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ABSTRACT. Finite element modeling
and fracture mechanics calculations were
used to predict the resistance spot weld
failure mode and loads in shear-tension
tests of advanced high-strength steels
(AHSS). The results were compared to
those obtained for an interstitial-free (IF)
steel. The results of the work confirmed
the existence of a competition between
two different types of failure modes,
namely full button pullout and interfacial
fracture. The force required to cause a
complete weld button pullout-type failure
was found to be proportional to the tensile
strength and the thickness of the base ma-
terial as well as the diameter of the weld.
The force to cause an interfacial weld frac-
ture was related to the fracture toughness
of the weld, sheet thickness, and weld di-
ameter. For high-strength steels, it was de-
termined that there is a critical sheet
thickness above which the expected fail-
ure mode could transition from pullout to
interfacial fracture. In this analysis it was
shown that, as the strength of the steel in-
creases, the fracture toughness of the weld
required to avoid interfacial failure must
also increase. Therefore, despite higher
load-carrying capacity, due to their high
hardness, the welds in high-strength steels
may be prone to interfacial fractures. Ten-
sile testing showed that the load-carrying
capacity of the samples that failed via in-
terfacial fracture was found to be more
than 90% of the load associated with a full
button pullout. This indicates that the
load-bearing capacity of the welds is not
affected by the fracture mode. Therefore,
the mode of failure should not be the only
criteria used to judge the quality of spot
welds. The load-bearing capacity of the

weld should be the primary focus in the
evaluation of the shear-tension test results
in AHSS.

Introduction

The use of advanced high-strength
steels (AHSS), such as dual-phase and
transformation-induced plasticity (TRIP)
steels, has been steadily increasing over
the past few years in automotive applica-
tions (Refs. 1, 2). This is due to the advan-
tages that AHSS grades offer, in terms of
higher strength that enables the automak-
ers to decrease the vehicle weight for im-
proved fuel economy and improved crash
energy absorption for better occupant
protection. The two grades of AHSS that
have seen increased use in automobiles
are the dual-phase and TRIP steels. The
steel grades that are used commercially in
automotive bodies at present are those
with minimum strength levels of 500, 590,
and 780 MPa. Resistance welding is the
predominant mode of fabrication in auto-
motive production with a typical vehicle in
North America containing about 4000 to
5000 welds. Therefore, good resistance
spot welding behavior is one of the key
characteristics of any steel grade to be
considered for use in automobile body
production.

Several tests are generally used to char-
acterize the resistance spot welding be-
havior of steels. These include the welding
current range determination, metallo-
graphic characterization of the weld and

heat-affected zone microstructures, mi-
crohardness, and weld tensile tests (Ref.
3). One type of weld tension test typically
done is called the shear-tension test
(sometimes referred to as lap-shear test).
In this test, two sheet samples, 140 mm
long by 60 mm wide are overlapped by 45
mm and joined with a single spot weld lo-
cated at the center of the overlapped re-
gion — Fig. 1. The sample is then pulled
in tension. Due to the offset of the sheets,
the application of tension creates a bend-
ing moment that causes rotation of the
weld nugget. This type of deformation is
demonstrated with a finite element simu-
lation — Fig. 2. For clarity, only one half
of the model is shown. The combination of
bending and shear loading that results
from this deformation causes a compli-
cated stress pattern to develop in and
around the nugget. 

There are two different failure modes
that are generally observed in shear-
tension tests, namely, “interfacial frac-
tures” and “full button pullout” — Fig. 3.
In the interfacial fracture, the weld fails at
the interface of the two sheets, leaving half
of the weld nugget in one sheet and half in
the other. In the full button pullout, frac-
ture occurs in the base metal or in the weld
heat-affected zone at the perimeter of the
weld. In this failure mode, the weld nugget
is completely torn from one of the sheets
with the weld remaining intact. It is also
possible to get a combination of the two
failure modes in which a portion of the
nugget is pulled out of one of the sheets
and the rest of the nugget shears at the 
interface.

