
metals

Article

Fatigue Behaviors of Resistance Spot Welds for
980 MPa Grade TRIP Steel

Heewon Cho 1,2, Sangwoo Nam 1,3 , Insung Hwang 1, Je Hoon Oh 2, Munjin Kang 1,*
and Young-Min Kim 1,*

1 Joining R&D Group, Korea Institute of Industrial Technology, Incheon 21999, Korea;
hee95@kitech.re.kr (H.C.); chak1843@kitech.re.kr (S.N.); hisman@kitech.re.kr (I.H.)

2 School of Mechanical Design Engineering, Hanyang University, Seoul 04763, Korea; jehoon@hanyang.ac.kr
3 Department of Materials Science & Engineering, Seoul National University, Seoul 08826, Korea
* Correspondence: moonjin@kitech.re.kr (M.K.); ymkim77@kitech.re.kr (Y.-M.K.);

Tel.: +82-32-850-0232 (Y.-M.K.)

Received: 23 September 2019; Accepted: 8 October 2019; Published: 10 October 2019
����������
�������

Abstract: The fatigue life of the resistance spot weld of 980 MPa grade transformation induced
plasticity (TRIP) steel was investigated and failure modes and fracture surfaces according to the
fatigue load were analyzed. The fatigue life according to the nugget size was observed by using two
electrodes with face diameters of 8 mm and 10 mm. When an electrode face diameter with 10 mm
was used, the nugget size was large, and the fatigue life was further increased. After the fatigue test,
three types of failure modes were observed, namely pull-out, plug, and heat affected zone (HAZ)
failure, depending on the fatigue load. The fracture surfaces in each failure mode were analyzed.
In all failure modes, a crack was initiated in the HAZ region, which is the interface between the two
materials in all failure modes. In the case of pull-out failure, the crack propagates as if it surrounds
the nugget at the outer edge of the nugget. In the case of HAZ failure, the crack propagates in the
thickness direction of the material and outward in the nugget shell. Plug failure occurs with pull-out
failure and HAZ failure mixed. The propagation patterns of cracks were different for each failure
mode. The reason why the failure mode and the fracture surface are different according to the fatigue
load is that the propagation speed of the fatigue crack is fast when the fatigue load is relatively large
and is slow when the fatigue load is low.

Keywords: resistance spot welding; fatigue behavior; failure mode; nugget size; fracture surface;
advanced high strength steel

1. Introduction

Environmental regulations are strengthened with interest in issues such as fine dust and carbon
dioxide emission. In the automotive industry, emissions of automobiles must be reduced, and one of
the solutions is to decrease vehicle weight. This could increase gas mileage and consequently reduce
emissions of pollutants [1]. Thus, lightweight materials such as aluminum and carbon fiber reinforced
plastics (CFRP) are increasingly used [2,3]. Advanced high strength steel (AHSS) is suitable for heavy
steel used parts such as body, chassis, and suspensions, because the parts have required high strength
as well as excellent safety and impact resistance. However, as the strength of the material increase, the
elongation decreases due to the decrease of the plasticity, so that the AHSS with increased ductility is
continuously being developed.

First generation steels consist mainly of ferrite-based microstructure, including dual phase (DP)
steel, transformation induced plasticity (TRIP) steel, complex phase (CP) steel, and martensitic (MART)
steel [4]. Second generation steels, which have higher strength and elongation than first generation
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steel, include twinning induced plasticity (TWIP) steels. Second generation steels have high mechanical
properties due to the addition of various alloying elements, but they are difficult to commercialize
because of their low weldability and high cost [5]. Third generation steels have lower strength and
elongation than the second generation steel, but are improving its mechanical properties through new
processes, alloying elements, and grain refinement to commercialize it. The third generation steels
include quenching and partitioning (Q&P) steel [6].

