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1. Introduction
It is said that resistance spot welding was first used to weld fry-

ing pan handles around 1900. By 1946, the year following the end 
of World War II, this welding method had begun to be applied in the 
fabrication of car bodies.1) As increasing amounts of automotive 
steel sheet of higher strength have been used in recent years, the in-
ferior cross-tension strength (CTS) of high-strength steel joints has 
been highlighted. Using steel sheet of higher strength is essential to 
reduce the weight of car bodies and secure the required levels of 
crashworthiness. Conversely, inferior CTS can frustrate the adoption 
of steel sheet of higher strength. Therefore, we investigated why the 
CTS of high-strength steel joints is low from the standpoint of frac-
ture mechanics; on the basis of our results, we attempted to develop 
a new welding technique to enhance CTS.

Incidentally, the demand for lighter car bodies has necessitated a 
reduction in the thickness of automotive panels. Today, even steel 
sheets as thin as 0.55 mm are used for such panels. Consequently, 

when welding three sheets that differ significantly in thickness with 
a thin sheet set adjacent to the electrode, it is not always possible to 
form a nugget at the interface between the thin sheet and any of the 
thick sheets. Conversely, in spot welding (a point-joining method), 
the backlash between welding points causes member stiffness to de-
crease. In order to enhance the stiffness, it is expected that hydro-
forming (which allows solid structures with closed cross sections to 
be obtained) will be applied. However, the electrode sinks during 
the welding operation when an attempt is made to spot weld a steel 
sheet to a hollow member; this makes it impossible to obtain the 
welding current density required to form a desired nugget. This re-
port also describes the results of the latest research into welding 
methods for parts to which spot welding can hardly be applied.

2. Spot Welding
2.1 Strength of spot-welded joints of high-strength steel sheets

The use of high-strength steels (tensile strength of at least 590 
MPa) has been expanding in an effort to meet the safety standards 
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of car bodies and reduce environmental impacts (that is, to enhance 
the crashworthiness of car bodies and reduce their weight simultane-
ously). Presently, some steel sheets have tensile strengths of 1,500 
MPa or more. Such steels are subjected primarily to hot press form-
ing.2) The strengths of spot-welded joints are illustrated in Fig. 1. 
The tensile shear strength of welded joints tends to increase with in-
creasing steel sheet strength. Conversely, the CTS of welded joints 
tends to decline when the steel sheet strength is 780 MPa or more.3) 
This is thought to occur for the following reason. With increasing 
steel sheet strength, the stress concentration at the nugget edge in-
creases,4) and nugget ductility and toughness decrease. When the 
amount of any added element (such as C) is increased in order to se-
cure the desired steel sheet strength, the hardness of the weld metal 
(nugget) obtained increases; this, in turn, causes the nugget tough-
ness to decrease. Nugget toughness also decreases when the con-
tents of embrittling elements (P and S) are increased. The following 
equation of equivalent carbon content has been proposed to express 
the effects of these elements has been known.5)

  Ceq (spot) = C + Si/30 + Mn/20 + 2P + 4S ≦ 0.24 (%)
It is believed that C, Si, and Mn contribute to the increase in 

nugget hardness and P and S contribute to the increase in segrega-
tion, thereby causing a decline in nugget toughness. The threshold 
value on the right hand side represents the strength of a welded joint 
and the soundness of the fracture mode in a cross-tension test. When 
Ceq (spot) is within the range indicated by the above equation, frac-
tures always occur outside the nugget (plug fracture) and CTS is 
high. However, attempts have been made to enhance CTS by con-
trolling the composition of steel sheet appropriately. Sakuma et al. 
reported that even when the steel sheet strength is maintained con-
stant, the strength of the weld increases as C content decreases and 
Si content increases.6) This is thought to occur for the following rea-
son. With the increase in C content, the hardness of the weld in-
creases and the sensitivity of the fracture to the stress concentration 
at the nugget end increases, thereby causing CTS to decline. By 
contrast, as the content of Si—a hardenability element—is in-
creased, the region that is quench-hardened by Si widens, that is, the 
change in hardness in the region from the nugget to the base metal 
becomes milder, thereby improving CTS.
2.2 Fracture analysis in cross-tension test

According to a well-known material mechanics model, it is ex-

pected that the CTS of the spot welded joints will improve with the 
increase in steel sheet strength. However, this contradicts the ob-
served phenomenon (Fig. 1). Therefore, we considered a cross-ten-
sion test 7) based on fracture mechanics and attempted to clarify the 
dominant factors of CTS.