A review of the literature showed that
considerable work has been done to un-
derstand the behavior of spot welds under
tensile and shear loading. Work done by
Davidson and Imhof (Refs. 4–6) showed
that spot weld strength in the shear-
tension test is related to the stiffness of the
joint. They found that, for stiffer test spec-
imens the degree of rotation that the spot
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weld undergoes becomes smaller, which in
turn, leads to increased joint strength.
Davidson and Imhof correlated the joint
strength with weld nugget rotation but did
not offer a relationship for the stress in-
tensity at the weld. Pook (Ref. 7) devel-
oped a relationship for the stress intensity
at the weld nugget based on analytical so-
lutions. Pook showed that the weld diam-
eter and sheet thickness have an effect on
the stress intensity at the nugget perime-
ter. Chao (Ref. 8) studied the expected
failure modes and failure loads for spot
welds based on assumed stress distribu-
tions around the perimeter of the weld re-
sulting from a combination of shear and
tensile loading. Radaj and Zhang (Ref. 9)
and Zhang (Ref. 10) performed detailed
finite element modeling of spot welds
under shear tension load to predict the
stress intensity around the weld. This
analysis suggested that correlations and
trends predicted in earlier work did not
correlate well with the detailed computer

models. Radaj and Zhang developed
some simplified equations to predict the
stress intensity of spot welds in various
tests, including the shear-tension test. The
correlations were consistent with the com-
puter simulations. However, the simula-
tions are computationally intensive and
time consuming.

In the evaluation of the shear-tension
test results in spot welds, it is generally be-
lieved in the automotive industry that an
interfacial shear failure is indicative of
poor weld integrity. This has generally
been true for low-strength steels (tensile
strength equal to or less than 300 MPa), in
which interfacial failure is normally asso-
ciated with insufficient fusion or some sort
of a weld imperfection, such as gross
porosity. However, it is not clear if inter-
facial fractures in shear-tension tests indi-
cate poor weld integrity in AHSS grades.
With the increased use of these steels in
automotive bodies, it is important to study
their fracture behavior in shear-tension

tests so that welds, otherwise sound, do
not get rejected solely based on fracture
appearance. Furthermore, an understand-
ing of the fracture behavior may allow the
automotive companies to use these steels
and enable them to take advantage of the
benefits that these steel grades offer. Ad-
ditionally, the tensile fracture behavior of
the recently introduced advanced high-
strength steels, such as dual-phase and
TRIP steels, has not been reported previ-
ously. Therefore, a study was undertaken
to examine and predict the fracture modes
possible in shear tension tests in dual-
phase steels with a minimum tensile
strength of 590 and 780 MPa and TRIP
steel with a minimum tensile strength of
780 MPa. An attempt based on finite ele-
ment modeling (FEM) and fracture me-
chanics calculations on data collected
from actual shear-tension tests was made
to predict the resistance spot weld failure
modes in shear-tension tests.

Materials and Experimental
Procedure

Dual-phase steel coils with a minimum
ultimate tensile strength of 590 and 780
MPa, transformation-induced plasticity

Fig. 1 — Sketches showing the dimensions of a shear-tension test coupon. The
arrows in the bottom sketch show the direction of the application of tensile load
during the test.

Fig. 2 — Sketches showing half sections of a shear-tension coupon before (left)
and after (right) the application of load. Bending of the sample (shown in the
right-side sketch) results from the offset of the sheets.

Table 1 — Welding Conditions

Welding Machine Manufacturer Taylor Winfield Corp.
Welding Machine Type Pedestal-type
Welding Machine Transformer 100 kVA
Welding Controller TrueAmp IV
Electrode Face Diameter 6 mm
Electrode Force For IF Steel: 3.1 kN (697 lbf) 

For AHSS Grades: 4.2 kN (945 lbf) for 1 mm
5.4 kN (1200 lbf) for 1.2
and 1.6 mm

Squeeze Time 75 cycles
Weld Time 13 cycles (for 1-mm sheets)

14 cycles (for 1.2-mm sheets)
18 cycles (for 1.6-mm sheets)

Hold Time 10 cycles
Preheating None
Postheating None
Electrode Coolant Water Temperature 21°C
Tip Cooling 3.7 L/min (1 gal/min)

Table 2 — Material Properties Used

Steel Yield Tensile Elongation,
Grade Strength, Strength, %

MPa MPa

IF 137 302 45
590 Dual Phase 370 650 25
780 Dual Phase 470 805 19
780 TRIP 440 844 24

Note: Elastic Modulus of 207 GPa and Poisson’s Ratio
of 0.29 used for each case.
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(TRIP) steel with a minimum tensile
strength of 780 MPa, and interstitial-free
(IF) steel with a tensile strength of 300
MPa were used in the study. The IF steel
was used because it is extensively used for
body panels in automobile bodies and the
automotive industry is quite familiar with
its welding and fracture behaviors. There-
fore, it would be a good candidate to pro-
vide a comparison for the fracture behav-
ior of AHSS grades. 