Because of the short process time, highly productive resistance spot welding is widely used in the
automotive industry and is used more than 3000 times for car body assembly [7–9]. However, since
the resistance spot welds of the car body are exposed to repeated and irregular loads, the structural
performance deteriorates and fatigue failure frequently occurs [10]. The resistance spot welds, which
are the lap joint geometry, are mainly exposed to the shear load, but the vertical load is applied. Due to
the geometric shape and stress state of resistance spot welds, stress concentration occurs and fatigue
cracks start around the resistance spot welds [11]. Therefore, understanding fatigue behavior, which
includes crack initiation and propagation, is important to guarantee the durability and life of the car
body. The fatigue life of welds is mainly investigated by fatigue tests and the resulting stress-number
(S-N) curves are used to confirm fatigue life according to various fatigue loads. However, there is a
limit to observe fatigue behavior with the S-N curves alone.

Many studies have been carried out on the failure mode and fatigue behavior of resistance spot
welds for various materials. Vural et al. conducted a fatigue test after resistance spot welding of
austenitic and galvanized steels, and derive S-N curves [12]. They observed fatigue performance, crack
length, and fracture surface according to weld combination and nugget size. In addition, the material
constants of the materials used in the Paris-Erdogan equation of fatigue crack growth model were
calculated and the crack growth rates were compared. Zhao et al. carried out tensile shear tests on
resistance spot welds of DP600 steel and studied the effects of electrode force on tensile shear strength
and fracture energy absorption, failure mode, and microstructure [13]. As a result, it was concluded
that the nugget size was affected by failure mode, tensile shear load, and fracture energy. Radakovic
and Tumuluru predicted failure modes in tensile shear tests through the finite elements method (FEM)
and analyzed for failure mechanism [14]. They obtained an equation to predict the fracture loads
required for pull-out and interfacial failure. In order to evaluate the mechanical properties of the
resistance spot weld, Chao conducted the tensile test and cross tensile test and studied the failure
mechanism [15]. They claim that pull-out failure occurs as the nugget rotates and the tensile load
is applied and then the necking occurs outside the nugget, resulting in crack initiations around the
nugget’s periphery. Interfacial failure occurs inside nugget and a critical parameter of material that
changes failure mode of the weld. Wang et al. carried out the fatigue test for the resistance spot weld
of 1.5 GPa grade boron steel [16]. After the fatigue test, the failure mode occurred was classified as
fracture propagating around the circumference of the nugget and fracture propagating in a direction
perpendicular to the load. They suggested that fatigue cracks initiate mainly at the notch of the heat
affected zone (HAZ) and occur at the interface of the two materials and showed crack initiation and
transgranular fractures and cleavage facets in the propagation area.

The studies of fatigue behavior of resistance spot welding are mainly based on analysis rather
than experimental study. Many studies on failure mode are focused on fracture surface observation
after the tensile shear test rather than fatigue test. In addition, the papers that observe fatigue behavior
and fracture surface were limited to the analysis of the mechanical properties of the weld and failure
mode by observing the microstructure. Thus, to understand the macroscopic fracture shape such as
failure mode is difficult because fracture surface from microstructure only shows a localized area of
crack initiation and propagation.

Therefore, in this study, the purpose was to observe the entire fracture surface depending on the
failure mode that occurred after the fatigue test. Resistance spot welding was performed for 980 MPa
grade TRIP steel. Two types of the electrode with different electrode face diameters were used to
observe the fatigue behavior according to the nugget size. The electrode force and welding time were
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fixed, and the welding current was used before the expulsion. Fatigue life according to fatigue load
was investigated, and the failure mode was classified according to fatigue load. The fracture surface
for failure mode was observed throughout, and fatigue behavior such as initiation and propagation of
cracks were analyzed from the microstructure.

2. Experimental Procedures

The material used in this study was 980 MPa grade TRIP steel with a thickness of 1.2 mm. Chemical
composition and mechanical properties are shown in Tables 1 and 2, respectively.

Table 1. Chemical composition (wt.%) of base metal used in this study.

C Si Mn Fe

0.20 1.59 2.50 Bal.

Table 2. Mechanical properties of base metal used in this study.

