule; B — the RMS value of the multipulsed schedule. 

A B

Fig. 3 — External magnetic field distribution. 
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Results 

Nugget Appearance  

Figure 4 displays the nugget morphology observed under 
an optical microscope for each welding process. Due to 
the utilization of the MRD electrode cap, the sheet and the 
electrode contact surfaces exhibited serrated depressions. 
When observing the relative position of the nugget within 
the weld, RSW exhibited significant upward deviation, with 
the molten pool reaching the outer surface of the sheet. In 
contrast, MP-RSW displayed substantial rightward devi-
ation. However, MA-RSW and MPMA-RSW showed much 
less deviation, indicating that an external magnetic field 
can ameliorate nugget deviation. Examining the defect 
aspect, RSW showed pronounced voids and crack defects, 
while MA-RSW and MP-RSW had no significant voids but 
exhibited cracks. Under the magnification used in Fig. 4, 
MPMA-RSW exhibited no significant defects. However, 
the stratification in MPMA-RSW was less severe than in 
MA-RSW. In terms of the nugget size, MP-RSW, obtained 
with multipulse parameters, and RSW, with single-pulse 
parameters, had similar nugget diameters. However, the 
nugget obtained with RSW had a larger thickness, posing 
a higher risk of complete joint penetration. With an exter-
nal magnetic field, MA-RSW and MPMA-RSW increased 

Fig. 5 — Nugget diameter and thickness comparison. 

Fig. 4 — Nugget geometry for AA7075 welds: A — RSW; B — MA-RSW; C — MP-RSW; D — MPMA-RSW (CGZ: 
Columnar Grain Zone, EGZ: Equiaxed Grain Zone, HAZ: Heat-Affected Zone). 

A B

C D
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the nugget diameter by 13.4% and 12.9% while reducing 
the thickness by 18.1% and 8.84%, compared to RSW and 
MP-RSW, respectively, as shown in Fig. 5.

Microstructure 

In the center of the nugget, the AA7075 RSW, MA-RSW, 
and MP-RSW exhibited significant shrinkage, void defects, 
and penetrating cracks, while the MPMA-RSW process 
eliminated almost all defects. Additionally, in the nugget 
center, MA-RSW displayed numerous small defects akin to 
insufficient filling (see Fig. 6B1). In contrast, the MPMA-RSW 
process, while manifesting this phenomenon, presented 
smaller and more dispersed defects (see Fig. 6D1) due to the 
grain refinement. The remelting during the MP-RSW process 
may contribute to eliminating defects (Ref. 23). Under vari-
ous process parameters, columnar grain zones (CGZs) along 
the fusion boundary exhibited predominantly intergranular 
cracks, often originating from liquation cracks in the HAZ, 
as shown in Figs. 6A2, B2, C2, and D2.

The nugget can be divided into the CGZ and the equiaxed 
grain zone (EGZ). After etching, etching marks appeared in 
the interdendritic spaces of the aluminum alloy. The grains 
in the CGZ typically exhibit a narrow, columnar morphology, 
while those in the EGZ are uniform and equiaxed, lacking a 
distinct orientation. Due to the small size of the dendrites 
and the high density of etch marks, the EGZ often appears 
darker under an optical microscope, as shown in Fig. 6. This 
difference manifests as a variation in color contrast under 
low magnification (Fig. 4). Because of the important role of 

the CGZ in crack initiation, it was very important to study 
the size and morphology of the CGZ in different processes. 
Macroscopically and in conjunction with Fig. 4, it was evident 
that both MP-RSW and MA-RSW resulted in wider CGZs, 
whereas the RSW and MPMA-RSW processes yielded nar-
rower EGZs. Consequently, cracks within the columnar grains 
were relatively finer and shorter in MPMA-RSW nuggets.

The Grain Morphology in Nugget 

In the schematic diagrams along the top of Fig. 7, the 
EBSD mapping areas are indicated by white frames, with 
each region containing the CGZ, EGZ, and cracks. The cracks 
were located along high-angle grain boundaries (HAGBs) 
and were predominantly distributed in the EGZ and CGZ. 
However, as shown in Fig. 7D, the hot cracks in the EGZ of 
MPMA-RSW were relatively small.

