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Abstract: The effects of a sheared edge and overlap length on the reduction in the tensile fatigue limit
before and after hydrogen embrittlement of resistance spot-welded ultra-high-strength steel sheets
were investigated. Ultra-high-strength steel sheets with sheared and laser-cut edges were subjected
to resistance spot welding followed by hydrogen embrittlement via cathodic hydrogen charging
and subjected to static tensile shear and fatigue tests. The distance between the resistance spot weld
and the sheared and laser-cut edges was changed by changing the overlap length, and the influence
of the weld position was investigated. In the tensile shear test, the maximum load decreased with
decreasing overlap length and the maximum load decreased with hydrogen embrittlement, but the
effect of hydrogen embrittlement was smaller than that in the fatigue test. In the fatigue test, the
fatigue mode changed from the width direction to the sheared edge direction with the increase in
the repeated load. Even if the overlap length was reduced, the fracture changed to the sheared edge
direction. In the specimens with sheared edges, the effect of fatigue limit reduction due to hydrogen
embrittlement was greater than in the specimens with laser surfaces. In particular, the effect was
greatest when the fatigue mode was changed via hydrogen embrittlement.
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1. Introduction

To improve the fuel consumption of automobiles, a reduction in the weight of auto-
mobiles is required in the automobile industry. To reduce the weight, the application of
high-strength and ultra-high-strength steel sheets with small thicknesses to automotive
body parts is increasing. Ultra-high-strength steel sheets with a tensile strength above
1000 MPa are widely applied in the automotive body parts and aerospace industries due
to their high strength. However, large forming load [1], very large springback [2], small
formability [3], tool failure [4], and hydrogen-induced delayed fracture [5] are problematic
in the cold stamping of ultra-high-strength steel sheets.

Factors that contribute to delayed hydrogen embrittlement fracture include micro-
structure [6], surface conditions [7], phase structure [8], and tensile residual stress. Although
coatings are able to reduce hydrogen sensitivity [9], coatings also reduce weldability.
In addition to laser and arc spot welding, resistance spot welding is widely used for
assembling automobile bodies [10,11].

Liquid metal embrittlement (LME), which is a major problem in the resistance spot
welding of ultra-high-strength steel sheets, has been investigated in terms of the effects of
microstructure, coatings, and other factors. The radius of curvature has an effect on the
LME because the electrode is cooled from its contact surface with the curved surface [12,13].
As for metallurgical structures, it has been shown that LME occurs more easily in high-
strength steels than in low-carbon steels [14], and that a high silicone content in dual-phase
steels increases LME sensitivity [15].
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In resistance spot welding, welding current has a large influence on welding conditions.
In annealed plated steel, an increase in welding current is necessary to increase the heat
value [16]. In welding TWIP steel, an increase in welding current worsens the LME [17] but
reduces the tensile residual stress in the weld [18]. Simulations of welding DX56D steel
sheets show that the tensile residual stresses in the resistance spot welds cause warpage
deformation in the steel sheets, which affects the assembly of the parts [19].

Studies have been conducted to improve the fatigue limit of resistance spot welds.
It has been shown that fatigue strength increases with increasing nugget diameter and
compressive residual stress [20], that fatigue strength increases with the relaxation of tensile
residual stress in 980 MPa-class steel [21], and that cracks develop from the boundary
between the nugget and heat-affected zone [22]. In a resistance spot-welded AISI 304
steel sheet, the tensile shear fatigue strength at 107 times decreased by about 20% with
an R value from 0.05 to 0.67 [23]. In addition, the fatigue strength of AISI 304 and SAF
2304 under a NaCl environment decreased by about 30~40% compared with that under an
atmospheric environment [24]. The fatigue strength of resistance spot-welded combinations
of galvanized steel sheets and AISI 304 was lower than that of welding two sheets of
each steel sheet together [25]. Different crack extension directions were observed for
resistance spot-welded DP600GI and HSLA340Y GI at different fatigue loads [26]. Post-
weld cold working (PWCW) of DP980 resistance spot welds increased fatigue strength due
to compressive stresses [27]. The experimentally measured crack extension angles were
compared with the numerical results for a 590 MPa steel sheet, and the results were closer
to the experimental values than to the theoretical values [28].