All the coils were coated with 42/42
g/m2 (42 g/m2 on each side) hot-dipped
galvanneal (HDGA) coating. Coatings are
generally applied to steel sheets used in
the automotive industry for corrosion pro-
tection. A galvanneal coating is obtained
by heating the zinc-coated steel at
450°–590°C (840°–1100°F) immediately
after the steel exits the molten zinc bath.
The nominal HDGA coating weights for
the coils used were 42/42 g/m2. These coat-
ing weights are typical of current commer-
cial automotive use. All the coils used
were melted, hot and cold rolled at United
States Steel Corp. — Gary Works and
coated subsequently at PRO-TEC Coat-
ing Co. of Leipsic, Ohio. The coils ranged
in thickness from 1 to 2 mm. 

Nominally, the dual-phase and TRIP
steels contain about 0.09 to 0.14 wt-% car-
bon and are generally alloyed with various
amounts of manganese, chromium, and
molybdenum to achieve the required ten-
sile strength (Refs. 11, 12). In addition to
these alloying elements, TRIP steels typi-
cally contain silicon or aluminum to effec-
tively suppress the formation of cementite
by increasing the time required for its for-
mation and lowering its thermodynamic
stability (Ref. 12).

Tensile test samples were prepared
from coils in the as-received condition
without any cleaning of the mill oil used
prior to shipping the coils. Weld shear-
tension tests were conducted per Ref. 3.

The current required to produce a weld
button size equal to or 90% of the face di-
ameter of the electrode tip used was de-
termined. This was done using the highest
current possible without causing expul-
sion in the samples. The welding parame-
ters used for making the test samples are
shown in Table 1. Load to failure and the
weld fracture morphology were noted in
each case. In each case, five tensile sam-
ples were tested and the average values 
reported.

In order to better understand the sam-
ple behavior and failure modes that occur
in the shear-tension test, finite element
computer simulations of this test were
performed. The modeling was done using
ABAQUS Version 6.5 general-purpose fi-
nite element modeling (FEM) software.
The simulations were run on a Silicon
Graphics Octane 2 workstation. Three-
dimensional models of the test sample
were developed using eight-node brick el-

ements. Model strain predictions were
found to converge for a local element size
near the weld that is less than 25% of the
sheet thickness for each of the three thick-
nesses evaluated. An example of a finite
element model of the shear-tension test
sample for a 1-mm sheet with a 6-mm but-
ton is shown in Fig. 4. The lower picture in
Fig. 4 shows a close-up view of the mesh in
the vicinity of the spot weld. In order to re-
duce computation time, symmetry condi-
tions were applied so that only one half of
the sample had to be represented. In the
study, several models were developed to
represent different sheet thicknesses and
weld diameters. 

The stress-strain behaviors of the three
types of steel grades used in the simula-
tions are shown in Fig. 5. The computer
modeling software allows for the defini-
tion of elastic as well as plastic behavior of
materials and the appropriate data points
were defined to describe the load dis-

Fig. 3 — A photograph of two shear-tension test samples showing the two different
weld fracture morphologies described in the text. The sample on the top showed in-
terfacial fracture, and the sample on the bottom showed full button pullout. The spot
welds on both ends of each sample were made to attach shims for tensile testing.

Fig. 4 — Schematic showing a three-dimensional finite element model
of spot weld shear-tension test sample. The lower picture shows a close-
up view of the mesh in the vicinity of the spot weld. Sheet thickness is
1.0 mm and button size is 6 mm.

Table 3 — Results of Simulations for Interstitial-Free Steel Samples (Ultimate Tensile Strength =
300 MPa)

Weld Diameter Nominal Sheet FEM Failure FEM Failure K-Factor
(mm) Thickness (mm) Mode(a) Load (N) IF or PO

2.5 1.0 IF 1200 0.62
5.0 1.0 PO 3640 2.32
7.5 1.0 PO 5400 2.30
10 1.0 PO 7070 2.26

2.5 1.5 IF 1200 0.61
5.0 1.5 IF 4720 0.60
7.5 1.5 PO 8140 2.31
10 1.5 PO 10700 2.28

2.5 2.0 IF 1200 0.61
5.0 2.0 IF 4540 0.58
7.5 2.0 IF 10280 0.58
10 2.0 PO 13920 2.22
13 2.0 PO 16700 2.17

(a) IF – interfacial fracture; PO – full button pullout fracture.
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placement behavior shown in Fig. 5. The
material properties defined in the analysis
are shown in Table 2.

As a starting point in the study, the
properties of the entire test specimen
were considered to be homogeneous. It
was assumed that the properties of the
weld and the heat-affected zone were the
same as those of the base metal. The ho-
mogeneous model was used only to esti-
mate loads required for pullout failure.
This assumption was made to examine the
effect of button size and sheet thickness
on the behavior of the weld in this test. 