Ultimate Tensile Strength (MPa) Total Elongation (%)

1021 21

The tensile strength and elongation of the material used in this study was obtained from tensile test
(AG-300kNX Plus, Shimadzu, Kyoto, Japan) and crosshead velocity was set at 10 mm/min. The welding
power source was a medium frequency direct current resistance spot welder (MFDC, Dawonsys,
Ansan, Korea). The dome-type electrodes of Cu-Cr alloy with electrode face diameters of 8 and 10 mm,
respectively, were used (Figure 1a). In order to prepare the tensile test specimens, the test specimens
having a width of 30 mm and a length of 100 mm were subjected to resistance spot welding with a
30 mm overlapping portion as shown in Figure 1b. The welding current used was the current just
before the expulsion, and the detailed welding conditions are shown in Table 3. The cross section of the
weld was cut in the width direction of the specimen, polished, etched in 9% Nital solution for about
10 s, and observed with an optical microscope (OM, SZ61, Olympus, Tokyo, Japan).

Metals 2019, 9, x FOR PEER REVIEW 3 of 12 

 

for failure mode was observed throughout, and fatigue behavior such as initiation and propagation 
of cracks were analyzed from the microstructure. 

2. Experimental Procedures 

The material used in this study was 980 MPa grade TRIP steel with a thickness of 1.2 mm. 
Chemical composition and mechanical properties are shown in Tables 1 and 2, respectively. 

Table 1. Chemical composition (wt.%) of base metal used in this study. 

C Si Mn Fe 
0.20 1.59 2.50 Bal. 

Table 2. Mechanical properties of base metal used in this study. 

Ultimate Tensile Strength (MPa) Total Elongation (%) 
1021 21 

The tensile strength and elongation of the material used in this study was obtained from tensile 
test (AG-300kNX Plus, Shimadzu, Kyoto, Japan) and crosshead velocity was set at 10 mm/min. The 
welding power source was a medium frequency direct current resistance spot welder (MFDC, 
Dawonsys, Ansan, Korea). The dome-type electrodes of Cu-Cr alloy with electrode face diameters of 
8 and 10 mm, respectively, were used (Figure 1a). In order to prepare the tensile test specimens, the 
test specimens having a width of 30 mm and a length of 100 mm were subjected to resistance spot 
welding with a 30 mm overlapping portion as shown in Figure 1b. The welding current used was the 
current just before the expulsion, and the detailed welding conditions are shown in Table 3. The cross 
section of the weld was cut in the width direction of the specimen, polished, etched in 9% Nital 
solution for about 10 s, and observed with an optical microscope (OM, SZ61, Olympus, Tokyo, Japan). 

 
 

(a) (b) 

Figure 1. Schematic images of (a) electrode shape and (b) specimen size. 

Table 3. Resistance spot welding conditions used in this study. 

Parameters Condition 1 Condition 2 
Electrode face diameter (mm) 8 10 

Electrode force (kN) 3 3 
Welding current (kA) 6 7 

Welding time (ms) 417 417 
Holding time (ms) 167 167 

The tensile test, microhardness test, and fatigue test were carried out to evaluate the mechanical 
properties of the weld. The strain rate used in the tensile test (AG-300kNX Plus, Shimadzu, Kyoto, 
Japan) was set at 10 mm/min according to the standards of the American Welding Society (AWS 
D8.9M:2012) [17]. The hardness of the welds was measured using micro Vickers hardness tester (HM-
101, Mitutoyo, Kawasaki, Japan) and the indentation load used was 200 g. Fatigue tests were 
performed using a fatigue testing instrument (Instron 8801, Instron, Norwood, MA, USA) with a 5-
ton capacity. To ensure reliability, the fatigue test was conducted twice for each fatigue load and 

Figure 1. Schematic images of (a) electrode shape and (b) specimen size.

Table 3. Resistance spot welding conditions used in this study.