Hydrogen embrittlement and various types of joining are also being studied. In K-TIG-
welded AISI 304 SS, the tensile fracture mode changed when it was charged with hydrogen
at current densities above 50 mA /cm? [29]. The effect of hydrogen in the stir zone was
smaller in friction—diffusion-welded low-carbon steel than in the base metal [30].

The manufacturing process of an automobile body is shown in Figure 1, and cracking
due to hydrogen embrittlement-delayed fracture at the sheared edge and resistance spot
welds is shown in Figure 2. Tensile residual stresses occur in blanking and resistance
spot welding. Therefore, hydrogen in the environment can cause hydrogen embrittlement-
delayed fracture. On the other hand, the distance to a cut edge in an automotive body is
closer than in material testing, and the effect of a cut edge is more likely to occur. Fatigue
strength in long-term use is also important. However, there are no papers that examine the
effects of cut surfaces and overlap on the fatigue strength of hydrogen-embrittled ultra-high-
strength steel sheets, which should be evaluated to expand the use of ultra-high-strength
steel sheets.
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Figure 1. Manufacturing process of an automobile body.
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(a) Shearing surface (b) Welding surface

Figure 2. Cracks due to hydrogen embrittlementdelayed fracture at (a) sheared edge and (b) resistance
spot welds.

In this paper, tensile fatigue specimens with different cutting edges and overlaps were
hydrogen-charged to observe the effects of sheared edge and overlap length on fatigue
strength before and after hydrogen embrittlement.

2. Materials and Methods

The test method in this study is shown in Figure 3. Sheets were cut using laser
cutting and shearing, and then resistance spot-welded with a different overlap length. The
specimens were hydrogen-charged with the cathodic hydrogen charge test, and changes in
tensile shear strength and fatigue strength were measured with the tensile shear test and
shear fatigue test, and the effects of the cut edge and overlap length were examined.
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forming spot welding
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Punch - A/ | -
0 ho “+-Specimen
Sheet B » P
] Welding' | | | |
Die electrodes o3
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Figure 3. Test method in this study.

The mechanical properties of the sheet used are shown in Table 1. A sheet with a
nominal tensile strength of 1180 MPa was used. The steel sheet was a dual-phase and
non-coating sheet. The nominal thickness was 1.2 mm. The extensometer used to measure
elongation had a gauge length of 50 mm (A50).

Table 1. Mechanical properties of steel sheet.

Steel Thickness S :r{ (leillgth S{i:rsllglteh Hardness Elongation = Reduction in n-Value
Sheet (mm) R. (MPa) R, (MPa) (HV0.1) (%) Area [%] -)
JSC1180 1.20 939 1209 421 8.0 40.5 0.135

The shearing conditions of the specimens are shown in Figure 4, and the resistance
spot welding conditions and weld details in Figure 5. The blanks were then sheared with a
die mounted on a servo press (Amada press systems Co., Ltd., SDE-8018, Isehara, Japan).
TiN-coated SKH51 punches and dies were used. The material of the blank holder was
55400 without a coating. The sheets were fixed to the die via a blank holder bolted to the
die, and a urethane rubber counter block was attached to the lower part of the punch to
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(a) Weld Sequence

suppress burrs. The punch speed was 90 mm/s, the shear angle of the punch was 0°, and
the clearance ratio to sheet thickness was 10%. The conditions for resistance spot welding
were set to satisfy ]IS standards [31]. B-grade conditions (nugget diameter: 4.4 mm; tensile
shear load: 10.3 kN). The actual average nugget diameter was 5.7 mm, and the average
tensile shear strength was 20.26 kIN. There was no difference in hardness distribution in the
width and thickness directions for welds welded under different cutting edge conditions.
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Figure 4. Shearing conditions of sheet.
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Figure 5. (a) Conditions for resistance spot welding; (b) surface and sectional details of the weld; and
(c) hardness distribution in welds.

