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Abstract

The application of heat-treatment-free cast 
aluminum alloys in automotive structural parts is 
increasing, but their weldability is still unclear. This 
paper explores the resistance spot welding (RSW) 
of the heat-treatment-free die-casting aluminum 
alloy C611 utilizing an innovative welding electrode 
integrated with preheating and postheating 
techniques. The single pulse, preheating, and 
postheating pulse processes were designed. 
Moreover, the effects of the welding procedure 
on the weld’s morphology, microstructure, and 
properties were compared and analyzed. Results 
showed that the single pulse welding process was 
prone to generating weld defects such as internal 
porosity and expulsion, and the joint strength 
was relatively low. By applying proper preheating 
and postheating pulses, welding defects could 
be effectively suppressed, and the width of the 
columnar fine grain zone could be reduced, which 
improved the performance of the equiaxed grain 
zone (EGZ) by 20%. The weld’s tensile shear 
performance and energy absorption were increased 
by 11.7% and 38.3%, respectively. Furthermore, the 
optimized electrode’s unique shape helped stabilize 
the size of the nugget’s EGZ.

Keywords

 ■Heat-Treatment-Free Die-Casting Aluminum Alloy
 ■ Resistance Spot Welding
 ■ Electrode
 ■Current Impulse
 ■Microstructure
 ■Weld Performance

Introduction
With the development of the automobile industry, the con-

sumption of fossil fuels has increased dramatically, which has 
led to an increase in greenhouse gas emissions (Refs. 1, 2). 
Reducing fuel consumption and improving fuel efficiency is 
one of the effective ways to reduce greenhouse gas emissions. 
Reducing vehicle weight and improving engine efficiency can 
effectively reduce fuel consumption. In general, for every 10% 
reduction in vehicle weight, fuel consumption can be reduced 
by 3–7%. In addition, using aluminum alloys can reduce 13–20 
kg of greenhouse gas emissions per kilogram (Refs. 1–5). Alu-
minum alloys have become an ideal replacement for steel 
because of their low density and high specific strength ratio. 
In the automotive industry, they can reduce vehicle weight by 
50% compared to traditional materials without affecting the 
stability and safety of the body (Ref. 6). Therefore, they are 
expected to replace steel as the primary material in the auto-
motive industry (Refs. 7, 8). By 2025, the amount of aluminum 
alloy used in automobiles will be as high as 250 kg/vehicle, 
nearly 80% of which will be cast aluminum alloy (Ref. 9). 

Heat-treatment-free cast aluminum alloy is a new type of 
aluminum alloy material that has been developed in recent 
years. High strength and plasticity can be achieved without 
high-temperature solution treatment and artificial aging (Ref. 
10). The heat-treatment-free cast aluminum alloys are mainly 
divided into Al-Si series and Al-Mg series alloys (Refs. 11, 12). 
Cast aluminum alloys are used primarily to manufacture engine 
cylinder blocks, cylinder heads, clutch shells, bumpers, wheels, 
and chassis components (Refs. 13, 14).

Most research on cast aluminum alloys focuses on their 
manufacturing and forming processes. It is indispensable to 
investigate the weldability of cast aluminum alloys. However, 
only limited research has been conducted on welding them. 
Akhter (Ref. 15) studied the effect of post-weld heat treat-
ment on cast aluminum A356 laser welds. Due to the fine 
dendritic structure formation in the weld, the mechanical 
properties of the weld are better than base metal. Using 
high-temperature treatment, the welds’ yield strength and 
ultimate tensile strength were further improved compared 
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Fig. 1 — Electrode appearance and cross-section size.

to those without high-temperature treatment and as-cast 
samples. Although the post-weld heat treatment improved 
the mechanical properties of the weld, it reduced produc-
tion efficiency. Therefore, the automotive industry keeps 
looking for new welding approaches to reduce manufac-
turing costs and improve productivity. Reisgen (Ref. 16) 
studied the atmospheric electron beam welding of aluminum 
die-casting alloy AlSi10MnMg. It was found that the porosity 
of the weld could be controlled by optimizing the hydrogen 
content in the casting aluminum alloy and adjusting the 
welding speed. However, this welding process is complex 
and unsuitable for mass production. Scheibner (Ref. 17) 
accomplished gas metal arc welding of die-casting alumi-
num alloy thin-walled parts. Vivas (Ref. 18) used friction stir 
welding in Al-Si cast aluminum and Al-Mg cast aluminum 
alloy. Although the formation of the weld defects could be 

significantly reduced, the ultimate tensile strength of the 
welded joints was also lower. 