Understanding the fracture of spot-welded joints in the cross-
tension test as a problem of crack propagation from around the nug-
get, we studied the problem using an elastic-plastic fracture mechan-
ics model in order to obtain a general understanding of fractures, 
from the ductile fracture to the brittle fracture. According to elastic-
plastic fracture mechanics, it is assumed that the crack starts to 
propagate when the crack propagation driving force (J) around the 
nugget under a tensile load reaches the fracture toughness (JC) of the 
nugget edge. Therefore, we attempted to derive the value of J and 
measure the value of JC of the edge during the cross-tension test.

In order to derive the value of J, we applied an additional meth-
od in the cross-tension test to calculate the value of J from the 
change in potential energy caused by virtual crack propagation in an 
elastic-plastic FEM analysis.8) In the cross-tension test of a spot-
welded joint, the test piece (which has been prepared by putting one 
steel sheet over another in a cross shape and welding them at the 
center point) is subjected to the load that causes the steel sheets to 
separate. Therefore, the stress that is applied to the nugget increases 
not axisymmetrically, but at four points 90° apart in the same plane. 
We decided to let the virtual cracks propagate from one of these 
points. In the FEM analysis, a half-scale model that considered the 
symmetry of the joint was prepared. The above method was used to 
evaluate the dependence of the J-value on nugget diameter and 
crack propagation direction. Three levels of nugget diameter, based 
on the square root of sheet thickness t (= 1.2 mm), were considered: 
3√t, 4√t, and 5√t. In addition, we modeled virtual cracking in the 
interfacial direction (parallel to the sheet surface) and the thickness 
direction, corresponding to the initial crack propagation in the nug-
get fracture and the plug fracture, respectively.

Fig. 2 shows the distribution of maximum principal stress at the 
nugget edge under a load of 4 kN. The broken line in the figure indi-
cates the fusion line. It is clear that the virtual crack in the edge 
opened during the deformation. The decline in potential energy 
caused by the opening was divided by the crack area to obtain the 
value of J. Fig. 3 shows the dependence of the J-value on nugget di-
ameter under a load of 5 kN, obtained for each of the two types of 
cracks. It is clear that, in either cracking direction, the J-value under 
the same load decreases with the increase in nugget diameter. Ac-
cording to the analysis result obtained for a nugget diameter of 3√t, 
the J-value when the crack was allowed to propagate in the interfa-
cial direction was slightly larger than that when the crack was al-
lowed to propagate in the sheet thickness direction. However, for 
larger nugget diameters (4√t and 5√t), the J-value when the crack 
was allowed to propagate in the sheet thickness direction became 
larger than that when the crack was allowed to propagate in the in-
terfacial direction.

The above analysis results agree with the experimental results, 
indicating that CTS increases and the fracture mode of fracture 
changes from a nugget fracture to a plug fracture with an increase in 
nugget diameter. This confirms that the concept of J-value in FEM 
analysis is useful in FEM analysis in a cross-tension test. Therefore, 
we believe it is possible to improve CTS by restraining the increase 
in the J-value or increasing the fracture toughness, JC, of the edge.

Incidentally, no authors have yet reported the local JC that serves 
as a criterion for the propagation of cracks in a spot weld. Therefore, 

Fig. 1 Effect of tensile strength of steel sheet on TSS and CTS of spot 
welded joints
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we used the scale compact tension (CT) specimens to measure the 
edge JC of two types of 980 MPa steel sheets with different 
composition systems. In addition, we measured the CTS of each of 
the spot-welded joints of the two steel sheets and compared the 
measured CTS with the measured JC. Furthermore, we compared the 
morphology of fracture surface between the two types of specimens.

The specimens used were a 0.13% C steel sheet and a 0.30% C 
steel sheet (thickness: 1.4 mm), both of 980 MPa class; spot-welded 
joints of steel sheets of the same type (nugget diameter: 4√t) were 
prepared. The welding machine used was a servomotor-driven, sin-
gle-phase, AC, stationary spot welder. The AC frequency was 50 Hz 
(the same applies in the sections that follow), with 1 cycle being 20 
ms. Using a welding force of 3.4 kN and welding time of 16 cycles, 
4√t nuggets were formed by adjusting the current value.