The average length-to-width ratio for the CGZ followed 
the sequence: MPMA-RSW (4.67) > MP-RSW (3.74) > RSW 
(2.66) > MA-RSW (2.23). The columnar grains of MPMA-
RSW were the narrowest. Compared with the BM, the grain 
size of the columnar grain grew significantly. The average 
width of the columnar grain in RSW, MA-RSW, and MP-RSW 
was about 30 μm, with high standard deviations, as shown 
in Fig. 8A. The average width of the MPMA-RSW columnar 
grain was lower than that of other processes (25.9 μm), with 
a standard deviation of only 14.0 μm. The CGZ of MA-RSW 
exhibited numerous fine equiaxed grains, whereas, in the 
CGZ of other composite processes, only a few fine equiaxed 
grains were present. As shown in Fig. 8B, the grain size of 

Fig. 6 — Enlarged O.M. photographs of AA7075 nugget. A1~A3 correspond to the region 1~3 marked in Fig. 4A; 
B1~B3 correspond to the region 1~3 marked in Fig. 4B; C1~C3 correspond to the region 1~3 marked in Fig. 4C; 
D1~D3 correspond to the region 1~3 marked in Fig. 4D.  

A2 B2 C2 D2

A3 B3 C3 D3

A1 B1 C1 D1
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the EGZ in RSW and MP-RSW was similar, around 30 μm, 
while for MA-RSW and MPMA-RSW, it was greatly reduced 
by 57.4% and 63.3%, respectively.

Discussion 

The Formation of the Macrostructure 

As shown in Fig. 4, among the four processes of RSW, 
MP-RSW, MA-RSW, and MPMA-RSW, RSW exhibited an 
upward shift in the nugget growth; MP-RSW showed a sig-
nificant lateral shift in the nugget growth, while MA-RSW 
demonstrated notable nugget stratification. The upward 
growth of the RSW nugget was primarily due to the Pelt-
ier effect, where heat absorption and release occurred as 
the current flowed through different media (Ref. 24). The 
principle of the Peltier effect lies in the difference in energy 
levels of electrons in various materials. When electrons move 
from a higher energy level to a lower one, energy is released 
in the form of heat (Ref. 25). The energy level of electrons 
in aluminum is higher than that in copper (Ref. 26). Con-
sequently, when electrons move from an aluminum alloy 
to a copper electrode, heat is released. Conversely, heat is 
absorbed when electrons move from copper to aluminum. 
Therefore, the positive electrode releases heat while the 
negative electrode absorbs heat, which results in an over-
heating of the sheet in contact with the positive electrode 
during welding. The morphology of the MP-RSW nugget was 
attributed to the uneven oxide layer on the aluminum alloy 
surface. When using C-gun welding, due to the deflection 

of the welding gun, the conductive path was asymmetrical 
(Ref. 27). Moreover, the characteristics of a low current and 
long time of MP-RSW parameters facilitated the displace-
ment of the nugget towards the outside of the welding gun, 
which was more likely to cause expulsion. Given the high heat 
generation at the interface, the nugget thickness increased 
rapidly during the initial welding phase, followed by a gradual 
decrease as the welding process continued (Ref. 28). As the 
nugget diameter increased, electromagnetic stirring intensi-
fied, causing the nugget’s diameter to grow faster (Ref. 29), 
while its thickness decreased. The previously melted regions 
gradually solidify during this process, forming a coarser CGZ. 
The rapid circumferential flow was induced by electromag-
netic stirring, which significantly reduced the temperature 
gradient in the nugget center, resulting in a nearly simulta-
neous solidification mode for the central EGZ (Ref. 30). In 
summary, MPMA-RSW combined the advantages of both 
processes, mitigating their disadvantages. The circumfer-
ential flow induced by MA corrected the nugget shift caused 
by MP, while the repeated remelting and heating by MP cor-
rected the nugget stratification caused by MA, resulting in 
a well-formed nugget.