The dimensions of the specimens used for testing are shown in Figure 6. Specimens
conforming to JIS standards [32] were used to measure the steel sheet strength. The
specimens were hydrogen embrittled via cathodic hydrogen charging, and the steel sheet
strength after hydrogen embrittlement was obtained. In the tensile shear test, specimens
based on JIS standards [33] were used. Two 30 mm x 100 mm steel sheets were welded
together in a stack. In shear fatigue tests, specimens based on JIS standards [34] were used.
Two 40 mm x 140 mm steel sheets were welded together in a stack. The sheets, having an
overlap length L, were welded under three conditions of L = 40, 15, and 10 mm. The sheets
were resistance spot-welded to the center of the overlap length. The cut edge near the weld
had sheared and laser-cut surfaces. All other edges except for near the weld were laser-cut.

To penetrate hydrogen into the specimen, accelerated tests were conducted using the
cathodic hydrogen charge method. The cathodic hydrogen charge test method is shown in
Figure 7. The specimens were immersed in a 3.0 g/L NH4SCN solution containing 3 vol%
NaCl, and the temperature of the solution was maintained at 30-35 °C. An Ag/AgCl
electrode was used as the reference electrode, the test specimen as the working electrode,
and a Pt electrode as the counter electrode. The test time was defined as the charge time T.
Various tests were performed on specimens that had been hydrogen-charged for 24 h and
on specimens that had not been hydrogen-charged.
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Figure 6. (a) Specimen for tensile strength test of steel sheet; (b) specimen for tensile shear test of
welds; and (c) specimen for shear fatigue test of welds.

Charging time 7= 0, 24 [h]
Potentiostat|:] olele |
-1.0V

=

Reference electrode
(Ag/AgCl)

Working electrode
(Spec imen)

30-35 °c

3 vol% NaCl + Counter electrode
3.0 g/L NH,SCN, 750 mL (Pt)

Figure 7. Cathodic hydrogen charge test method.

The test method for shear fatigue testing is shown in Figure 8. The specimens
were mounted on a servohydraulic fatigue testing machine (Shimadzu Corporation, EHF-
UV050k, Kyoto, Japan) in a room with a room temperature of 23 £ 2 °C and a humidity
of 60 £ 5%, and a sinusoidal repeated load was applied at 40 Hz. A repeated load F and
A repeated maximum load Frax were defined, where Fiy,x was varied between 1 kN and
5 kN, approximately 5% to 25% of the tensile shear strength in the static test, and the
endurance limit Ny was set to 10° cycles.

frox = 1 ~ 5 KN, =
40 Hz =
Lower sheet—__ Mrax = 10° t
| o
Specimen| 1 Weld = .
Temperature: 23+2 °C 3 W5
Upper sheet—~ |Humidity: 605 % § L
2
0
Load cycles ¥ [-]
(a) Setup (b) Wave of load

Figure 8. (a) Test conditions for shear fatigue testing and (b) waveform of load and definition of
repeated load F in shear fatigue testing.

3. Results
3.1. Sheared Edge and Tensile Strength of Steel Sheets

Laser and shear cutting surfaces and the quality of the sheared edge of the cut sheet
are shown in Figure 9. The entire surface of the laser-cut edge was the heat-affected zone



Metals 2023, 13, 2002

6 of 14

(HAZ), and no dross was generated. The sheared edge consisted of a rollover, a burnished
surface, a fracture surface, and a burr. To avoid weld defects due to burr bumps, they were
welded on top of each other with the rollover side in contact during welding.

0.5 mm b——— 0.5 mm ——— _ Laser Shearing
& = 0 Ral lover
x Rol lover 020 subniat
I8 (Lot I Burnished "é‘ a0k upaEshed
affected - HAZ
zone % S 60—
(HAZ) Fracture -E 80—
o
s 109 Burr
: (PR S12
(a) Cut surface (b) Cut surface (c) Quality of
for laser cut for shearing cut edge

Figure 9. (a) Laser-cut edge and (b) shear edge, and (c) composition ratio for each cut surface.