Parameters Condition 1 Condition 2

Electrode face diameter (mm) 8 10
Electrode force (kN) 3 3

Welding current (kA) 6 7
Welding time (ms) 417 417
Holding time (ms) 167 167

The tensile test, microhardness test, and fatigue test were carried out to evaluate the mechanical
properties of the weld. The strain rate used in the tensile test (AG-300kNX Plus, Shimadzu, Kyoto,
Japan) was set at 10 mm/min according to the standards of the American Welding Society (AWS
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D8.9M:2012) [17]. The hardness of the welds was measured using micro Vickers hardness tester
(HM-101, Mitutoyo, Kawasaki, Japan) and the indentation load used was 200 g. Fatigue tests were
performed using a fatigue testing instrument (Instron 8801, Instron, Norwood, MA, USA) with a 5-ton
capacity. To ensure reliability, the fatigue test was conducted twice for each fatigue load and sample.
When the fatigue test was carried out, a 30 mm × 30 mm shim was attached to both sides to prevent
the moment applied to the weld (Figure 1b). The frequency was set to 40 Hz and the stress ratio
between minimum and maximum load (R = Lmin/Lmax) was set to 0.1. The fatigue life was measured
by controlling the maximum load (Lmax) at intervals of 1 kN from 8 kN to 1 kN, and the fatigue limit
was set to 2 × 106 cycles.

The fatigue test was stopped when the fracture occurred or fatigue limit was reached. The
specimens were cut in the width direction and observed with a scanning electron microscope (SEM,
Quanta 200F, Thermo Fisher, Waltham, MA, USA) to observe the microstructure of the fatigue fracture
after the fatigue test.

3. Results and Discussion

3.1. Mechanical Properties and Microstructure

Figure 2 shows the cross section of the weld when the electrode face diameter is 8 and 10 mm,
respectively. As shown in Table 4, the nugget sizes were 5.1 and 5.7 mm, respectively, and the tensile
shear strengths were 12.5 and 15.5 kN, respectively. Nugget size and tensile shear strength at the
electrode face diameter of 10 mm were higher than those of electrode face diameter of 8 mm. Tension
shear test results showed pull-out failure at both electrode face diameters of 8 mm and 10 mm (Table 4),
and the fracture shape is shown in Figure 3. Figure 4 shows the results of hardness measurements of
welds according to the size of the electrode face diameter. The average hardness of the base metal
(BM) was 320, 318 HV0.2 and the hardness of the fusion zone (FZ) was 539 and 542 HV0.2, respectively,
depending on the type of electrode face diameter. There was no significant difference in the hardness of
the welds due to the difference of size in electrode face diameter. Since the austenite was transformed
into martensite as the molten metal was cooled at a rate of 10–104 ◦C/s due to the cooling water
flowing through the electrode during the resistance spot welding process, the hardness of the FZ was
drastically increased [18,19] as compared with base metal. Hardness in HAZ was higher than BM and
lower than FZ. It has been reported that the softening phenomenon occurs in HAZ when hardness is
lower than BM in DP980, Q & P980, B1500HS, etc. [16,20,21]. In the presence of martensite in the BM,
HAZ softening phenomena are observed by sub-critical HAZ (SCHAZ) with tempered martensite,
inter-critical HAZ (ICHAZ) with ferrite and martensite, and upper-critical HAZ (UCHAZ) with the
coarse grain [22]. In this study, HAZ softening did not occur because there was no martensite in
the BM.

Metals 2019, 9, x FOR PEER REVIEW 4 of 12 

 

sample. When the fatigue test was carried out, a 30 mm × 30 mm shim was attached to both sides to 
prevent the moment applied to the weld (Figure 1b). The frequency was set to 40 Hz and the stress 
ratio between minimum and maximum load (R = Lmin/Lmax) was set to 0.1. The fatigue life was 
measured by controlling the maximum load (Lmax) at intervals of 1 kN from 8 kN to 1 kN, and the 
fatigue limit was set to 2 × 106 cycles. 

The fatigue test was stopped when the fracture occurred or fatigue limit was reached. The 
specimens were cut in the width direction and observed with a scanning electron microscope (SEM, 
Quanta 200F, Thermo Fisher, Waltham, MA, USA) to observe the microstructure of the fatigue 
fracture after the fatigue test. 