The Formation of the Microstructure 

A greater number of fine equiaxed grains in CGZ of 
MA-RSW is consistent with the findings of Qi et al. (Ref. 
12) in the MA-RSW of A7N01 aluminum alloy, which may be 
related to the change in the flow pattern within the nugget 
of MA-RSW. Under the influence of an external magnetic 

Fig. 7 — The EBSD analysis of CGZs and their surrounding areas: A — RSW; B — MA-RSW; C — MP-RSW; 
D — MPMA-RSW.  

A B C D
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field, a 3D compound flow is generated within the nugget 
of aluminum alloy spot welding. As a result, the nugget flow 
velocity is increased to five times that of conventional spot 
welding, as shown in Fig. 9 (Ref. 31). The high-speed iner-
tial flow disrupts the growth of columnar dendrites, thereby 
promoting the formation of new heterogeneous nuclei (Ref. 

32). Analysis of the grain size distribution in Fig. 8A reveals 
a higher percentage of grains smaller than 20 μm in MPMA-
RSW compared with MA-RSW, suggesting that the multipulse 
technique may intensify the flushing effect of molten metal 
on the CGZ. Due to the narrow and elongated features of 
the grains in the CGZ of MPMA-RSW, the presence of fine 

Fig. 8 — Grain width distribution (in equivalent circle diameter): A — Grain width of CGZ; B — grain width of EGZ. 

A

B

Fig. 9 — Schematic diagrams of flow patterns within the nugget of RSW and MA-RSW: A — Simulation curve of 
the flow velocity within the nugget as a function of welding time, with a welding time of 0.3 s (Ref. 31); B — RSW 
exhibits only in-plane flow patterns; C — MA-RSW combines in-plane and out-of-plane flow patterns.

A B

C
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equiaxed grains was not pronounced. However, it can also 
be observed that RSW has the highest proportion of fine 
grains in CGZ, and the average grain width of its CGZ was 
similar to that of MA-RSW. Yet, visually, the grains in the CGZ 
of RSW appear much coarser. This phenomenon is associ-
ated with the coarse grains in RSW occupying a larger area, 
which results in a reduced total grain count in that region. 
The average grain width was decreased due to the inclusion 
of a relatively higher number of small grains in the statistical 
analysis, leading to a larger standard deviation of grain widths 
in the CGZ of RSW.

There was a notable refinement of the grains in the EGZ for 
both MA-RSW and MPMA-RSW under the external magnetic 
field, as shown in Figs. 7B and D and Fig. 8B. Meanwhile, 
when comparing RSW and MPMA-RSW, no significant dif-
ferences were observed in the grain size and morphology 
of their EGZ. These results may suggest that the external 
magnetic field and the high-speed flow it generates within 
the nugget substantially impact the grain morphology in 
the EGZ. The high-speed flow in the MA-RSW and MPMA-
RSW nugget facilitated the breaking of dendrites during 
the solidification process, thereby increasing the number 
of nucleation sites (Ref. 33). Unlike CGZ, the solidification 
mode of the EGZ was closer to simultaneous solidification. 
Under the influence of an external magnetic field, with more 
nucleation sites nucleating, the EGZ in MA-RSW and MPMA-
RSW exhibited significant refinement (Ref. 34). However, the 
multipulse technique alone appears insufficient to influence 
the nucleation and growth processes during solidification.

The Influence of the CGZ 

Grain orientation spread (GOS) indicates the difference 
between each pixel in the grain and the average orientation 
in the grain (Ref. 35). A high GOS exhibits severe lattice dis-
tortion and a high dislocation density, while grains with a low 
GOS exhibit a uniform strain distribution (Ref. 36). The GOS 

plotted corresponding to Fig. 7 was separately extracted 
and presented in Fig. 10. Compared with RSW, MP-RSW 
decreased the GOS of the CGZ. It was evident that the GOS 
values of the CGZ were consistently higher than those of the 
EGZ, implying a larger dislocation density and suggesting the 
presence of higher residual stress, which may be another 
significant factor contributing to the exacerbation of crack 
propagation in the CGZ. Possibly due to the intense effect of 
electromagnetic stirring, MA increased the GOS of the CGZ. 
However, repetitive remelting reduces the stress in the CGZ 
of MPMA, which may be a key factor in reducing cracking.