The cut edges at charging time T = 24 h are shown in Figure 10. The cut edge of the
welded specimen was observed before the tensile test. Regardless of overlap length, cracks
occurred in fracture surfaces at the sheared edges, although no cracks were observed at the
laser-cut edges.

0.5 mm b———

(a) Laser cut, (b) Laser cut, (¢) Laser cut,
L =10 mm L =15 mm [ = 40 mm

: Nl “q“%a::&, A
(d) Shearing, (e) Shearing, (f) Shearing,
L =10 mm L =15 mm L = 40 mm

Figure 10. Cut edges at T = 24 h for (a—c) laser-cut and (d—f) sheared edges.

The load—stroke curves of the hydrogen-charged steel sheet in a tensile test and the
specimen after fracture are shown in Figure 11. The elongation at the break in the hydrogen-
charged steel sheet was approximately 10% lower than that of the non-hydrogen-charged
steel sheet, but the fracture shape did not change.

25

—1.6
E | 30 _mm |
= 20 T=0h S . 4 ‘1
= 1.2, | s e 2
o ‘ g | B e -w
SUT e &= i) T=0h o
Y= —0.8 | =
® 10—/ g
— | =
w [+ —
5 0.4 R 2
=25 = - ;
:50 =t A 3
o 7 4 6 810%0 i) 7=24h
Stroke [mm]
(a) Tensile force — Stroke curve (b) Specimen after tensile test

Figure 11. (a) Tensile force—stroke diagram at charge times T = 0 and 24 h, and (b) specimen after
fracture at charge times T = 0 and 24 h.
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3.2. Tensile Shear Test Results of Hydrogen-Charged Resistance Spot Welds

The tensile shear force-stroke curves for tensile shear tests of hydrogen-charged
resistance spot welds for each cut edge are shown in Figure 12. Although a deviation in
the curves was observed, typical curves are shown in this figure. The load increases with
increasing the stroke. The peak of the increased load is shown, and then they drop suddenly.
In the both cut edges, the peak load and the stroke at the peak tend to be decreased with
decreasing the overlap length with hydrogen charge. The reductions in the peak load and
the stroke might be caused by the reduced ductility of the hydrogen charged material.
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0h h
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=
|
"51.,’)‘%(

Lo (T
01 2 3 45 01 2 3 45
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(a) Laser cut (b) Shearing

Figure 12. Tensile shear force—stroke curves for (a) laser-cut edge and (b) sheared edge.

The failure modes of the tensile shear specimens are shown in Figure 13. The failure
mode for L = 40 mm and 15 mm was plug failure for both cut edges with and without
hydrogen charge. The failure mode for L = 10 mm was shear failure toward the cutting edge
for both cut edges with and without hydrogen charge. This is due to the crack growing
from the nugget edge toward the cut edge because of the small overlap length. There
were no effects of cut edges or hydrogen charge on the fracture mode. However, cracks
due to hydrogen embrittlement were observed at the interface between the nugget and
heat-affected zone on the surface of the weld.

Cutting edge Laser cut Shear ing
Charging time 7 [h]

10

Overlap L

k] 15

40

Figure 13. Failure mode of the tensile shear specimen.

The tensile shear strength in the tensile shear tests of the hydrogen-charged resistance
spot welds for each cutting edge and the strength ratio at T = 24 and 0 h are shown in
Figure 14. In the both laser-cut and sheared edge conditions, the ratio in tensile shear



Metals 2023, 13, 2002

8 of 14

strength decreased with decreasing the overlap length. The minimum ratio in tensile shear
strength in the laser-cut specimen was approximately 80%, whereas the minimum ratio in
the sheared specimen was approximately 75%. This reduction may be due to cracking at
the sheared edge in addition to hydrogen embrittlement of the material.

