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Abstract

The mechanical properties of DP780 steel welded 
using resistance spot welding (RSW) were evaluated 
by comparing a new ring conductive electrode 
(RSW-R) with a spherical electrode (RSW-S). Part 1 
of this study demonstrated that RSW-R optimizes 
heat distribution and current density, significantly 
broadening the weldability range of DP780 steel. 
Building on this foundation, the present study 
further investigated the impact of RSW-R on 
mechanical properties. Compared to RSW-S, RSW-R 
increased the upper limit of peak tensile-shear loads 
by 15.9% and failure energy by 91.5%. Moreover, at 
similar peak tensile-shear loads (11 kA for RSW-S, 10 
kA for RSW-R), RSW-R reduced joule heat input by 
26.8% and surface indentation by 87.3% compared 
to RSW-S. The peak tensile-shear load was found 
to be related to the nugget area when interfacial 
fracture occurred, while nugget diameter played a 
more significant role in pullout fracture (PF) mode. 
Notably, in PF mode, the unconnected region at the 
inner diameter did not substantially compromise the 
tensile-shear mechanical properties. Electrode life 
tests further confirmed that RSW-R achieved stable 
joint formation for up to 140 consecutive welds, 
demonstrating durability comparable to RSW-S.
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Introduction
Resistance spot welding (RSW) is one of the most widely 

used welding techniques in automobile manufacturing (Refs. 
1–3). In modern vehicles, spot welds typically range from 2000 
to 5000 per vehicle (Ref. 4). These welds are crucial for effi-
ciently transferring loads and absorbing impact energy during 
collisions, making the quality of the weld joints vital to vehicle 
safety design (Ref. 5).

Advanced high strength steels (AHSSs) are extensively 
used in automotive manufacturing to reduce weight, improve 
fuel efficiency, and enhance mechanical performance (Ref. 
6). Despite their favorable strength and ductility, AHSS weld 
joints can contain brittle martensitic microstructures, which 
form due to the rapid cooling of the weld nugget at rates 
ranging from 1000°C/s to 10,000°C/s (Ref. 7). These micro-
structural characteristics reduce the fracture toughness of 
the joints. Compared to low-carbon steel, AHSS RSW joints 
are more susceptible to interfacial fracture, with crack prop-
agation occurring through the nugget (Ref. 8).

Several researchers have investigated various methods to 
address these challenges. Soomro et al. explored the effect 
of post-weld heat treatment on the load-bearing capac-
ity and failure energy of dual-phase steels. Their findings 
demonstrated that the treatment increased the extent 
of tempered martensite, thereby significantly enhancing 
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both fracture toughness and peak failure energy (Refs. 9, 
10). Ambriz and Ren et al. applied cold-working treatments 
before and after welding, effectively improving the fatigue 
strength of RSW joints by optimizing residual stress distribu-
tion (Refs. 11, 12). Li et al. (Ref. 13) improved the strength of 
medium-manganese TRIP steel joints by incorporating shims 
to produce larger nuggets. Additionally, Li et al. refined the 
grain structure in the nugget by applying a magnetic field, 
which reduced grain orientation. The external magnetic force 
induced eccentric movement in the molten metal, altering 
the nugget dimensions and enhancing the quality of RSW 
joints in austenitic stainless steel (Ref. 14). These studies 
have significantly advanced the mechanical properties of 
RSW joints. However, as pointed out by Pouranvari et al. (Ref. 
15), while such methods can enhance joint properties, they 
may also lead to considerable increases in welding time and 
reductions in production efficiency.