From Fig. 7, it can be observed that cracks propagated 
through the grain boundaries in the CGZ. A higher grain 
boundary angle leads to an increased crack sensitivity (Ref. 
37). From the grain boundary angle distribution in the CGZ 
region presented in Fig. 11, it was evident that the CGZ 
grain boundary angle of MA-RSW exhibited a reduction of 
20.8% when compared to RSW, while the MPMA-RSW grain 
boundary angle showed a decrease of 16.4% in comparison 
to MP-RSW. This observation suggests that electromag-
netic stirring can diminish the grain boundary angle. Given 
the minimal variation in grain size depicted in Fig. 8, it was 
more probable that this reduction was primarily influenced 
by solidification rate and molten metal flow.

The Formation of Hot Cracks 

As shown in Fig. 12, EBSD analyses were performed on 
two typical crack regions, marked by Roman numerals I and 
II in Figs. 10A and D. Cracks are present in both the CGZ and 
HAZ of the two regions. However, in RSW, the Kernel Average 
Misorientation (KAM) values near the CGZ cracks are lower, 
while those cracks near the HAZ are higher, as shown in Fig. 
12C. In MPMA-RSW, the KAM values near the CGZ cracks 
are higher, whereas the KAM values near the independent 
cracks within the HAZ, which are not connected to the CGZ, 
are lower, as shown in Fig. 12D. High KAM values are indic-

Fig. 10 — Grain orientation spread (GOS) map: A — RSW; B — MA-RSW; C — MP-RSW; D — MPMA-RSW. 

A B C D
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ative of greater plastic strain in that particular location. As 
illustrated in Fig. 12C, cracks in the RSW process have been 
observed to extend from the CGZ to the HAZ, resulting in 
substantial plastic strain in the vicinity of the HAZ part of 
the cracks that connect the HAZ and CGZ. In contrast, the 
independent HAZ cracks (indicated by white arrows) do not 
exhibit significant plastic strain concentration in both pro-
cesses. Figure 12D demonstrates that the plastic strain in 
proximity to the CGZ cracks in MPMA-RSW is higher, likely 
attributable to a more stringent constraint at that location 
during crack formation. This finding also suggests that the 
CGZ of MPMA-RSW exhibits higher crack resistance com-
pared to that of RSW, a subject that will be further examined 
in the subsequent sections.

As depicted in Fig. 13, an elemental analysis was conducted 
on the HAZ and the CGZ at the crack tip. Firstly, from Fig. 13A, 
it can be observed that there was a significant segregation 

at the grain boundaries in the HAZ, while segregation in the 
CGZ occurred both at the grain boundaries and within the 
grains. From Figs. 13C–F, it was evident that the matrix around 
the segregated regions had a lower aluminum content and 
higher concentrations of alloying elements such as Zn, Mg, 
and Cu. Since these alloying elements formed low-melting 
eutectics, these regions were prone to crack formation. 
Cracks predominantly occurred along grain boundaries, 
where reduced concentrations of alloying elements sug-
gested that the low-melting eutectics in these areas liquefied 
during cracking and flowed under stress (Ref. 38).

As shown in Fig. 12, unlike the liquefaction cracks reported 
in previous research (Ref. 18), the HAZ cracks in this study 
were not filled, indicating that the CGZ solidified when 
HAZ cracks formed. The liquid film formed by low-melting 
eutectics was pulled apart by tensile stress, resulting in 
hot cracks. According to the above analysis, the CGZ grain 

Fig. 12 — Crack initiation locations: A and B — are the forescatter detector (FSD) corresponding to the regions 
I~II marked in Figs. 10A and D; C and D — are the KAM maps of A and B. 