Resistance spot welding (RSW) is the dominant auto-
motive body structure manufacturing process due to its 
robustness, high productivity, low cost, and flexibility (Refs. 
19, 20). Compared with laser welding, electron beam weld-
ing, arc welding, and friction stir welding, RSW is under 
electrode force during the whole welding process, which 
allows it to overcome the weld’s shrinkage and porosity. 
Welding electrode (Ref. 21) and current input form (Refs. 
22, 23) have an essential influence on the weld quality of 
aluminum alloy. In the early stage, we developed (Ref. 24) 
a welding electrode called a Newton ring (NTR) electrode 
(Refs. 23, 25), which could inhibit the expulsion of alumi-
num alloy, reduce welding current and electrode wear, and 

Fig. 2 — Welding schedule and controller: A — Process 1 welding schedule; B — Process 2 welding schedule; C — 
welding controller.
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improve the stability of the welding process. Different from 
General Motors’s Multi-Ring Domed (MRD) electrode (Ref. 
21), the concave region and unique radii of the NTR electrode 
are purposely designed to generate ring-directed welding 
current, which improves weld current density and facili-
tates the melting of the aluminum alloys from the periphery 
toward the center of the weld area. In contrast, the RSW 
process utilizing MRD technology melts the aluminum alloy 
from the center outward toward the periphery. 

This paper developed an optimized NTR electrode for 
heat-treatment-free die-casting aluminum alloy C611, and 
preheating and postheating processes were designed to 
improve weld quality. The effects of welding methods on the 
microstructure, morphology, and tensile shear strength of 
welds were studied, which would provide a basis for applying 
heat-treatment-free cast aluminum alloy. Furthermore, the 
contact resistance during the welding and the microcosmic 
properties of the equiaxed grain zone (EGZ) in the weld were 
measured and analyzed using different welding processes. 

Table 1 — Chemical Composition and Mechanical Properties of C611

Si Mn Mg Fe Zr Ti Sr Al
Yield 

Strength 
(MPa)

Tensile 
Strength 

(MPa)

Elongation 
(%)

7.12 0.61 0.21 0.15 0.05 0.1 0.008 Bal. 99 255 12.4

Fig. 3 — Tensile specimen size: A — Tensile shear specimen size; B — micro-tensile specimen size; C — 
measurement method of nugget diameter.

A
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Fig. 4 — The nugget morphology with two processes: A — Process 1; B — Process 2.
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Experimental Procedures

Materials

This research employed a 3.0-mm-thick commercial heat-
treatment-free die-casting aluminum alloy (C611). Table 1 
shows its chemical composition and mechanical proper-
ties. The electrode was an improved NTR-D electrode based 
on the NTR electrode (Ref. 24). The electrode had a 12 mm 
diameter and a curvature of R0 = 30 mm (100 mm before 
optimization). There was a concave region in the center of R0, 
three convex rings with radii of R1, R2, and R33 were distributed 
outside the concave (R1 < R2 < R3.), and the NTR electrode 
had only two convex rings before optimization — Fig. 1. The 
electrodes were made of chromium zirconium copper alloy.

Welding Method

A medium-frequency direct current welding system was 
used. The welding system was comprised of a SIV37 controller, 
an OBARA welding gun, and a FANUC robot. The flow rate 
and temperature of the cooling water were kept at 4 L/min 
and 20°C. Before welding, all aluminum plates and electrode 
surfaces were cleaned with alcohol to remove grease and 
contaminants. The test was divided into two groups according 
to different processes. Process 1 was single pulse welding 
(as shown in Fig. 2A) with a preloading time of 300 ms, a 
welding current of 30 kA, and a welding time of 200 ms. 
For Process 2, the preheating current of 9–18 kA was added 
based on Process 1, the increasing magnitude was set at 3 
kA, the preheating time was 50 ms, and three samples were 
welded under each condition. When expulsion appeared in 