Some researchers have enhanced mechanical proper-
ties while maintaining productivity by modifying electrode 
designs. Deng et al. developed a multi-ring dome electrode 
that improved current distribution by disrupting the oxide 
layer on the sheet’s surface, resulting in larger nuggets and 
stronger microstructures (Ref. 16). Chen et al. introduced 
a micro-concave electrode that optimized current den-
sity distribution, significantly enhancing the tensile-shear 
performance of Q&P steel RSW joints (Ref. 17). Kim et al. 
designed deep hollow electrodes for welding three-sheet 
AHSS, which reduced expulsion and broadened the weld-
ing current range (Ref. 18). Ren et al. embedded insulating 
ceramics into the electrodes to improve current distribution, 
producing large-diameter nuggets and joints with superior 
mechanical properties (Refs. 19–21). However, these elec-
trode modifications may introduce grooves or protrusions on 
the joint surface, potentially compromising surface quality 
and causing stress concentration, which could reduce the 
mechanical properties. Additionally, the differences in ther-
mal physical properties between ceramic insulation cores 
and copper alloy electrodes may negatively impact heat 
dissipation efficiency and electrode life.

Building on previous research, a new ring conductive elec-
trode (RSW-R) was developed in this study to enhance the 
mechanical properties of RSW joints in DP780 steel. The new 
electrode modifies the current distribution of the conven-
tional F-type electrode (RSW-S) while maintaining production 
efficiency. In the first part of this study (Ref. 22), the weld-
ability of DP780 steel was analyzed by comparing RSW-R 

and RSW-S in terms of joint current density and thermal field 
distribution. The growth mechanism of the annular-nug-
get was also examined. The results demonstrated that the 
annular current distribution of RSW-R reduced the current 
density at the faying surface, lowered total joule heat input 
and generation rate, and significantly expanded the weldability 
range of DP780 steel. This annular current distribution not 
only shifted the initiation point for annular-nugget growth but 
also enabled a larger nugget diameter by increasing the upper 
limit of the welding current. Additionally, RSW-R minimized 
surface indentation depth.

The second part of the study focused on comparing the peak 
tensile-shear load and failure energy of DP780 steel welded 
with both electrode types. Additionally, variations in nugget 
dimensions with increasing weld counts were evaluated, and 
the approximate life of both electrodes, without dressing, was 
estimated. Building on the annular-nugget growth mechanism 
discussed in the first part, further exploration of the relation-
ship between current density distribution, nugget dimensions, 
and mechanical properties was conducted.

Experimental Details

Material and Welding Process

DP780 steel samples (105 × 45 × 1.2 mm) were welded 
using a novel setup, the details of which, including the prepa-
ration of the conductive ring electrode, were provided in Part 
1 (Ref. 22). The welding parameters, including welding current, 
electrode force, and welding time, are summarized in Table 1. 
Welding currents were chosen for the electrode life tests to 
produce comparable mechanical properties in tensile-shear 
tests (10 kA for RSW-R and 11 kA for RSW-S). Critical dimen-
sions—such as the inner and outer diameters, penetration, 
and length of the heat-affected zone (HAZ)—were measured 
at four intervals over 220 consecutively welded joints. These 
intervals included specimens numbered 1–10, 71–80, 141–150, 
and 211–220, with ten samples per interval to minimize the 
influence of random variations in the experimental process. 
The welding cooling water flow rate was maintained at 6 L/
min, and the off-time was set to at least 1 min.

Electrode surface degradation was evaluated using carbon 
imprints, with deterioration characterized by changes in the 
contact area between the upper and lower electrodes under 
constant force. Due to significant shape differences between 

Table 1 — Welding Parameters of the Welding Process

Electrode Squeezing Time Welding Time Holding Time Electrode Force Welding Current

RSW-S 200 ms 200 ms 400 ms 4 kN 7, 8, 9, 10, 11, 12 kA

RSW-R 200 ms 200 ms 400 ms 4 kN 8, 9, 10, 11, 12, 13 kA

RSW-S 200 ms 200, 333, 466, 600 ms 400 ms 4 kN 8 kA

RSW-R 200 ms 200, 300, 400 ms 400 ms 4 kN 9.5 kA
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annular and elliptical nuggets, the degree of electrode deg-
radation was assessed by comparing the relative change 
rate in nugget dimensions. Nugget dimensions from the first 
interval served as the baseline, and subsequent intervals 
were compared accordingly. 