3. Results and Discussion 

3.1. Mechanical Properties and Microstructure 

Figure 2 shows the cross section of the weld when the electrode face diameter is 8 and 10 mm, 
respectively. As shown in Table 4, the nugget sizes were 5.1 and 5.7 mm, respectively, and the tensile 
shear strengths were 12.5 and 15.5 kN, respectively. Nugget size and tensile shear strength at the 
electrode face diameter of 10 mm were higher than those of electrode face diameter of 8 mm. Tension 
shear test results showed pull-out failure at both electrode face diameters of 8 mm and 10 mm (Table 
4), and the fracture shape is shown in Figure 3. Figure 4 shows the results of hardness measurements 
of welds according to the size of the electrode face diameter. The average hardness of the base metal 
(BM) was 320, 318 HV0.2 and the hardness of the fusion zone (FZ) was 539 and 542 HV0.2, 
respectively, depending on the type of electrode face diameter. There was no significant difference in 
the hardness of the welds due to the difference of size in electrode face diameter. Since the austenite 
was transformed into martensite as the molten metal was cooled at a rate of 10–104 °C/s due to the 
cooling water flowing through the electrode during the resistance spot welding process, the hardness 
of the FZ was drastically increased [18,19] as compared with base metal. Hardness in HAZ was higher 
than BM and lower than FZ. It has been reported that the softening phenomenon occurs in HAZ 
when hardness is lower than BM in DP980, Q & P980, B1500HS, etc. [16,20,21]. In the presence of 
martensite in the BM, HAZ softening phenomena are observed by sub-critical HAZ (SCHAZ) with 
tempered martensite, inter-critical HAZ (ICHAZ) with ferrite and martensite, and upper-critical 
HAZ (UCHAZ) with the coarse grain [22]. In this study, HAZ softening did not occur because there 
was no martensite in the BM. 

  
(a) (b) 

Figure 2. Cross section images of welded specimen using different electrode face diameters (a) 8 mm, 
(b) 10 mm. 

Table 4. Effect of welding conditions on specimen properties: Nugget size, tensile shear strength, and 
failure mode. 

Electrode Face Diameter 8 mm 10 mm 
Nugget size 5.1 mm 5.7 mm 

Tensile shear strength 12.5 kN 15.5 kN 
Failure mode Pull-out failure Pull-out failure 

 

Figure 2. Cross section images of welded specimen using different electrode face diameters (a) 8 mm,
(b) 10 mm.



Metals 2019, 9, 1086 5 of 13

Table 4. Effect of welding conditions on specimen properties: Nugget size, tensile shear strength, and
failure mode.

Electrode Face Diameter 8 mm 10 mm

Nugget size 5.1 mm 5.7 mm
Tensile shear strength 12.5 kN 15.5 kN

Failure mode Pull-out failure Pull-out failureMetals 2019, 9, x FOR PEER REVIEW 5 of 12 
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Figure 5 shows the microstructure of the base material, HAZ, and FZ. In general, the microstructure
of TRIP steel consists of ferrite, bainite, retained austenite, and a small portion of martensite [23].
As shown in Figure 5a, the base material of 980 MPa grade TRIP steel used in this study is composed
of ferrite and elongated bainite. Due to the combination of these microstructures, the hardness of
the BM was approximately 320 HV. HAZ is divided into two areas, which are SCHAZ near BM and
UCHAZ near FZ. The microstructure of SCHAZ was tempered by the bainite present in the BM
(Figure 5b) because the peak temperature reached a temperature below Ac3. Since UCHAZ reaches the
peak temperature above Ac3, ferrite and bainite of the base material are transformed into austenite.
Then, due to the high cooling rate, the microstructure is composed of martensite, ferrite, and bainite
(Figure 5c) [24]. FZ is completely melted and transformed into austenite. Thereafter, the microstructure
was composed of two phases of martensite and bainite (Figure 5d) due to the high cooling rate during
cooling, and the hardness of FZ was about 540 HV.
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load between 7 kN and 8 kN, plug failure at the fatigue load between 5 kN and 6 kN, and HAZ failure 
at the fatigue load between 2 kN and 4 kN, respectively. Furthermore, when the electrode face 
diameter was 10 mm, no pull-out failure occurred, plug failure occurred at fatigue load between 5 
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Figure 5. Microstructure of (a) base metal (BM), (b) sub-critical heat affected zone (SCHAZ),
(c) upper-critical heat affected zone (UCHAZ), and (d) fusion zone (FZ).