To predict the failure loads associated
with interfacial fracture, additional con-
siderations were made. It was observed
that the interfacial failures initiated at the
notch created at the sheet interface at the

periphery of the weld. This suggested that
the fracture toughness of the weld and
heat-affected zone controlled the failure
mode and load. Previous work (Ref. 10)
provided a means to estimate the stress in-
tensity at the root of the notch at the sheet
interface and is described in later sections. 

In the analysis, sheet thicknesses of 1.0,
1.5, and 2.0 mm were simulated. For each
sheet thickness, four or five different weld
sizes were modeled ranging in diameter
from 2.5 to 13 mm. For all models, the
sample length and width were held con-
stant. A total of 39 simulations were run,
13 for each of the three steel types, namely
IF, dual-phase, and TRIP steels.

In all models, one end of the sample
was held fixed and an applied axial dis-
placement was applied to the opposite

end. The reaction force was monitored as
a function of the applied displacement.
When the failure strain was reached in ei-
ther the weld or the base metal outside the
weld, failure was assumed to have oc-
curred. The magnitude of the reaction
force at the point when failure strain was
reached was considered to be the load-
carrying capacity of the sample.

Results and Discussion

The results of the analyses of the ho-
mogeneous shear-tension test samples are
shown in Tables 3–5 and in Figs. 6–11. Fig-
ure 6 shows the model-predicted defor-
mation of a sample at the onset of a pull-
out failure. In this failure mode, the
strength of the material outside the weld

Fig. 5 — Stress-strain curves for the three steel grades used in the study. Fig. 6 — Model-predicted deformation around the weld nugget in the shear-
tension test at the onset of a full button pullout failure. Sheet thickness is
1.0 mm and button size is 6 mm.

Fig. 7 — Close-up view of the model-predicted plastic strain distribution that occurs during a full button pullout failure in the shear-tension test. Note the neck-
ing of the base metal immediately outside the weld nugget.
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nugget is exceeded and necking begins to
occur at the location shown. After failure
of the material at this location, the weld
button is peeled out of the base metal
around the weld perimeter. A more de-
tailed model of this mechanism is shown in
Fig. 7, which is a contour plot of the plas-
tic strain in the homogeneous sample. As
the figure shows, the maximum plastic
strain is concentrated outside the weld
nugget, which leads to necking and failure
at this location. The predicted deforma-
tion that occurs during the interfacial fail-
ure is shown in Fig. 8. Nearly all of the
strain is concentrated in the weld at the in-
terface of the two sheets. Figure 9 shows

the plastic strain distribution associated
with the interfacial failure. There is some
strain outside the weld nugget, but shear
failure of the weld occurs before the pull-
out failure can initiate. These results are
shown in graphical form in Fig. 10. The
maximum plastic strain in the weld at the
interface of the sheets and the maximum
strain in the base metal outside the weld
nugget are plotted as a function of the ap-
plied end displacement. For the case of
full button pullout, the strain in the base
metal outside the weld nugget is greater
than that developed at the weld interface
and the opposite is true for the case of the
weld interfacial failure. Based on these re-

sults, it is apparent that there is a compe-
tition between the pullout and the interfa-
cial failure modes

For the pullout failure, the results of
the finite element simulations showed that
there was a strong correlation between
failure load and the material strength,
sheet thickness, and weld diameter. The
load to cause interfacial failure was found
to be more strongly dependent on the weld
diameter and less on the sheet thickness.
The predicted failure loads were found to
adhere to the following correlations:

FPO = kPO · σUT · d · t (1)

FIF = kIF · σUT · d2 (2)

Where FPO is the failure load for pullout
failure, FIF is the failure load for interfa-
cial fracture, σUT is the tensile strength of
the material, d is the weld diameter, and t
is the sheet thickness. Equations 1 and 2
were derived based on the fact that the
force required to cause failure is equal to
the product of the strength of the material
and the failed area of cross section. In this
analysis, the material was assumed to be
homogeneous. Therefore, the strength of
the weld and the base metal are both equal
to σUT. In Equations 1 and 2, kPO and kIF
were constants determined from the 
modeling.