Mechanical Test and Metallographic 
Observation

Welded specimens were subjected to uniaxial tensile-shear 
testing using an MTS810 machine to evaluate the mechanical 
properties of RSW joints. The specimen dimensions followed 
ANSI/AWS/SAE/D8.9, Recommended Practices for Test Meth-
ods for Evaluating the Resistance Spot Welding Behavior 
of Automotive Sheet Steel Materials (Ref. 23). To minimize 
bending moments during testing, DP780 shims (45 × 45 × 
1.2 mm) were placed between the specimen and the hydrau-
lic grips, as illustrated in Fig. 1A. The crosshead speed was 
set at 2.0 mm/min. Mechanical test results were recorded 
as peak tensile-shear load and failure energy, with failure 
energy calculated based on prior studies (Refs. 10, 24, 25) 
and represented by the blue area in Fig. 1B. At least three sets 

of welded samples were used for each welding parameter 
to evaluate mechanical properties and nugget dimensions. 
Under RSW-S conditions, when the welding current was 12 kA, 
only one set of samples was welded for mechanical property 
testing due to the expulsion.

For metallographic analysis, RSW joints were sectioned 
through the center using wire-cut electrical discharge 
machining. The samples were polished following standard 
protocols and then etched with a 2% Nital solution (Ref. 26). 
Optical imaging was conducted using a ZEISS Scope A1 digi-
tal microscope. The detailed microstructural observations of 
each subregion were performed with a TESCAN-VEGA3 XMU 
scanning electron microscope at an accelerating voltage of 20 
kV. The characterization of each joint region is shown in Fig. 1A.

Results

Nugget Dimensions

Figure 2 illustrates the variations in inner diameter, outer 
diameter, and nugget area of RSW-S and RSW-R joints as a 

Fig. 1 — A — Dimensions of specimen and characterization of joint areas; B — schematic diagram of tensile-
shear mechanical properties.

A B

Fig. 2 (from Part 1) — The variation of nugget size with welding current under RSW-R and RSW-S conditions:  
A — The inner and outer diameters of nuggets with welding current; B — the nugget area with welding current.

A B
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function of welding current under identical welding time. The 
outer diameter of RSW-R joints consistently exceeded that of 
RSW-S joints for the same welding parameters. Additionally, 
the nugget area and the difference in outer diameters between 
RSW-R and RSW-S joints increased with the welding current, 
while the inner nugget diameter decreased. The peak nugget 
area of RSW-R joints was 30.32% larger than RSW-S joints.

Figures 3A and B present the cross-sectional metallo-
graphic images of the joints for both electrode conditions as 
the number of welds increased. The nugget dimensions for 
both electrodes remained relatively stable through the first 150 
welds compared to the initial interval (1–10 welds). However, 
in the fourth interval (211–220 welds), a significant increase 
in the inner diameter of the annular-nugget was observed, 
and the diameter of the elliptical nugget notably decreased, 
resulting in a marked reduction in the volume of both nugget 
types. Detailed information on nugget dimensions across the 
four intervals for both electrode conditions is provided in Fig. 
4. Specifically, Figs. 4A and C show the average nugget dimen-
sions for each interval (with a sample size of ten per interval) 
under both electrode conditions. Figures 4B and D illustrate 
the relative changes in the average nugget dimensions for the 
latter three intervals compared to the first.

From Figs. 4A and B, it can be observed that aside from 
the penetration depth, the inner diameter, outer diameter, 
length of the HAZ, and nugget area of the annular-nugget all 
showed varying degrees of increase compared to the first 
interval. Notably, the inner diameter of the annular-nug-
get experienced a significant rise in the fourth interval 
(+26.0%). At the same time, the relative change rate of 
the nugget area gradually diminished with the number of 
welds. In contrast, Figs. 4C and D show that under spherical 
electrode conditions, the overall trend of nugget dimensions 
decreased gradually as the number of welds increased. The 
nugget diameter in the third interval decreased by 10.9% 
compared to the first interval, while the nugget bonding 

area in the third interval decreased by 20.5% compared to 
the first interval. Furthermore, Figs. 4A and C reveal that 
the carbon imprint area increased with the number of welds 
for both electrode types.