3.2. Fatigue Test

Figure 6 shows the load-number of cycles to failure curves of the resistance spot welding specimen
obtained by fatigue test using two kinds of electrodes. In both face diameter conditions (8 mm and
10 mm), fatigue life decreased as the fatigue load increased. For the electrode face diameters of 8 mm
and 10 mm, the fatigue limit of 2 × 106 cycles was reached when the fatigue loads were 1 kN and
2 kN, respectively. The fatigue life of the electrode face diameter of 10 mm was longer than that of
8 mm. When the fatigue load was 5–8 kN, the fatigue life of the 10 mm electrode was about two times
longer, and the fatigue life difference was decreased at the lower load. In this study, the fatigue life was
increased when the nugget size was large. As the nugget size of the resistance spot weld increases, the
joint area increases and the stress concentration decreases [25].
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Generally, failure modes of resistance spot welds during the tensile test are classified into three
types. The first mode is a pull-out failure in which the nugget is pulled out from the BM or HAZ. The
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second mode is an interfacial failure in which the crack progresses through the nugget. The third mode
is the partial interfacial failure in which the pull-out failure and the interfacial failure coexist [9,26]. In
addition, failure modes of the fatigue test are reported to cause pull-out failure as well as tensile test,
and there is also a failure mode propagating along the width direction of the specimen [12,16].

In this study, three types of failure modes occurred due to fatigue load are shown in Figure 7 and
Table 5. In case of the electrode face diameter of 8 mm, pull-out failure occurred in the fatigue load
between 7 kN and 8 kN, plug failure at the fatigue load between 5 kN and 6 kN, and HAZ failure at the
fatigue load between 2 kN and 4 kN, respectively. Furthermore, when the electrode face diameter was
10 mm, no pull-out failure occurred, plug failure occurred at fatigue load between 5 kN and 8 kN, and
HAZ failure occurred at fatigue load between 3 kN and 4 kN. When the electrode face diameter was
10 mm, the nugget size was larger than that of electrode face diameter of 8 mm; thus, the load bearing
capacity was increased, which meant no pull-out failure occurred [27]. In the case of the electrode face
diameter of 8 mm, the failure modes were well characterized; the specimens and fractured shapes are
shown in Figure 8. Figure 9 shows the propagation direction of cracks for each failure mode.

The red arrows of OM images in the XY plane and of schematic diagram in the XZ plane indicate
the cross-sectional direction of the crack propagation. Pull-out failure is a failure mode in which the
crack propagates around the nugget, and the nugget is completely pulled out from the base material
and the HAZ (Figures 8a and 9b). In contrast, the crack in HAZ failure mode propagates in a direction
perpendicular to the load (Figure 8c). The crack propagation in Figure 9d spreads to the base material
outside the nugget than the propagation direction of the pull-out failure and propagates in the thickness
(Z-direction). The plug failure is a failure mode in which the pull-out failure and the HAZ failure are
mixed. The crack spreads about 30% over the entire circumference of the nugget and propagates in the
direction perpendicular to the load (Figure 8b). The propagation direction of the plug failure is similar
to that of the pull-out failure, but the crack propagates in the HAZ region, which is slightly further
from the nugget (Figure 9c).
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Table 5. Fatigue failure modes of welds with electrode face diameters of 8 mm and 10 mm according to
the fatigue load.

Load (kN)
Electrode Face Diameter

8 mm 10 mm

1 - -
2 HAZ failure -
3 HAZ failure HAZ failure
4 HAZ failure HAZ failure
5 Plug failure Plug failure
6 Plug failure Plug failure
7 Pull-out failure Plug failure
8 Pull-out failure Plug failure
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3.3. Fracture Surface