The results of the analysis of the ho-
mogeneous sample analysis are shown in
Tables 3–5. Each table corresponds to a
different steel type (IF, DP, and TRIP) and
shows the combinations of sheet thickness
and weld diameter that were simulated.
As predicted in Equations 1 and 2, the fail-
ure loads to cause pullout were found to
be proportional to the weld diameter and
the sheet thickness while those for inter-
facial failure were proportional to the
square of the weld diameters. The pre-
dicted failure mode and failure load as
well as the constant kPO or kIF are shown
in the tables. The values for kPO and kIF
were backcalculated from Equations 1
and 2 by using the model-predicted failure
loads, weld diameters, sheet thicknesses,
and base metal strengths. The fact that the
values of these two constants were fairly
consistent for each case (kPO~2.2 and
kIF~0.6) indicates that Equations 1 and 2
are good estimates of the model-predicted
failure mode (for the homogeneous sam-
ples that were simulated). 

Examination of Figs. 6–9 showed that,
due to offset of the sheets, the shear-ten-
sion test specimens undergo rotation
along an axis perpendicular to the loading
direction. The degree of rotation was
found to be greater for the cases of full
button pullout failures (Figs. 6, 7) com-
pared to those that failed interfacially
(Figs. 8, 9). Davidson and Imhof (Ref. 6)

Table 4 — Results of Simulations for DP 590 Steel (Minimum Ultimate Tensile Strength = 
590 MPa)

Weld Diameter Nominal Sheet FEM Failure FEM Failure K-Factor
(mm) Thickness (mm) Mode(a) Load (N) IF or PO

2.5 1.0 IF 2290 0.55
5.0 1.0 PO 7600 2.27
7.5 1.0 PO 11600 2.31
10 1.0 PO 15060 2.25

2.5 1.5 IF 2260 0.54
5.0 1.5 IF 9660 0.58
7.5 1.5 PO 16860 2.24
10 1.5 PO 22700 2.26

2.5 2.0 IF 2300 0.55
5.0 2.0 IF 9300 0.56
7.5 2.0 IF 22150 0.59
10 2.0 PO 28700 2.14
13 2.0 PO 35500 2.12

(a) IF – interfacial fracture; PO – full button pullout fracture.

Fig. 8 — Mode-predicted deformation in the shear-tension test showing shear overload of the weld metal
at the interface of the two sheets. Sheet thickness is 1.0 mm and button size is 4 mm.
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discussed the significance of specimen ro-
tation during fatigue testing of spot
welded samples. In fatigue testing, shear-
tension test coupons are subjected to re-
peated tensile loads in the same manner as
in static shear-tension testing. Davidson
and Imhof showed that the stiffness of test
samples affected the degree of rotation
and that the weld failure mode was af-
fected by the degree of rotation. They ob-
served that stiffer samples (less rotation)
failed interfacially, whereas, below a cer-
tain critical stiffness, the samples failed in
the base metal and the weld remained 
intact.

Equations 1 and 2 are plotted graphi-
cally in Fig. 11 for dual-phase 590 steel and
show the predicted interfacial and pullout
failure load as a function of weld diame-
ter. In this plot, the sheet thickness was as-
sumed to be 1.5 mm and the sheet tensile
strength equal to 590 MPa. A sheet thick-
ness of 1.5 mm was chosen because it rep-
resented the mid-thickness of the normal
range of steels (1 to 2 mm) used in auto-
motive bodies. The minimum allowable
tensile strength of the steel (590 MPa) was
used for this case. According to the analy-
sis, the lower of the two predicted failure
loads will determine the mode of failure
that occurs. Thus, the point where the two
curves intersect indicates where the fail-
ure mode changes. The figure shows that,
for this sheet thickness and strength, in-
terfacial failures were predicted to occur
for weld diameters below 6 mm and pull-
out failures for diameters greater than 6
mm. Figure 11B shows a similar plot with
the exception that the weld diameter was
assumed to be constant at 7 mm and the
failure loads are plotted as a function of
sheet thickness. These results indicate
that pullout failures are more likely to
occur on thinner sheet samples, and the
mode can change to interfacial when the
sheet thickness reaches a critical value (for
this example ~ 1.7 mm). By setting Equa-
tions 1 and 2 equal to each other, the ratio
of the weld diameter to the sheet thickness
is determined to be roughly equal to 4.
This suggests, for a homogeneous test
sample, pullout failures will occur if the
weld diameter is greater than four times
the sheet thickness. Likewise, for a given
weld diameter, the sheet thickness has to
be less than 25% of the weld diameter for
pullout to occur.