Mechanical Behavior and Fracture Mode 
Characterization

Figure 5 illustrates the variations in peak tensile-shear 
load and failure energy as a function of welding current for 
DP780 steel RSW joints under identical welding times but 
with different electrode conditions. The pink-shaded region 
represents the current range for pullout fracture under RSW-S 
conditions, and the blue-shaded region corresponds to the 
current range for pullout fracture under RSW-R conditions. 
RSW-R significantly enhanced the peak tensile-shear load by 
approximately 15.9% (+3.24 kN) and increased the upper limit 
of failure energy by around 91.5% (+31.48 J). Expulsion neg-
atively impacted both the peak tensile-shear load and failure 
energy. Under RSW-S conditions, the tensile-shear load and 
failure energy initially increased with the welding current but 
decreased once expulsion occurred. In contrast, under RSW-R 
conditions, the tensile-shear load consistently increased with 
the welding current, while failure energy experienced a sig-
nificant drop at a welding current of 13 kA.

According to AWS D8.2M, Specification for Automotive Weld 
Quality—Resistance Spot Welding of Aluminum (Ref. 27), eight 
fracture modes are recognized in RSW, with interfacial fracture 
(IF) and pullout fracture (PF) observed in this study. 

It is worth noting that although the IF mode typically exhib-
its lower failure energy and peak tensile-shear load, this does 
not imply that it is unacceptable for engineering applications. 
On the contrary, when the fused area is sufficiently large, 
joints failing in the IF mode can still meet practical require-
ments. In this study, the PF mode demonstrated superior 

Fig. 3 — The cross-sectional metallographic images of the joints for both electrode conditions as the number of 
welds increased: A — Under RSW-R conditions; B — under RSW-S conditions.

A B
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mechanical performance; therefore, PF mode joints were 
primarily regarded as indicators of high joint quality in the 
present evaluation.

Figures 6 and 7 illustrate the typical fracture character-
istics at different currents for IF (RSW-S: 8 kA, RSW-R: 9 
kA). Please note that the lowest magnification images of the 
fracture surfaces were captured at different magnifications 
for the RSW-R and RSW-S joints.

As shown in Fig. 6, the edge region of the nugget (Region 
A) exhibited distinct cleavage steps, indicating a cleavage 
fracture mode. Region B, in contrast, transitioned into a mixed 
fracture mode, with cleavage and ductile fractures coexisting. 
In Region C, uniformly sized shear dimples aligned along the 
shear direction were observed. Similarly, in Fig. 7A, which 
depicts the IF surface of the annular-nugget, shear dimples 
aligned along the shear direction were also observed in the 
nugget region. The presence of shear dimples showed that 
the failure mechanism involved shear localization of plastic 
flow, driven by the shear stress state at the crack tip (Ref. 

Fig. 5 — Schematic of weldability range for two types 
of electrode conditions and the variation tensile-
shear loading, failure energy with welding current.

Fig. 4 — The variation of nugget size (the inner diameter, outer diameter, penetration, the length of HAZ, and 
nugget area) with the number of welds under two different electrode conditions: A — Diagram of the nugget’s 
average dimensions in four intervals under RSW-R conditions; B — relative change rate of nugget dimensions in 
the latter three intervals compared to the initial interval under RSW-R conditions; C — diagram of the nugget’s 
average dimensions in four intervals under RSW-S conditions; D — relative change rate of nugget dimensions in 
the latter three intervals compared to the initial interval under RSW-S conditions.

A B

C D
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Fig. 6 — Typical SEM images of the IF fracture surfaces of the joints under RSW-S conditions.