A B C D

Fig. 11 — The disorientation angle distribution of CGZ. 
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experienced significant stress and deformation, and the 
low-melting eutectics along the long longitudinal grain 
boundaries in the CGZ became weak sites, which may be a 
key factor in the formation of intergranular hot cracks in this 
zone, as Fig. 14A shows. However, the CGZ in MPMA-RSW 

exhibits higher crack resistance, which may be attributed 
to the lower content of low-melting-point eutectics at the 
grain boundaries. This low content of eutectics could be 
closely related to the finer grains in its CGZ. The combined 
effects of various factors caused the segregation of alloying 
elements at the grain boundaries. First, due to the rela-
tively low activation energy for grain boundary diffusion, 
the diffusion rate of low-melting-point eutectic elements 
at the grain boundaries is relatively fast (Ref. 39). Besides, 
differing equilibrium coefficients between solid and liquid 
phases drive solute redistribution, while non-equilibrium 
solidification further concentrates solute elements at grain 
boundaries (Ref. 40). Consequently, finer grains expel less 
eutectic matter and have a larger grain boundary area, which 
can significantly reduce the content of low-melting-point 
eutectics at the grain boundaries. Additionally, the repeated 
heating and cooling cycles of the multipulse process may 
inhibit the precipitation of low-melting-point eutectics 
(Ref. 41), making the content of eutectics lower at the grain 
boundaries in MPMA-RSW. As shown in Fig. 14, the nugget 
center has large tensile residual stress after welding (Ref. 
42), and the low content eutectics at the grain boundaries 
could increase the grain boundaries’ strength and enhance 
the crack resistance.

In addition, the refined grains produce more grain bound-
aries. The cracks will be deflected when they meet the grain 
boundaries in the crack growth process, which increases 
the resistance of crack growth and thus improves the crack 
resistance of the material (Ref. 43). At the same time, grain 
refinement can disperse the stress concentration of crack 
tip, reduce the stress intensity factor of crack tip, and inhibit 
the crack growth (Ref. 44).

Fig. 13 — Elemental analysis at the crack initiation: A — FSD image with the combined image of grain boundaries 
marked in red; B — IPF-Z image; C–F — elemental distribution. 

A

B

C

D

E

F

Fig. 14 — Mechanism of crack resistance 
enhancement by grain refinement in CGZ: 
A — Schematic of coarse columnar grains in RSW; 
B — elongated columnar grains in MPMA-RSW under 
vertical tensile stress.

A

B
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Conclusions 
This study investigated the RSW optimization process for 

2.8 mm hot-stamped AA7075 aluminum alloy. Conventional 
RSW, RSW using an external magnetic field (MA-RSW) or 
multipulse current parameter (MP-RSW), and a combination 
of external magnetic field and multipulse current (MPMA-
RSW) were employed for optimization and comparison. The 
nugget appearance, microstructure, and crack propagation 
were investigated in this part successively, and the following 
conclusions can be drawn:

1. MA-RSW could effectively inhibit porosity defects through 
electromagnetic stirring. In MA-RSW, unsymmetrical nugget 
growth was mitigated, with a notable 13.4% increase in nugget 
diameter alongside an 18.1% reduction in thickness. By induc-
ing rapid circumferential flow and a low solidification rate, 
electromagnetic stirring in MA significantly reduced the grain 
size of EGZ by 57.4%. 

2. MP-RSW, by repetitively heating the nugget, reduced the 
cooling rate and effectively suppressed pore defects. How-
ever, the hot cracking defects and the unsymmetric nugget 
growth remained, with minimal alteration to the grain sizes 
of EGZ and CGZ.  

3. MPMA-RSW, leveraging the combined effects of 
both processes, demonstrated a 12.9% increase in nugget 
diameter and an 8.84% decrease in thickness. Moreover, it 
substantially reduced the grain sizes of CGZ by 24.7% and 
EGZ by 63.3%. This combined approach resulted in compre-
hensive defect suppression and exhibited the lowest defect 
severity.   

4. Cracks were attributed to low-melting-point eutectic 
alloy in the grain boundaries and stress. CGZ, character-
ized by longer grain boundaries and higher stress, notably 
contributed to crack propagation. MPMA-RSW effectively 
reduced the CGZ area and the grain size and stress in the 
CGZ, consequently decreasing the incidence of cracking. 

The MPMA-RSW process presented promising application 
prospects in welding AA7075. A comparative analysis of the 
four process combinations revealed that the MPMA-RSW 
nugget exhibited notably fewer defects and a diminished 
propensity for hot cracking. This observation underscored 
the heightened feasibility of this method. Consequently, the 
MPMA-RSW process emerged as a promising avenue for 
application in the RSW of AA7075.
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