The homogeneous model predictions
agreed well with the test data for cases
where pullout failures occurred. This is
because the pullout failures most often
initiated in the base metal outside of the
notch at the perimeter of the weld. A com-
parison of the actual failure loads and
model-predicted failure loads for samples
that failed via pullout is shown in Fig. 12.
However, when comparing the homoge-

neous model results to actual test data, the
predicted failure loads for the interfacial
fractures were not consistent — Fig. 12. It
was theorized that there were two main
reasons for the differences. First, the
model assumed that the sample was ho-
mogeneous. In reality, the mechanical
properties of the weld, base metal, and dif-
ferent parts of the heat-affected zone are
significantly different. For example, it was
shown that the hardness of weld fusion
zones and the heat-affected zones are
much higher than those of the base mate-
rial in dual-phase steels (Ref. 13). Further,
the computer models did not account for
the stress intensity at the perimeter of the
weld. The model considered that the weld
would fail when the strength of the weld
metal is exceeded at the interface of the
two sheets. This would more closely rep-
resent a shear overload of the weld metal
rather than a fracture of the weld nugget
initiating at the notch around the perime-
ter of the nugget.

A fracture mechanics study by Zhang
(Ref. 9) provided an estimate of the stress
intensity at the perimeter of the spot weld
specifically for the shear-tension test.
Fracture mechanics theory provides a
means to evaluate the load-bearing ability
of materials that have cracks or flaws. In

fracture theory, the fitness for service of a
structural member that contains a crack is
determined by comparing the predicted
stress intensity at the crack tip to the frac-
ture toughness of the material. Like mate-
rial properties such as tensile strength and
elongation, fracture toughness is a mater-
ial property that is determined from test-
ing. Fracture analysis of a cracked mem-
ber (in which stress intensity is compared
to fracture toughness) is analogous to the
analysis of notch-free structural members
in which predicted stresses are compared
to the strength of the material. Zhang’s
analysis yielded the following relationship
for the stress intensity at the perimeter of
the weld in the shear-tension test.

In Equation 3, Kts
eq is the equivalent stress

intensity factor at the spot weld, F is the
applied load, d is the weld diameter, and t
is the sheet thickness. Some actual test re-
sults are shown in Table 6. The table lists
the steel grades, weld dimensions, failure
mode, failure load, and the calculated

F K d t
IF C

= ⋅ ⋅ ⋅1.44 (4)

K
F

d t
eq
ts = ⋅0.694 (3)

Table 6 — Actual Test Results and Predicted Stress Intensity at Failure

Material Nominal Sheet Weld Diameter Failure Mode Failure Load Stress Intensity
Thickness (mm) (mm) IF or PO (N) (N/mm3⁄2)

780 DP 1.2 7.0 IF 14230 1294
590 DP 1.0 6.0 IF 9790 1126

780 TRIP 1.6 8.5 IF 21800 1385
780 DP 1.2 7.0 PO 15520 1411
780 DP 1.6 8.0 PO 22900 1581

(a) IF – interfacial fracture; PO – full button pullout fracture.

Table 5 — Results of Simulations for Dual-Phase and TRIP 780 Steels (Minimum Ultimate
Strength = 780 MPa)

Weld Diameter Nominal Sheet FEM Failure FEM Failure K-Factor
(mm) Thickness (mm) Mode(a) Load (N) IF or PO

2.5 1.0 IF 3000 0.58
5.0 1.0 PO 8950 2.17
7.5 1.0 PO 13600 2.20
10 1.0 PO 17780 2.15

2.5 1.5 IF 3030 0.59
5.0 1.5 IF 11900 0.58
7.5 1.5 PO 20500 2.21
10 1.5 PO 26400 2.13

2.5 2.0 IF 2920 0.57
5.0 2.0 IF 11530 0.56
7.5 2.0 IF 26760 0.58
10 2.0 PO 34760 2.11
13 2.0 PO 43700 2.12

(a) IF – interfacial fracture; PO – full button pullout fracture.
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stress intensity at failure. The stress inten-
sities were calculated using Equation 3.
The first three samples listed in the table
failed via interfacial fracture. This sug-
gests that the listed stress intensity at the
time of failure is comparable to the frac-
ture toughness of the weld. The stress in-

tensities for the samples that failed via
button pullout are also shown. For these
two cases, the fracture toughness of the
weld was apparently high enough to avoid
interfacial fracture (i.e., the fracture
toughness was greater than the values
listed for the stress intensity when the pull-

out failure occurred).
Table 7 shows additional data compar-

ing the model predictions to measured
data. The table lists the steel grades, weld
diameter, sheet thickness, actual failure
load, and mode as well as the predicted
failure load had pullout failures occurred

Table 7 — Comparison of Actual Shear Tension Test Results and Model Predictions

Actual Test Data Model Predictions
Material Sheet Thickness Weld Diameter Failure Failure FEM Failure FEM Failure Percent of Max

(mm) (mm) Mode(a) Load (N) Mode Load (N) PO Load(b)

780 DP 1.2 7.5 PO 15500 PO 15820 —
780 DP 1.6 8.3 PO 22900 PO 23250 —
590 DP 1.0 7.0 IF 9900 PO 10340 96
780 DP 1.2 7.5 IF 14680 PO 15820 93

780 TRIP 1.6 8.5 IF 22060 PO 24330 91

(a) IF — interfacial fracture; PO — full button pullout. 
(b) Ratio of the actual failure load to the model-predicted pullout failure load if the failure were to occur by the pullout mode (multiplied by 100).