Fig. 7 — Typical SEM images of the IF fracture surfaces of the joints under RSW-R conditions.

A B C

OCTOBER 2025 | 409-s



28). Unlike the elliptical nugget, the inner diameter region of 
the annular-nugget (Region B) exhibited characteristics of a 
brazed interface fracture, while the central region of the joint, 
shown in Fig. 7C, displayed a circular unconnected region.

Figures 8 and 9 present the typical fracture characteris-
tics for pullout fracture at a welding current of 10 kA under 
both electrode conditions. The PF fracture surfaces under 
both conditions displayed similar features: cleavage steps in 
Region A, indicating a cleavage fracture mode; intergranular 
fracture characteristics and equiaxed dimples in Region B, 
suggesting a transition to a mixed fracture mode combining 
cleavage and ductile fracture; and a pronounced intergranular 
fracture in Region C, where the number of dimples gradually 
decreased along the crack propagation direction.

To investigate the factors influencing the peak ten-
sile-shear load of DP780 steel under different fracture 
modes, the correlations between nugget diameter, nugget 
area, and peak tensile-shear load for both PF and IF modes 
were analyzed. As shown in Fig. 10, the correlation coeffi-
cient between nugget area and peak tensile-shear load was 
0.85 for IF, significantly higher than the correlation between 
nugget diameter and peak tensile-shear load. Conversely, 
the correlation coefficient for PF between nugget diameter 
and peak tensile-shear load was 0.90, considerably higher 
than that between nugget area and peak tensile-shear load. 
These results indicated that in IF mode, the nugget area 
primarily influences the peak tensile-shear load. In contrast, 

the nugget diameter in PF mode showed a stronger linear 
correlation with the peak tensile-shear load.

Mechanical Model

This section presents a modified model based on met-
allurgical factors, building upon the theoretical framework 
established by previous scholars to determine the factors 
influencing the mechanical properties of RSW (Refs. 26, 
29–31). Figure 11 illustrates a mechanical model with a sim-
plified representation of stress distribution across the nugget, 
heat-affected zone, and base material under tensile-shear 
load. The faying surface experienced shear stress, while the 
HAZ of the outer side of the nugget and the base material 
experienced tensile stress. According to the failure mode 
transition criterion proposed by Pouranvari et al. (Refs. 31, 
32), interface fracture occurred when the maximum shear 
force at the faying surface was less than the maximum tensile 
force in the joint’s weakest area. In contrast, pullout fracture 
occurred when the tensile force exceeded the shear force.

Figure 12A shows the idealized model of the annular-nugget. 
Figure 12B details the shear stress distribution at the faying sur-
face under the tensile-shear load. This study idealized nugget 
geometry as an annular drum-shaped structure to better align 
with practical conditions. Under pure tensile-shear loading, 
the shear stress at the faying surface varies linearly from the 
center to the edge of the nugget (Ref. 35).

Fig. 8 — Typical SEM images of the PF fracture surfaces of the joints under RSW-S conditions.
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The maximum shear force that the faying surface can with-
stand is:

 
 
 
 

𝐹𝐹!" = #
𝑥𝑥
𝑅𝑅#$%

𝜏𝜏&'( ∙ 2)*𝑅𝑅#$%) − 𝑥𝑥) − *𝑅𝑅*+) − 𝑥𝑥),𝑑𝑑𝑑𝑑 +
,!"

-
 

#
𝑥𝑥
𝑅𝑅#$%

𝜏𝜏&'( ∙ 2*𝑅𝑅#$%) − 𝑥𝑥)𝑑𝑑𝑑𝑑
,#$%

,!"
=
2𝜏𝜏&'(
𝑅𝑅#$%

/
𝑅𝑅#$%.

3 −
𝑅𝑅*+.

3 1 

In the equation, τx denotes the shear strength at position x 
on the faying surface of the nugget while τmax is the maximum 
tensile-shear stress the nugget can withstand at the point 
of interface failure.