As shown in Figs. 4 and 5, a 1:25-scale specimen (thickness B 
= 1 mm, width W = 2 mm) of inch-sized CT specimen was cut out 
from the end of each of the joint nuggets prepared. A pressure-weld-
ed part (corona bond), which peels off under a small load, was used 
as the precrack. The crack opening load was applied by pulling a 
wire that was passed through a hole in the test piece and attached to 
the tensile test machine at a rate of 200 μm/min. Under the assump-
tion that KQ (derived from the specimen breaking load in accordance 
with JIS G 0564) was equal to the fracture toughness value, KC, the 
value of KC was calculated to be 84 MPam1/2 or more for the 0.13% 
C nuggets and 29 MPam1/2 for the 0.30% C nuggets. The values of 
JC obtained by conversion from the values of KC were estimated to 
be 30 kN/m or more and 3.7 kN/m or more, respectively. As shown 
in Fig. 6, the fractured 0.30% C specimen revealed a grain boundary 
fracture at the edge and a cleavage fracture surface inside the nug-

get.
The CTS of welded joints was 2.4 kN for the 0.30% C steel 

sheet and 6.6 kN for the 0.13% C steel sheet, the ratio between them 
being 0.38. According to the fracture toughness test results, the frac-
ture stress ratio ([JC (0.30%C) / JC (0.13%C)]1/2; the square root of J 
is proportional to stress) is 0.35. Thus, the above ratio was close to 
the test result. The 0.30% C joint subjected to the cross-tension test 
revealed a grain boundary fracture at the edge and a cleavage frac-
ture surface inside the nugget.

As described above, comparison between the results of fracture 
toughness and cross-tension tests using miniature CT specimens 
verified that the CTS of welds with low fracture toughness (JC) 
tends to be low and that the modes of fracture observed in both tests 
are the same. Therefore, it is considered that similar fracture phe-
nomena occurred in the above tests, suggesting the possibility that 
CTS should be governed by the fracture toughness of the edge. It 
can be expected, therefore, that CTS will improve when the fracture 
toughness (JC) of the edge is increased.
2.3 Improvement in CTS by post-heat conduction

As described in Section 2.1, the joint strength in the peeling di-
rection begins to decrease when the base metal strength exceeds 780 
MPa. With this in mind, Hamatani et al. studied post-heat conduc-

Fig. 2 Deformed state and distribution of maximum principal stress at 
edge of nugget under the load of 4kN

Fig. 3 Dependence of J - value on nugget diameter under the load of 
5kN

Fig. 4   Specimen preparation position

Fig. 5   Appearance of miniature CT specimen

Fig. 6 SEM images of fracture surface of miniature CT specimen after 
testing (0.30mass%C)
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tion—the process whereby conduction occurs after a short cooling 
time at the end of regular conduction. They found that the CTS of 
high-strength steel joints could be improved by using appropriate 
conditions for post-heat conduction.9) Unlike the conventional tem-
pering process in which the weld is tempered after a sufficient cool-
ing time (i.e., after completion of martensite transformation of the 
weld), the post-heat conduction process incorporates a short cooling 
time; hence, it will not cause significant decline in productivity. The 
post-heat conduction process is described in detail below.

The material used was a 2-mm-thick aluminized hot-stamped 
steel sheet. The test piece shape was the same as that for a cross-ten-
sion test specified in JIS Z 3137. A single-phase AC spot welder of 
stationary type was used as the welding machine. The welding force 
was maintained at 5 kN. The welding current was passed in two dis-
crete steps—the regular conduction for forming nuggets and the 
post-heat conduction for reforming them. A cooling time during 
which the welding current was not passed was provided between the 
regular conduction and post-heat conduction, and the cooling time 
was varied in the test. In a preliminary test, it was decided to use a 
welding current (I1) of 8.2 kA and a conduction time of 19 cycles 
(AC power frequency: 50 Hz) so that a nugget diameter of 5√t (t: 
sheet thickness) could be obtained during the regular conduction. 

Additionally, in another preliminary test, the welding current (I2) 
during the post-heat conduction was set at 90% of I1 and the post-
heat conduction time was set at 5 or 20 cycles.