Fig. 9 — Close-up view of the model-predicted plastic strain distribution that occurs during a shear overload of the weld in the shear-tension test.

Fig. 10 — Predicted maximum plastic strain in the weld and in the base metal immediately outside the weld as a function of applied displacement in the shear
tension test. There is a competition between pullout (A) and interfacial (B) modes of failure. Sheet thickness is 1.0 mm for both cases. The weld button size is
6 mm (A) and 4 mm (B).
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in each case. The first two samples listed
failed via button pullout and the model-
predicted failure loads were in good
agreement with the actual loads. The fol-
lowing three samples in the table failed via
interfacial fracture. For these cases, the
model-predicted loads for pullout failure
are listed. The interesting results shown
here are that, although interfacial fracture
occurred in the samples, the load-carrying
capacity of the weld was greater than 90%
of the predicted failure load if pullout had
occurred. This indicates that the load-
bearing capacity of these welds was not
significantly affected by the fracture
mode. Therefore, the mode of failure
should not be the only criteria used to
judge the quality of spot welds. The load-

bearing capacity of the weld should be the
primary focus in the evaluation of the
shear-tension test results in AHSS.

In order to get an estimate of the load
required for interfacial fracture in the
shear-tension test, the stress intensity in
Equation 3 was set equal to the fracture
toughness of the material and the load was
solved for. This is shown in Equation 4
where FIF is the load to cause interfacial
fracture of the weld, and KC is the fracture
toughness of the material. The fracture
toughness describes the ability of a mate-
rial to carry load in the presence of a flaw
and is determined from testing. Generally,
ductile materials tend to have high frac-
ture toughness while the opposite is true
for brittle materials. Based on the work

done by Zhang (Ref. 9), Equation 4
(rather than Equation 2) was thought to
better represent the parameters govern-
ing the interfacial fracture mode. The pre-
viously determined load to cause pullout
failure (Equation 1) was, however, consid-
ered to be appropriate. The predicted re-
lationship for pullout load likely agreed
well with the measured data because this
failure initiates in the form of necking in
the base metal near the weld heat-affected
zone as opposed to at the notch radius
around the perimeter of the weld nugget.

Equations 1 and 4 are plotted graphi-
cally in Fig. 13. In this plot, the weld di-
ameter was assumed to be constant at 8
mm and the tensile strength assumed was
the minimum allowable for this grade (780

Fig. 11 — Predicted failure load in the analysis of the homogeneous shear-tension test sample as a function of the following: A — Weld diameter; B — sheet
thickness.

Fig. 13 — Predicted competition between failure modes in the shear-tension
test.

Fig. 12 — Comparison of actual failure loads to model-predicted failure loads
in the shear-tension test for samples that failed via full-button pullout.
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MPa), and the failure load is plotted as a
function of sheet thickness. The interfa-
cial fracture load is plotted assuming a
fracture toughness of 1560 N/mm3⁄2, and
the pullout failure load is plotted for a
low-strength steel (300 MPa) and a
higher-strength steel (780 MPa). For the
curve representing the low-strength steel,
the predicted pullout failure load is less
than the interfacial fracture load over this
entire range of sheet thickness. This indi-
cates that pullout failure will occur in
every case. For the higher-strength sam-
ple, the curve for pullout failure and in-
terfacial fracture intersect at a sheet thick-

ness of 1.6 mm. This indicates that for the
high-strength sheet sample, interfacial
fracture will be the expected failure mode
for sheet thicknesses greater than 1.6 mm.

The critical parameters that control
the transition between failure modes can
be determined by setting Equation 4 equal
to Equation 1. Some of these results are
shown in the last four figures. Figure 14
shows that critical sheet thickness above
which interfacial fracture will occur be-
comes less as the strength of the sheet in-
creases. Thus, for higher-strength sheet,
interfacial fracture can become the ex-
pected failure mode in thicker samples.