According to Sun et al. (Ref. 30), the tensile stress around 
the nugget exhibits a sinusoidal distribution. Figures 12C 
and D illustrate the detailed tensile stress distribution on 
the outer side of the nugget when the joint is subjected to 
tensile-shear loading. The maximum tensile force that the side 
of the annular-nugget can withstand at the point of pullout 
fracture is given by:
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The maximum tensile force that the base material above 
the annular nugget can withstand is:
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The tensile force required for the pullout fracture of the 
spot weld joint is: 
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According to the Tresca criterion, the material’s tensile 
strength is twice its shear strength, i.e.:
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Fig. 9 — Typical SEM images of the PF fracture surfaces of the joints under RSW-R conditions.
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A direct relationship exists between the material’s tensile 
strength and its hardness. By substituting the relevant param-
eters into the above formulas, the maximum shear force and 
maximum tensile force that the RSW joint can withstand can 
be determined.

In the formulas, 𝜎max1 is the maximum tensile strength that 
the side surface of the annular-nugget can withstand during 
pullout fracture, and 𝜎max2 is the maximum tensile strength 
that the outer base material along the thickness direction of 
the annular-nugget can withstand during pullout fracture. H

Fig. 10 — Relationship between nugget size and peak tensile-shear load: A — The nugget diameter during 
IF; B — the nugget area during IF; C — the nugget diameter during PF; D — the nugget area during PF. In the 
figures, dashed rectangles indicate nuggets produced under identical welding parameters. Red dots within 
the rectangles represent individual experimental measurements of nugget size, while black dots indicate the 
corresponding average nugget size. The tensile-shear load value for each group is the average under the given 
welding parameters. Additionally, the font colors of the welding parameters vary depending on the electrode 
type, welding current, and welding time.

Fig. 11 — A simple model describing stress distribution at the interface and circumference of a weld nugget 
during the tensile-shear load.

A B

C D
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is the axial thickness of one side of the annular-nugget, and 
T is the thickness of the base metal.

𝜎𝛼  represents the tensile stress at point a on the outside 
of the horizontal interface of the annular-nugget, cos 𝛼 is the 
cosine of the angle between the outside of the annular-nugget 
at point 𝛼 and the horizontal interface of the nugget, while 
cos 𝛼 is the cosine of the angle between the axial thickness 
side of the annular-nugget at point 𝛼’ and the horizontal 
interface. 𝜎𝛽 represents the tensile stress at any point (𝛼, 
𝛽) on the outside of the annular-nugget. 𝜎HAZ denotes the 
ultimate tensile strength of the heat-affected zone, 𝜎FZ rep-
resents the ultimate tensile strength of the fusion zone, and 
𝜎BM corresponds to the ultimate tensile strength of the base 
material. VHAZ, VFZ, and VBM are the Vickers hardness values 
of the heat-affected zone, fusion zone, and base material, 
respectively. B1, B2, and B3 are the coefficients describing the 
linear relationship between the ultimate tensile strength and 
Vickers hardness for each corresponding region.

The h is the vertical height from any point (𝛼, 𝛽) on the 
outside of the annular-nugget to the horizontal interface of 
the nugget, and cos 𝛽 is the cosine of the angle between point 
(𝛼, 𝛽) and point 𝛼. cos 𝛽’ is the cosine of the angle between 
point (𝛼, 𝛽) and the point of maximum tensile stress in the 
horizontal interface of the outer base material along the 
thickness direction. According to the analysis shown in Fig. 

Fig. 12 — Distribution of shear stress in the annular-nugget under tensile-shear load: A — Idealized model of the 
annular nugget; B — shear stress distribution at the faying surface; C — the detailed tensile stress distribution 
on the outer side of the nugget; D — tensile stress distribution state at the circumference of the nugget.