=30 100 =30 100
= N —
= Ratid = = Ratio =
§25‘ 80 = §25* 80 =

TSS [ ! _ "
=201 B ~ S20 T —~
2 A 60 o B JI fTSS;f—eo %
S5 asjj 8 5150 - 8
= —140 ~ = —40
S10- = 210- =
@ AT 3
24 o2l o
w0 w
c ) c -+
ol © [} ©
0 0o g, .0 0 3
[ [mm] 10 154010 15 40 2 [ [mm] 10 1540 10 15 40 =
7 [h] 0 24 7 [h] 0 24

(a) Laser cut (b) Shearing

Figure 14. Tensile shear strength in tensile shear tests of hydrogen-charged resistance spot welds and
strength ratio at T = 24 and 0 h for (a) laser cut and (b) shearing.

3

.3. Shear Fatigue Test Results of Hydrogen-Charged Resistance Spot Welds

The classification of failure modes in the specimen after shear fatigue testing is shown

in Figure 15. The following four failure modes were observed and classified in the speci-
mens after fatigue testing:

1.
2.

3.

Schema . Weld \,"W_e'ld/ @

Without fracture: no fracture occurs even after the test is run up to the endurance limit.
Fracture in width direction: cracks occur at the nugget edge and extend in the direction
of the sheet width, and then fracture.

Fracture in cutting edge: cracks occur at the nugget edge and extend from the direction
of the sheet width to the direction of cutting edge, and then fracture.

Plug failure: cracks occur at the nugget edge and extend along the heat-affected zone,
and then fracture.

Lower sheet Lower sheet Lower sheet Lower
sheet @Weld

v
) ] e O
Upper sheet Upper sheet sheet

M] . { heet ™! separated|
Lower sheet - ' !
%3 {
Sk | Lower
AN sheet
Specimen e
| | Az |
Uppers sheet ‘Upper sheet ' Upper sheet “
¥l N . I |
(a) Without fracture, (b) Fracture in (c) Fracture in (d) Plug failure,
L =15 mm and width direction, cutting edge, L =40 mm and
Frax = 1 kN for L =15 mm and L =15 mm and Foax = 5 kN for
7=0h and Foax = 2 kN for Foax = 4 kN for 7=0h and
shearing 7=0 h and 7=0 h and shearing

shearing shearing

Figure 15. (a) No fracture after 10° tests, (b) crack grows in direction of sheet width, (c) crack grows in
the direction of cutting edge from sheet width direction, and (d) crack grows along heat-affected zone.
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The fatigue limit and the failure mode for each cut edge for repeated loads Fmay are
shown in Figure 16. The fatigue test was performed three times. The plots indicate the
mean values, and the error bars indicate the minimum and maximum values. Regardless of
the cut edge, the fatigue limit at failure occurred tends to decrease with decreasing overlap
length. The failure modes without fracture and with fracture in the width direction in
small repeated load changed to fractures in the cut edge and plug failure in large repeated
load. The fatigue limit of the hydrogen-charged specimens was lower than that of the
non-hydrogen-charged specimens.

OWithout fracture OFracture in width direction ——7=0h
OFracture in cutting edge BPlug failure ——— 24 h
1004 108th 1088
Y N
A\ \\
W N
\ Lase t
T LN D La il
—10° - AN —10° — —10°
= N+ = =
3 Shear ing 30X 3 3
[} >3 o [5)
3 3 &
8100 - r R0t - B0t
- — —
108 ‘ ! ‘ 103 L \ \ 10° | \ I

1

2 3 4 5
Repeated load #,,, [kNI
(@ £ =10 mm

1 2 3 4 5
Repeated load £,, [kN]
() L =15 mm

2 3 4 5
Repeated load £, [kN]
(c) £ =40 mm

Figure 16. Fatigue limit and the failure mode for repeated load Fmay: fatigue limits and failure modes
of tensile fatigue specimens with (a) L = 10 mm, (b) L = 15 mm, and (c) L = 40 mm.

