


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 �Jm 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.
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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. 
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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. 
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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.
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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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