Fig. 5 — A — Preheating pulse + welding pulse; B — welding pulse + postheating pulse.
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Fig. 6 — Microstructure of nugget: A — Magnified view of region A marked in Fig. 4A; B — magnified view of 
region B marked in Fig. 4B; C — magnified view of region C marked in Fig. 4A; D — magnified view of region D 
marked in Fig. 4B.
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at least two samples, the preheating current was considered 
insufficient to suppress it. The experimental results are shown 
in Table 2. Expulsion was suppressed when the preheating 
current was above 12 kA. So, the preheating current was 
selected as 15 kA. The postheating current was selected as 
20kA, greater than the preheating current and less than the 
welding current. Process 2 added a preheating pulse before 
the main welding pulse and a postheating pulse after the main 
welding pulse. Preheating pulse: The preheating time was 50 
ms and the preheating current was 15 kA. Postheating pulse: 
The cooling time before postheating was 10 ms, the posthe-
ating current was 20 kA, and the postheating time was 50 
ms (as shown in Fig. 2B). The current and contact resistance 
during the welding process were real-time measured by a 
welding controller (Miyachi MM-370C), as shown in Fig. 2C. 
To explore the specific role of postheating and preheating 
pulse, experiments with a preheating pulse or postheating 
pulse were carried out.

Table 2 — Preheating Current Selection Process

Protocol Preheating 
Current

Number of 
Expulsions

Number 
of No 

Expulsions

1 9 kA 3 0

2 12 kA 2 1

3 15 kA 1 2

4 18 kA 1 2

Fig. 7 — The element distribution test of the EGZ in two processes: A — Process 1; B — Process 2; C — line 
scanning of white particle phase.
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Material Characterization and Performance 
Test

According to AWS D8.2M:2017, Specification For Auto-
motive Weld Quality–Resistance Spot Welding of Aluminum, 
metallographic and mechanical tests were carried out on the 
joints using two different processes. The morphology and 
microstructures of the RSW nugget were analyzed using a 
VHX-6000 optical microscope system produced by KEYENCE 

in Japan. The element distribution test used the Guoyi 5000 
scanning electron microscope with an energy dispersive 
spectrometer. The weld’s microhardness profile was mea-
sured using a microhardness tester (VICKERS 402MVD), 
with a load of 100 g, a hold time of 10 s, and a measurement 
interval of 200 μm. Fig. 3A shows the size of the tensile shear 
test sample. The welding spot was in the center of the 38 × 
38 mm overlapping area. The weld’s tensile shear property 
was tested on a universal testing machine (UTM5015) with 

Fig. 9 — Time-current and resistance real-time curves of different processes: A — Process 1; B — Process 2.

Fig. 8 — Microhardness distribution of joints with different processes: A — Process 1; B — Process 2; C — test 
point of the CGZ region in Process 1; D — test point of the EGZ region in Process 1.4.
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a 2 mm/min loading speed. Each group of processes was 
repeated four times. The nugget size was measured after 
tensile failure; the measurement method is shown in Fig. 
3C. To compare the performance differences of the equi-
axed grain zone in the weld under different processes, the 
microtensile samples (Fig. 3B) were cut from the EGZ by 
electrical discharge machining technology. The tensile test 
was conducted on the universal testing machine (UTM5015) 
with a 0.2 mm/min loading speed. The macromorphology and 
microstructure of the fractured welds were observed using 
a KEYENCE VHX-6000 ultra-depth-of-field microscope and 
a Guoyi 5000 scanning electron microscope.

Results 

Morphology 

Figs. 4A and B show the nugget morphology with the two 
processes. The weld surface had an indentation left by the 
electrode ring and a bulge resulting from the concavity of the 
electrode center. The nugget produced by the two processes 
could be divided into three zones, namely the heat-affected 
zone, columnar grain zone (CGZ), and equiaxed grain zone 
(Ref. 26). Additionally, the weld nugget created by Process 
1 exhibited apparent cracking defects, whereas the nugget 
from Process 2 was free of such defects. Moreover, expulsion 
was evident in the nuggets from Process 1.

This paper carried out three sets of welding experiments 
that used only preheating or postheating pulses to explore 
the specific functions of preheating and postheating pulses. 
Fig. 5 shows a large shrinkage defect in the samples with a 
preheating pulse + welding pulse. The welding pulse + pos-
theating pulse sample shows expulsion and a little shrinkage 
defect, and the EGZ is a peanut-shaped structure. Therefore, 
the preheating pulse prevented expulsion, and the post- 
heating pulse could reduce the possibility of welding defects.