The ratio of the fatigue limits before and after hydrogen charging for each cut edge is
shown in Figure 17. The ratio in the fatigue limit was calculated from the mean reduction
from the fatigue test in Figure 16. The ratios in some conditions are smaller than those in
the static test in Figure 14. The fatigue limit was decreased after hydrogen charging except
for F = 1 kN, and then the ratio in fatigue limit for the sheared edges tended to be larger
than for the laser-cut surface edges. The minimum ratio for the sheared edges is about 30%,
whereas the ratio for the laser-cut edges is about 65%. For the sheared edge, where L =
15 mm and Fmax = 3 kN, the minimum ratio in fatigue limit was observed, and then the
failure mode was changed from fracture in the width direction to fracture in the cut edge.
As shown in these results, the fatigue limit for the sheared edge was affected by the overlap
length and hydrogen charging with changing failure mode.

OWithout fracture OFracture in width direction
OFracture in cutting edge @Plug failure

, 100 . 100¢ . 10—
Q () [0}
&£ &£ £ .
© © © ser cut
2 80 2 80 ‘ ) 2
©r— ©r— / ©r—
o o= _\ o
ol O o o O o )
E-%GO E'%DGO | \ Shearin L E'goﬁo L Shear ing
82 82 82
é o é o é [&]
=540 - =540 - \ =G40
O ap O ap \ O ap
EL FY EL
e} ) e}
S22 S22 £Z90 -
(o] (e} (o]
.Q .Q .0
0(:1 0 L § 0 L crt‘i’ L
12 3 4 5 12 3 4 5 T2 3 4 5
Repeated load £, [kN] Repeated load £, [kN] Repeated load £, [kN]
(a) £ =10 mm (b) £ =15 mm (¢) L =40 mm

Figure 17. Ratio of fatigue limits and failure mode for repeated load Fmax at (a) L = 10 mm, (b) L = 15 mm,
and (c) L =40 mm.
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The fracture modes before and after hydrogen charging for each cut edge at L = 15 mm
and Frmax = 3 kN are shown in Figure 18. In the laser-cut edge, the fracture mode was fracture
in the width direction regardless of whether hydrogen charging was applied or not. On the
other hand, in the sheared edge, the fracture mode was in the width direction at T = 0 h,
while it changed to fracture in the cut edge at T = 24 h. The fatigue limit in the laser-cut edge
shortened with the same fracture mode with the hydrogen charge, whereas the fatigue limit
in the sheared edge was greatly reduced by the change in failure mode due to the effect of
cracks at the sheared edge, as shown in Figure 10.

Upper ESEgotg[

B
| Upper sheed

i) T=0h, i) I'=24h, i) 7T=0h,
Fracture in Fracture in Fracture in Fracture in
width direction width direction width direction cutting edge
(a) Laser cut (b) Shearing

Figure 18. Fracture modes for each cutting edge at L = 15 mm and Fnax = 3 kN.

4. FEM Stress Concentration Analysis and Discussion of Results

The specimens with shear surfaces showed a greater reduction in fatigue limit after
hydrogen charging. Among them, the ratio in fatigue limit was the highest at L = 40 mm
and the lowest at L = 15 mm. At Fiax = 3 kN, the reduction in fatigue limit due to the
difference in the cut edge was small at L = 40 mm, and it was the largest at L = 15 and
10 mm. To discuss this point, the stress distributions occurring in the sheets were obtained
from the analysis.

The analysis and material conditions in the static—elastic finite element analysis are
shown in Table 2, and the analysis model is shown in Figure 19. For investigation of the
stress distribution in the sheet at F = 3 kN in the shear test, the static analysis in SolidWorks
2019 was used. In this model, the nugget was a rigid cylinder with a diameter of 5.4 mm
and the sheets were assumed as elastic solid elements. The effects of cut edges, hydrogen
charge, and fracture criteria were not considered in the model. Because cracks generally
occur around the nugget, the distributions of stress on the interface between the sheets
were evaluated.

Table 2. Analysis and material conditions.