Fig. 7 illustrates the effect of cooling time on CTS. It is clear 
that CTS reaches a peak for a cooling time of 6 cycles and improves 
when the post-heat conduction time is increased, even when the 
cooling time is increased to 35 cycles. With the aim of investigating 
why CTS improved, as described above, we analyzed the conditions 
of solidification segregation at the edge of the nugget using a field 
emission electron probe microanalyzer. The analysis revealed segre-
gations of, for example, Mn, Si, and P. An example of P segregation 
is shown in Fig. 8. When post-heat conduction was not performed at 
all or was performed using the conditions under which CTS did not 
improve (as shown in Fig. 8 (a)), the solidification-segregated P was 
found to remain in the nugget. Conversely, with a cooling time of 6 
cycles (which improved CTS, as shown in Fig. 8 (b)), the segrega-
tion of P in the same part decreased markedly. One reason for this is 
thought to be as follows. The element that was solidification-segre-
gated during regular conduction was diffused during the post-heat 
conduction. As described in the preceding section, it is believed that 
the toughness of the nugget edge increased, thereby helping to en-
hance CTS.

The effect of post-heat conduction in easing such solidification 
segregation is supported by the results of Taniguchi et al.10) It should 
be noted that the hardness of the nugget interior remains the same, 
regardless of whether the post-heat conduction is implemented. 
Therefore, the above improvement in CTS cannot be attributed to 
the effect of tempering. Conversely, the application of post-heat 
conduction increased the degree and width of softening of the heat-
affected zone (HAZ). From the standpoint of fracture mechanics, 
the degree of influence of the widening of soft HAZ on the improve-
ment in CTS was estimated to be about 4%.11) Therefore, the im-
provement in CTS by post-heat conduction can be attributed mainly 
to the enhancement of fracture toughness by the easing of solidifica-
tion segregation.
2.4 Spot welding of three steel sheets with large thickness ratio

Car parts such as side panels are fabricated by spot welding 
three steel sheets together. When the outer steel sheet is a thin sheet Fig. 7 Effect of cool time on CTS (HS, sheet thickness 2.0mm, nugget 

diameter 5√t )

Fig. 8   Effect of post heat condition on micro-structure and solidification segregation at edge of nugget
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of mild steel and the reinforcement steel sheets are thick sheets of 
high strength steel (that is, when there is a large thickness ratio be-
tween the sheets), it is often difficult to spot weld such sheets to-
gether.12) The term “thickness ratio” as used herein refers to the total 
thickness of the three steel sheets divided by the thickness of the 
thinnest steel sheet. Nuggets obtained by spot welding of three steel 
sheets are illustrated in Fig. 9 (a). In the spot welding of three steel 
sheets with a large thickness ratio, it is difficult to form a nugget at 
the interface between thin and thick steel sheets, as shown in Fig. 9 
(b). The reason for this is that in spot welding, because of heat re-
moval by the water-cooled electrode, the fusion progresses from the 
thickness center of the three steel sheets toward the outside, with the 
exception of the heat generated by contact resistance at the steel 
sheet surfaces in the early stages of welding time. In addition, in 
view of the dimensional accuracies of actual members, it is neces-
sary to set appropriate welding conditions when there is a gap be-
tween steel sheets. In practice, the proper welding current range is 
as shown in Fig. 10. However, the welding current range is often 
narrower in one-step spot welding.

As a means of solving the above problem when there is no gap 
between the steel sheets, a method has been proposed in which the 
diameter of the electrode tip at the thin-sheet side is reduced and the 

welding force and current are varied during the welding time.13) In 
addition, a two-step pulsating current welding method (Fig. 11) has 
been proposed in which neither the electrode diameter nor the weld-
ing force are changed.14) This method is described briefly below. Ini-
tially, during the first welding step, a relatively large welding current 
is passed to generate heat by utilizing the contact resistance at the 
interface between the thin and thick steel sheets. Next, during the 
second welding step, a small welding current is passed in a pulsat-
ing manner to ensure stable growth of nuggets at both the interface 
between the thin and thick steel sheets and that between the thick 
steel sheets. This method does not positively utilize the contact re-
sistance that is effective when the electrode force is low. Since the 
method can be applied even under a high electrode force, it is par-
ticularly effective when there is a gap between the steel sheets to be 
welded together.