Microstructure and Hardness Distribution

Figs. 6A and B are magnified views of regions A and B 
marked in Figs. 4A and B. It was found that there was a colum-
nar fine grain zone (CFGZ) parallel to the heat dissipation 
direction at the junction of the EGZ and CGZ in both pro-
cesses. However, the CFGZ range in Process 2 was smaller. 
Figs. 6C and D are the EGZ amplification diagrams of the two 
processes, and the EGZ of parameter 1 had more defects. To 
explore the composition of the EGZ phase, an element plane 
distribution scanning of the EGZ of the two processes (Figs. 7A 
and B) was carried out. It was found that the phase composi-
tion of the EGZ region of the two processes was similar, mainly 
composed of Al and Si phases, and there were also dispersed 
white particle phases. To further determine the composition 
of the white particles, an element point scanning of the white 
particle phase was carried out (Fig. 7C). According to Niklas 
(Ref. 27), the white particles are AlFeMnSi phase, which can 
avoid the formation of harmful β-Al5FeSi compounds and 
improve the mechanical properties of the alloy.

For the two processes, the hardness distribution of the 
nugget zone was uneven, as shown in Fig. 8. The hardness of 
the EGZ was higher than that of the CGZ. As shown in Figs. 8C 
and D, the hardness point size in the CGZ was larger than in 
the EGZ, mainly due to the coarse grain size in the CGZ. The 
hardness of the EGZ of Process 2 was slightly larger than that 
of Process 1. Because there were many shrinkage defects in 
the EGZ of Process 1, the hardness would be reduced when 
the test point was on the shrinkage defects.

Welding Process Analysis

The different parameters of the two processes inevitably 
led to differences in heat input, resulting in a difference in 
nuggets. The size of the contact resistance also had a greater 
impact on the heat input. Fig. 9 shows the real-time current 

Fig. 10 — Tensile shear property.
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and resistance changes of the two processes. At the beginning 
of the welding pulse, the resistance of the t1 stage of Process 
1 (0.18 mΩ) was greater than the resistance of Process 2 
(0.05 mΩ). It showed that a preheating pulse can effectively 
reduce contact resistance.

Tensile Shear Tests

Fig. 10 shows the two processes’ nugget diameter, tensile 
shear peak load, and energy absorption. Energy absorp-
tion was obtained by calculating the area of the peak load 
under the load-displacement curve (Ref. 29). The nugget 
diameter of Process 2 was 9.7 mm, and the nugget diame-

ter of Process 1 was 9.55 mm, as shown in Fig. 10A. There 
was little difference in the nugget diameter. The peak load 
of Process 2 was 8518 N, which was 11.7% larger than the 
peak load of Process 1. The energy absorption of 4.48 J of 
Process 2 was also greater than the 3.24 J of Process 1, an 
increase of 38.3%. According to Refs. 30 and 31, the nugget 
diameter tended to be directly proportional to the tensile 
shear strength, and it showed that the nugget strength of 
Process 2 was greater than that of Process 1.

Fig. 11 — Stress diagram of the tensile shear process and load-displacement curve and crack propagation 
path diagram: A — Small nugget crack propagation path diagram; B — large nugget crack propagation path 
diagram; C — Process 1 sample displacement-load curve; D — Process 1 specimen fracture section; E — Process 
2 displacement-load curve; F — Process 2 specimen fracture section.
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Fig. 12 — Processes 1 and 2 fracture morphology: A — Macroscopic fracture morphology of Process 1; B — 
magnified view of region b marked in Fig. A; C — magnified view of region c marked in Fig. B; D — magnified view 
of region d marked in Fig. A; E — macroscopic fracture morphology of Process 2; F — magnified view of region f 
marked in Fig. E; G — magnified view of region g marked in Fig. F; H — magnified view of region h marked in Fig. E.