A B

C D

Fig. 13 — Temperature distribution curves along 
the path on electrode surfaces under two electrode 
conditions at an energization time of 0.2 s.
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10, the primary factors affecting the tensile-shear mechanical 
properties of the joints varied depending on the failure mode. 
Building upon previous research, this work optimized the 
mechanical model and derived a failure mode transition cri-
terion applicable to annular-nugget joints under tensile-shear 
load. It should be noted that the relationships derived here 
will be utilized in subsequent sections to deepen the under-
standing of the strengthening mechanisms associated with 
annular-nugget joints.

Discussion

Life of RSW-R

As the number of welds increased, progressive changes in 
electrode tip morphology altered the contact conditions and 
current distribution at the faying surface, affecting nugget 
formation. Although tensile-shear load correlated linearly 
with nugget diameter and area, variations in inner and outer 
diameters complicated the direct linkage between mechani-
cal performance and electrode life. To better reflect electrode 
wear, this study evaluated the average nugget dimensions 
and their relative change rates across successive welding 
intervals. As shown by the small error bars in Figs. 4A and 
C, nugget dimensions remained highly stable within each 
interval.

Under RSW-R conditions, nugget growth behavior diverged 
from that under RSW-S. Repeated welding caused electrode 
softening and deformation, increasing the curvature of the 
RSW-R and expanding the contact area. This promoted 
outward nugget growth while reducing current density at 
the faying surface. These competing effects led to a slower 
increase in outer diameter and a more pronounced inner 
diameter expansion, thereby reducing the effective nugget 
volume.

Figure 13 shows the simulated radial temperature distri-
bution on the electrode tip at an energization time of 0.2 
s. The spherical electrode exhibited peak temperatures 
at the tip’s center, while the ring conductive electrode’s 
peak occurred along the annular conductive region. In both 
cases, these high-temperature zones were located above 
the nugget, where heat dissipation through the electrode 
was shortest, leading to localized heat accumulation. These 
regions also coincided with current injection sites, where 
contact resistance contributed to additional joule heating.

RSW-S presented a sharper peak with a narrower 
high-temperature zone, while RSW-R displayed a lower 
peak but a broader high-temperature zone. Elevated peak 
temperatures accelerated electrode softening. As previously 
reported (Ref. 22), both the total joule heat input and peak 
nugget temperature were lower under RSW-R. In contrast, 
the higher temperatures under RSW-S likely intensified 
molten metal expansion, increasing the electrode force 
on the tip.

Fig. 14 — Schematic diagram of peak tensile-shear load, failure energy, and joule heat input under RSW-R and 
RSW-S conditions when the nugget diameter was approximately the same.
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These combined effects — higher temperature and 
greater pressure — may have accounted for the larger vari-
ation in nugget dimensions observed in the third interval 
under RSW-S compared to RSW-R. However, in the fourth 
interval, both electrode types showed a marked increase in 
nugget variation. Thus, electrode dressing is recommended 
after approximately 150 consecutive welds for both designs. 
Importantly, the newly ring conductive electrode did not 
exhibit a shorter service life than the conventional spher-
ical electrode.

Strengthening Mechanism of Annular-
Nugget Joint

As shown in Fig. 5, under identical welding parameters, 
the peak tensile-shear load and failure energy of annu-
lar-nugget joints produced under RSW-R conditions were 
significantly lower than those of elliptical nugget joints 
under RSW-S conditions when IF occurred. However, when 
PF occurred, the peak tensile-shear load and failure energy 
were higher than those of the elliptical nugget joints. As indi-
cated in Fig. 14, at approximately the same nugget diameter 
(with a variation within 2.10%), the peak tensile-shear load 
and failure energy of annular-nugget joints were lower than 
those of elliptical nugget joints in the case of IF. However, 
they remained comparable in the case of PF.

When a weld at the nugget connects two sheets, the 
nugget dimensions primarily determine the load-bearing 
capacity (Ref. 36). In this study, consistent with the findings 
of Zhang et al. (Ref. 37), the unconnected region within 
the annular-nugget (i.e., its inner diameter) had minimal 
influence on the peak load at higher welding currents but 
significantly reduced the peak load under lower current 
conditions.