As shown in Figure 10, in order to observe the initiation and propagation of fatigue cracks, the
specimen of Figure 8 was cut and observed with OM. Figure 10a shows the viewpoint direction and
failure position. The location indicated by the red circle is a notch where stress concentration occurs
due to thermal cycling during resistance spot welding, and necking occurs when a tensile load is
applied [14,15]. Therefore, a crack was generated and propagated in the notch. As shown in the
fracture surface of the pull-out failure (Figure 10b), the nugget was broken and the plug failure and
HAZ failure occurred due to the propagation of the crack to the base material (Figure 10c,d). Therefore,
the area of the fracture surface increased in the order of pull-out, plug, and HAZ failure. Pull-out
failure and plug failure have a shape in which the cracks gather from outside to inside, because the
crack propagates around the circumference of the nugget when first propagated, and HAZ failure
spreads from the inside to the outside.
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Figures 11–13 show the result of observing the fracture surface using SEM. Figure 11 shows the
fracture profile when the pull-out failure occurs. Figure 11a shows the brittle surface as a whole,
and intergranular fracture occurred at the interface between the material and the material. When the
location of the intergranular fracture was observed at high magnification (Figure 11b), intergranular
fracture and dimple occurred from the bottom to the middle, and striations occurred due to the fatigue
crack progression at the upper part. At this time, since the direction perpendicular to the direction
of the striation is the direction of crack propagation, it can be seen that the cracks have propagated
upward (Figure 11c). As shown in Figure 11d, similar to Figure 11b, there is an intergranular fracture in
the lower part, and striation, second crack, and cleavage fracture were observed. When a tensile load
is applied, fracture occurs at the grain boundary where the bonding force between atoms is weakest,
and phenomena such as cleavage fracture and slip occur [27]. Therefore, cracks initiated at the lower
end of the fracture surface where the intergranular fracture occurred, and the intergranular fracture
occurred in the wide area of the lower part, and the crack was initiated in multiple.

Figure 12 shows the fracture surface when a plug failure occurs. Figure 12a shows a relatively
ductile fracture surface compared to the pull-out failure. In Figure 12b, where cracks were initiated,
there is the inclusion at the interface. On the basis of the inclusions, the left part has striations with
upward cracks and the cleavage fracture to the right. The striations at the area near the crack initiation
were extended upward (Figure 12c) and the striations at the crack propagating region (Figure 12d)
were also all extended upward. The degree of striations at the edges was reduced. This is because the
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plug failure tears the BM at the edge when the nugget is ripped from the center. This is because the
plug failure mode tears the nugget at the center and tears the BM at the edge.

Figure 13 shows the fracture surface of HAZ failure. Figure 13a shows the ductile fracture surface,
where the propagation direction of the crack was radially outward from the center, unlike the pull-out
failure. Unlike other failure modes, HAZ failure has many cleavage fractured areas. In the crack
initiation area (Figure 13b), cleavage fracture occurs in the dark part of the lower part, and all other areas
are composed of striations. All other areas consist of striations (Figure 13c). In the crack propagation
area, less cleavage fracture occurs and most of the area is composed of striations (Figure 13d).
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4. Conclusions

980 MPa grade TRIP steel was subjected to resistance spot welding, and mechanical properties
and microstructure were analyzed. In addition, the fracture surface was observed according to the
failure mode after the fatigue test. The conclusion is as follows.

1. Nugget sizes were 5.1 mm and 5.7 mm for electrode diameters of 8 mm and 10 mm, respectively.
The tensile strengths were 12.5 kN and 15.5 kN, respectively, and the larger the electrode diameter,
the larger the tensile strength. For both electrode diameters, the failure mode at the tensile test
was a pull-out failure.

2. Fatigue life increased with decreasing fatigue load. When the electrode face diameter was 10 mm,
the nugget size was larger and the fatigue life was higher. This is because the nugget size increases
and the load bearing capacity increases.

3. Three kinds of failure modes such as pull-out, plug, and HAZ failure occurred according to
the fatigue load. In all fracture modes, cracks were initiated at one or several locations in the
interfacial and notch regions of the two materials. In fracture surface, striations, cleavage fractures,
dimples, and intergranular fractures were observed.

4. The behavior of crack propagation was different in three failure modes. Pull-out failure propagated
as the cracks gathered from outside of the nugget to the inside, HAZ failure propagated as the
crack propagated outward from the inside of the nugget, and the plug failure propagated with
the other two failure modes mixed.
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