An experiment was conducted by using the above technology. 
The materials used were a 0.6-mm-thick sheet of mild steel and two 
1.6-mm-thick sheets of high-strength steel (980 MPa class). Spacers 
1.4 mm in thickness were inserted at intervals of 40 mm between 
the thin and thick steel sheets and between the thick steel sheets. A 
servomotor-driven, single-phase AC welder was used for the test. 
The electrode used was a chromium-copper dome radius type with a 
tip radius of 40 mm and tip diameter of 6 mm. The welding force 
was 3.43 kN. In order to evaluate the diameter of fusion at the inter-
face between the thin and thick sheets, which determines the proper 
current range, we conducted a chisel test at the interface and evalu-
ated the plug diameter.

The test results are illustrated in Fig. 12. The horizontal axis rep-
resents the first-step welding current for one-step welding (welding 

Fig. 9   Three sheets spot-welding

Fig. 10   Weldability lobe of three sheets spot-welding

Fig. 11   Image of welding current pattern

Fig. 12   Weldability lobes by different welding current patterns
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time t1 = 18 cycles) and the second-step welding current for two-
step welding (first welding time t1 = 18 cycles, second welding time 
t2 = 8 cycles) or pulsation welding (t1 = 18 cycles, t2 = (5 cycle heat-
2 cycle cool) × 5). For one-step or two-step welding, the welding 
current range was less than 1 kA. Conversely, with pulsation, it was 
possible to secure a proper welding range of 3 kA or more (about 1.8 
kA when there was no gap between the steel sheets).
2.5 Application of spot welding to hollow members

In spot welding of car bodies, the so-called direct spot welding 
(in which the welding current is passed while two or more steel 
sheets are pressed against each other) by the welding electrodes is 
used most commonly. However, for those parts with closed cross 
sections, it may become necessary to drill a working hole through 
which the electrodes for direct spot welding of the steel sheets can 
be passed. In this case, the decline in rigidity of the drilled part be-
ing compensated for by using a thicker steel sheet or providing a re-
inforcing member will inevitably increase the weight of the car 
body. Therefore, Noma et al. attempted to reduce the steel sheet 
thickness (weight) and secure the required stiffness simultaneously 
without drilling any hole in the steel sheets.15) They studied indirect 
spot welding, in which the steel sheets are pressed and welded by a 
couple of electrodes from one side at the same time. Because the 
steel sheets are pressed by electrodes from one side, the weld sinks 
and the area of contact between the steel sheets increases (the cur-
rent density decreases) if an excessive force is applied, making it 
difficult to perform fusion welding. Conversely, if an excessively 
large current is applied, the local current density between the elec-
trodes increases because of a shunt current, causing a crack or ex-
plosion.

In view of the above problems, the applied pressure was lowered 
appropriately, the steel sheet was provided with a convex surface so 
as to limit the conduction passes to the relevant part, and the current 
density was increased even though the welding current was low. As 
a result, fusion welding could be performed successfully. However, 
in the case in which a hydroformed member—a good example of a 
component with a closed cross section—was applied to the front pil-
lar,16) the welding conditions, earth electrode position, and welding 
point sequence were optimized to secure a stable weld quality with 
the existing equipment. Nippon Steel Corporation, too, tackled the 
development of indirect spot welding technology for hollow and 
sheet-formed members. The company studied various welding con-
ditions for the combination of a hollow member with a wall thick-
ness of 1.6 mm and a sheet-formed member with a thickness of 0.7 
mm. By using an electrode with a specially designed tip and a DC 
power supply in combination, we could perform indirect spot weld-
ing of the above members without requiring any special pattern of 
conduction or pressing, even in the presence of a gap between the 
members or the presence of shunts (existing welding points). An ex-
ample of the cross section of an indirect spot weld is illustrated in 
Fig. 13, which clearly indicates that a sufficiently large nugget was 
formed.

3. Conclusions
High-strength steels of 980 MPa or more have increasingly been 

used as materials for the construction of automobiles. At the same 
time, improvements have been made to the chemical compositions 
and microstructures of these steels in order to enhance their proper-
ties. However, the cross-sectional structures of members and the 
number and thickness ratio of steel sheets to be welded together 
have continued to change. Today, therefore, the development of new 
spot welding techniques suitable for specific conditions is required. 
In this report, we have discussed current problems in spot welding 
and their solutions. In the future, we intend to clarify the essence of 
these problems and propose effective solution technology.
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