From Equations 1, 5, and 6, the maximum shear force 
that the faying surface of the nugget can withstand is influ-
enced by the outer diameter, inner diameter, and hardness 
of the annular-nugget. Previous studies have shown that the 
nugget microhardness of DP780 joints remains unaffected 
by variations in welding electrodes or welding parameters; 
therefore, for this material, the maximum shear force that 
the faying surface of the annular-nugget can withstand 
depends solely on the inner and outer diameters of the 
nugget under different welding conditions (Ref. 40). A larger 
outer diameter, smaller inner diameter, and higher hardness 
collectively contribute to an increased shear force limit. 
Similarly, as shown in Equations 2, 3, 5, and 6, the maximum 
tensile force the joint can withstand under tensile-shear 
loading depends on the fracture zone’s hardness and the 
nugget’s outer diameter. The ring conductive electrode 
reduced joule heat input and peak temperature in the joint, 
increasing the outer diameter of the annular-nugget while 
simultaneously delaying hardness degradation in the joint’s 
weak zone (subcritical heat-affected zone). A larger outer 
diameter and higher hardness in the fracture zone enhance 
the joint’s tensile force limit. At low welding currents, the 
presence of an internal unconnected region reduced the 
effective nugget area, thereby lowering the shear force 
limit and increasing the likelihood of interfacial fracture. 
Conversely, during pullout fracture, the joint’s weak zone 

area increased with the nugget diameter, increasing the 
maximum tensile force in this region and ultimately resulting 
in a higher peak tensile-shear load.

This study found that the unconnected area within the 
annular-nugget’s inner diameter had no adverse effects 
on the static load-bearing capacity when PF occurred. As 
demonstrated in Part 1, the annular current distribution in 
RSW-R reduced the current density at the faying surface, 
significantly broadening the weldability range of DP780 steel. 
The shift in nugget growth initiation location and the increase 
in the upper welding current limit contributed to the enlarge-
ment of the nugget diameter. A larger nugget outer diameter 
enhanced the upper limit of the peak tensile-shear load by 
approximately 15.9%, thereby improving the strength of the 
annular-nugget joint. Furthermore, Part 1 also showed that for 
a similar peak tensile-shear load, RSW-R achieved a 26.83% 
reduction in joule heat input and an 87.26% reduction in sur-
face indentation compared to RSW-S, further demonstrating 
its advantages in improving weld quality and mechanical 
performance.

As shown in Fig. 5, failure energy under RSW-R conditions 
decreases at high heat inputs, likely due to microstructural 
evolution caused by varying heat inputs (Ref. 38). The condi-
tion of the HAZ also influences the joint’s peak tensile-shear 
load (Ref. 39). In this study, the reduction in failure energy at 
high heat inputs may be attributed to increased tempering 
of martensite in the subcritical heat-affected zone of DP780 
steel joints, resulting in regional softening (Ref. 40).

Conclusion
This study evaluated the mechanical properties of resis-

tance spot welds produced using the newly developed ring 
conductive electrode (RSW-R) and the conventional F-type 
electrode (RSW-S). The investigation identified critical fac-
tors influencing the peak tensile-shear load under interfacial 
fracture and pullout fracture modes and compared the life 
of two types of electrodes. The findings are summarized 
as follows: 

1. After 150 welds, the variation in the nugget dimensions 
for both electrodes was approximately 10%. However, after 
220 welds, a significant change occurred. The new ring con-
ductive electrode lasted as long as the spherical electrode, 
with both needing reconditioning after 150 welds.

2. Compared to RSW-S, RSW-R increased the upper limit 
of peak tensile-shear load by 15.9% and enhanced failure 
energy by 91.5%.

3. In IF mode, the nugget area was the primary factor 
affecting the peak tensile-shear load, while in PF mode, the 
nugget diameter played the dominant role. The unconnected 
region at the inner diameter did not significantly impair the 
tensile-shear properties of the joint during PF.
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