Software Analysis Mode Appli(eliil\f)orce F Element Type M‘:Is:r:)ize
SolidWorks 2019 Static 3.0 Solid 225
Elastic modulus Poisson’s ratio Mass density Tensile strength Yield stress

(MPa) ) (kg/m3) (MPa) (MPa)
210,000 0 7900 1209 800

Nugget-to-sheet
connector: rigid

Nugget: ¢5.4
Rigid model

Tensile force: F =3 kN

Figure 19. Analysis model for stress analysis.
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The distribution of the maximum principal stress on the upper surface in the lower
sheet is shown in Figure 20. High maximum principal tensile stress occurred around the
nugget. This result is consistent with the fact that fracture occurs close to the nugget.
The maximum principal stress distributions at L = 10 and 15 mm, where the overlap is
short, are almost the same. However, at L = 10 mm, the maximum principal tensile stress
is distributing to the cutting edge. This difference in distribution is likely to cause the
difference in the fracture rates at the cut edges in fatigue tests.

10 mm

900
I 800

©
%
600 &
+
500 M
Cuttin Cuttin Cuttin 400 g
Nugget edgeg Nugget edgeg Nuggt edgeg 300 e
200 &
£
100 2
0 3

-100

5 mm

(@ £ =10 mm (b) L =15 mm (c)[-40mm

Figure 20. Maximum principal stress distribution at F = 3 kN on upper surface in lower sheet at
(a) L = 10 mm, (b) 15 mm, and (c) 40 mm.

The relationship between the overlap length and the failure mode is shown in Figure 21.
When the overlap length is large, the stress in the width direction increases in Figure 20c.
Cracks grow in the width direction due to the longer distance from the cut edge. The effect
of the cut edge is also smaller. After hydrogen embrittlement, the effect of the sheared
edge is also small because of its long distance from the crack. On the other hand, when the
overlap length is small, the stress in the direction of the sheared edge increases. The cracks
change direction in the cutting edge direction because the distance to the sheared edge
is short and the shear deformation stress in the cutting edge direction is smaller than the
stress that grows the crack in the width direction. Hydrogen embrittlement has a greater
effect because it tends to merge with cracks at the sheared edge. At L = 15 mm, the middle
length, the difference in stress between the width direction and the cutting edge direction
becomes smaller, and the crack growth direction changes more easily. In addition, the
crack growth direction is more likely to change because it is closer to the sheared edge and
more sensitive to the effects of hydrogen embrittlement. Therefore, when the crack growth
direction changes, the fatigue limit decreases significantly due to hydrogen embrittlement
because the reduction in the fatigue limit becomes large.
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Figure 21. Relationship between overlap length and failure mode at (a) large overlap length and
(b) small overlap length.

5. Conclusions

In this paper, the effects of the sheared edge and the overlap length on the reduction
in the tensile fatigue limit after hydrogen embrittlement of resistance spot-welded ultra-
high-strength steel sheets were investigated, with the following results:

1.  In tensile shear deformation of resistance spot welds of ultra-high-strength steel
sheets, the maximum load decreased as the overlap length decreased. Furthermore,
the reduction in maximum load increased with the decreasing overlap length when
the weld was hydrogen-charged.

2. In the fatigue test of resistance spot welds of ultra-high-strength steel sheets, the
fatigue limit decreased with decreasing the overlap length under the same load. In the
sheared edge, the fatigue limit was reduced due to the reduction in material ductility
and cracking at the sheared edges caused by hydrogen embrittlement.

3. For the fatigue limit of resistance spot welds with a sheared edge, the reduction in
the fatigue limit due to hydrogen charging was larger than that of a laser-cut edge. In
particular, the fatigue limit of the resistance spot weld with a sheared edge decreased
significantly when the fracture mode was changed.

4. The change in the fatigue limit due to hydrogen charging was larger in welds with a
small overlap length where the fracture mode was likely to change.

5. If the distance between the sheared edge and the weld was not sufficient, the fatigue
limit, whose failure mode changed due to hydrogen charging, was more sensitive to
the sheared edge than to static loads, which might cause a significant reduction in the
fatigue limit, and should be considered in the design of welded joints.

6.  If the sheared edge is close to the weld, there may be a significant reduction in fatigue
strength due to long-term use, so an appropriate overlap length must be selected.
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