G H

A B C D

E
F

Fig. 13 — RSW process diagram of Processes 1 and 2: A — Process 1; B — C611 surface magnification map; C — 
surface morphology of plate after preheating pulse; D — Process 2.
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Discussion

Failure Analysis

Figs. 11A and B schematically show the stress evolution 
of the welded joint during the tensile process. According 
to Zhang’s research (Ref. 32), the welded joint of the RSW 
specimen was first subjected to the shear stress (F∥) paral-
lel to the tensile direction during the tensile shear process 
(Fig. 11A). To align with the direction of the applied force, the 
nugget rotated to a certain extent, so the tensile stress (F⊥) 
perpendicular to the tensile direction was generated (Fig. 
11B). According to Pouranvari (Ref. 33), the fracture mode 
of resistance spot welding could be divided into three types: 
interfacial failure (IF), pull-out failure (PF), and partial inter-
facial failure (PIF). The driving force of IF is the shear stress, 
and the driving force of PF is the tensile stress. The force 
between shear stress and tensile stress produces PIF, which 
results from competition between IF and PF and is related 
to rotation. The greater the rotation angle, the greater the 
tendency of PF (Refs. 32, 34, 35).

Figs. 11D and F depict each process’s tensile shear fracture 
cross sections. The fracture modes of the two processes were 
similar — both IF — but there was a PF tendency in the initial 
crack propagation stage. The failure driving force tended to 
move from shear stress to tensile stress. The crack started 
from point A and extended to point B. As the tension pro-
ceeded, the driving force turned to shear stress, the crack 
propagated along the parallel tensile direction, and finally, 
interfacial failure occurred. Although the crack propagation 
paths of the two processes were similar, the crack propaga-
tion path LAB = 1.28 mm under the tensile stress of Process 2 

was larger than that of Process 1 (LAB = 0.84 mm). The peak 
load and tensile displacement of Process 2 were larger than 
those of Process 1, as shown in Figs. 11C and E. The crack of 
Process 1 propagated along the tensile direction after the B 
point, and the crack returned to the nugget center after the 
C point. However, the crack of Process 2 directly returned to 
the nugget center after the B point. This was mainly due to 
the decreased strength of the nugget structure at the nugget 
center. According to the hardness distribution in Figs. 8A and 
B, the hardness of the nugget center was slightly lower than 
that of both ends of the nugget.

Fig. 12 shows the fracture morphology of Processes 1 and 
2. The nugget fracture of Process 1 had a significant expulsion 
and some defects in the nugget center (Fig. 12A). In contrast, 
the nugget fracture of Process 2 had no expulsion and defects 
(Fig. 12E). The initial crack propagation stage AB of Processes 
1 and 2 are shown in Figs. 12B and F. By comparison, the initial 
crack propagation stage of Process 2 was larger, and the 
apparent dimples could be observed, as shown in Figs. 12C 
and G. Equiaxed, fine grains (Fig. 12D) were observed around 
the defects of Process 1 (the position of point C in Fig. 11D), 
which was direct evidence of solidification shrinkage defects 
(Ref. 35). The appearance of a shrinkage cavity reduced the 
performance of the weld because the crack of Process 1 in 
Fig. 11D propagated to point C after point B. Shallow dimples 
can be observed in the fractured part after point B of Process 
2, which differed from Process 1.

Preheating Pulse

The preheating pulse can effectively reduce the contact 
resistance at the initial stage of the welding pulse, as shown 

Fig. 14 — The solidification process of the CGZ and EGZ in two processes: A — Process 1; B — Process 2.

A B
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in Fig. 9. For Process 1, there was a squeeze stage before the 
welding pulse was introduced. The contact resistance was 
mainly from the two aluminum plates. The resistance was 
large because the plate’s surface was uneven (Fig. 13B), and 
the contact surface at the welding area was a point contact. 
For Process 2, as the preheating pulse was added, the point 
contact between the two plates could be melted to form a 
micro-joint zone (Fig. 13C), significantly reducing the contact 
resistance. The heat generation of RSW is based on Joule’s 
law, which is expressed as follows (Ref. 36): 

𝑄𝑄 = 𝐼𝐼!(𝑅𝑅"" + 2𝑅𝑅#" + 𝑅𝑅")𝑡𝑡 
 

where Q is the total heat input, t is the welding time, I is 
the welding current, and RWW, REW, and RW are the contact 
resistance between the workpiece, the contact resistance 
between the electrode and the workpiece, and the bulk resis-
tance of the base metal, respectively. 

When the welding current I and the welding time t were the 
same, the greater the total contact resistance, the greater the 
heat input Q. Therefore, when the welding pulse was carried 
out, the initial heat input of Process 1 was larger. This made 
Process 1 more prone to expulsion.

Postheating Pulse

The previous results showed that the postheating pulse 
greatly influenced the solidification of the nugget, which 
affected the morphology and structure of the nugget. Fig. 14 
describes the solidification process of the CGZ and EGZ in the 
two processes. For Process 1, the nugget temperature was 
higher after the welding pulse, and the temperature gradient 
was larger. Therefore, a CFGZ with a width of L1 was formed 
at the junction of CGZ and EGZ (Fig. 14A). According to Deng 
(Ref. 37), when the welding current was disconnected for 30 
ms, the nugget was only partially solidified at the edge, and 
most of the nugget was still liquid. Therefore, the cooling 
time was 15 ms before the postheating pulse in Process 2. 
Only a small range of (L2width) CFGZ was formed at the junc-
tion of the CGZ and EGZ (Fig. 14B). According to Bamberg’s 
research (Ref. 38), reducing the range of the columnar crystal 
zone in the nugget improves the tensile shear properties of 
aluminum alloy resistance spot welded joints. Besides, the 
postheating pulse prolonged the flow time of the liquid metal 
in the nugget, which was beneficial for filling the shrinkage 
cavity and crack defects in the nugget.

It can be seen from Fig. 5 that there were fewer defects in 
the nugget of the preheating pulse + welding pulse sample. 
The EGZ center depression of the welding pulse + postheating 

Fig. 15 — The nugget formation process of the NTR electrode.

Fig. 16 — The displacement-load curve of the EGZ specimen: A — Process 1; B — Process 2.
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pulse nugget made its EGZ similar to the peanut-like shape, 
but the size of the EGZ (8.64 mm) was still larger than that 
of the preheating pulse + welding pulse sample (7.99 mm). 
This was mainly because the welding pulse + postheating 
pulse sample produced a large splash and took away a large 
amount of heat. Secondly, due to the special nucleation mode 
of the NTR electrode (Fig. 15) and the particular end-face 
morphology of the NTR electrode, the nugget preferentially 
nucleated on the convex ring (R1) and then expanded to the 
nugget center until the nugget filled the entire plate welding 
end face to form a complete nugget, which is called ring-
shaped nucleation (Ref. 25). However, when the heat input 
was insufficient, the nugget found filling the whole plate 
welding end face difficult, so the nugget was peanut-like.

Mechanical Properties

From the results of tensile shear, the tensile shear peak load 
of Process 2 was larger, mainly because the nugget hardness 
of Process 2 was greater than that of Process 1 (Figs. 8A 
and B). According to the existing reports (Refs. 39, 40), the 
peak load of tensile shear in IF mode only depends on the 
nugget size and hardness. So, increasing nugget size or hard-
ness promotes the tensile shear peak load. The microtensile 
samples of the two processes were taken from the EGZ for 
a deeper understanding. The results are shown in Fig. 16. 
Results showed that the displacement-load curve of the EGZ 
of Process 2 was more consistent, and the average peak load 
of Process 2 (295.6 N) was 20% higher than that of Process 
1 (246.4 N). This shows that the higher the hardness, the 
greater the organizational strength.

Conclusion
In this study, the improved NTR electrode combined with 

the preheating and postheating process was used to solve the 
problems of poor stability of resistance spot welded joints and 
defects formation in a nugget of heat-treatment-free die-cast-
ing aluminum alloy C611. The resistance spot welding process 
controlled the nucleation process, and the nugget morphology, 
microstructure, and tensile shear properties were analyzed 
and compared. The following conclusions are drawn:

1. Adding a preheating pulse made the plate realize 
micro-connection, reducing and stabilizing the plate’s con-
tact resistance. The decrease in contact resistance reduced 
the initial heat generation of the welding pulse, resulting 
in a lower heat generation. Therefore, the occurrence of 
expulsion could be effectively reduced.

2. The addition of a postheating pulse could reduce the 
width of the CFGZ and increase the flow time of the liquid 
metal so that the liquid metal had enough time to fill the 
defects, such as shrinkage and cracks in the nugget, that 
could be suppressed.

3. The preheating pulse and postheating pulse signifi-
cantly improved the strength of the EGZ’s structure so that 
the weld’s tensile shear peak load and energy absorption 
were increased by 11.7% and 38.3%, respectively.

4. The NTR electrode’s annular nucleation could stabilize 
the EGZ region’s size.
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