Figure 15 shows the fracture toughness of
the weld required to maintain pullout fail-
ures increases with the strength of the
sheet indicating that interfacial fractures
are more likely to occur with high-strength
steels. Figure 16 shows that the weld
toughness required to maintain pullout
failures also increases with sheet thick-
ness. Figure 17 shows the predicted pull-
out and interfacial failure loads for a low-
strength steel shear-tension test sample
that has a weld with poor load-carrying ca-
pacity. The failure load required for pull-
out is less than that for interfacial fracture
over the entire range of sheet thickness

Fig. 14 — Sheet thickness above which interfacial fracture is predicted to occur
as a function of sheet tensile strength and the fracture toughness of the weld.

Fig. 15 — Predicted weld toughness required to avoid interfacial fracture in
the shear-tension test as a function of sheet tensile strength for 1- and 2-mm-
thick sheets.

Fig. 16 — Predicted weld toughness required to avoid interfacial fracture in the
shear-tension test as a function of sheet thickness and tensile strength.

Fig. 17 — Predicted failure load as a function of sheet thickness for a low-
strength steel having a weld with poor load-carrying capacity. For a low-
strength sheet, a pullout failure is predicted even when the load-carrying ca-
pacity of the weld is poor.
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shown in the plot. This indicates that for
low-strength steels, a full button pullout
failure could be expected even for the case
where the weld has poor load-carrying ca-
pacity. For high-strength steels, however,
this was not found to be the case. Interfa-
cial fracture was predicted to occur for
cases where the weld has superior fracture
toughness and high load-carrying capac-
ity. These predictions shown in Figs. 15–17
agree well with known characteristics of
spot welds.

Conclusions

An analysis was performed in which a
combination of finite element modeling
and fracture mechanics calculations was
used to predict the weld failure modes in
the shear-tension tests of resistance spot
welds in AHSS grades. In the finite ele-
ment model, the base material and heat-
affected zone and weld properties were as-
sumed to be homogeneous. The
homogeneous model predictions agreed
well with the test data for cases where pull-
out failures occurred. This is because the
pullout failures most often initiated in the
base metal outside of the notch at the
perimeter of the weld. However, when
comparing the homogeneous model re-
sults to actual test data, the predicted fail-
ure loads for the interfacial fractures were
not consistent. For the case of the interfa-
cial failure mode, a relationship was found
in the literature to estimate the stress in-
tensity at the weld notch tip. This rela-
tionship was used along with the equation
developed for the pullout failure to define
variables that affect the failure mode and
load for the shear-tension test.

The results of the analyses showed the
following:

1. The mathematical equation derived
based on the finite element modeling
showed that the force required to cause a
button pullout fracture was found to be
proportional to the tensile strength of the
sheet as well as the diameter of the weld
and the thickness of the sheet. 

2. The present analyses showed that,

for low-strength steels (tensile strength
less than or equal to 300 MPa), a full but-
ton pullout could occur even when welds
have a poor load-carrying capacity. For
high-strength steels, however, this was not
found to be the case. Interfacial fracture
was predicted to occur in the shear tension
test for cases where the weld has superior
fracture toughness and high load-carrying
capacity.

3. It was determined that there is a crit-
ical sheet thickness above which the ex-
pected failure mode could move from
pullout to interfacial fracture. It was
shown that, as the strength of the sheet in-
creases, the fracture toughness of the weld
required to avoid interfacial fractures
must also increase. In the higher-strength,
less-ductile steels, this is not likely to occur
and interfacial fracture could become the
expected failure mode.

4. The load-carrying capacity of the
samples that failed via interfacial fracture
was found to be more than 90% of the
maximum load associated with the full
button pullout. This indicates that the
load-bearing capacity of these welds is not
significantly affected by the fracture
mode. Thus, the mode of failure should
not be the only criteria used to judge the
results of the shear-tension test. The load-
carrying capacity of the weld should be
considered the most important parameter
when evaluating the shear-tension test re-
sults in AHSS.
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The material in this paper is intended for
general information only. Any use of this mate-
rial in relation to any specific application should
be based on independent examination and ver-
ification of its unrestricted availability for such
use, and a determination of suitability for the
application by professionally qualified person-
nel. No license under any United States Steel
Corporation patents or other proprietary inter-
est is implied by the publication of this paper.
Those making use of or relying upon the mate-
rial assume all risks and liability arising from
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Nominees Solicited for Prof. Koichi  Masubuchi Award

November 3, 2008, is the deadline
for submiting nominations for the
2009 Prof. Koichi Masubuchi

Award, sponsored by the Dept. of Ocean
Engineering at Massacuusetts Institute of
Technology. It is presented each year to
one person who has made significant con-
tributions to the advancement of materi-
als joining through research and develop-

ment. The candidate must be 40 years old
or younger, may live anywhere in the
world, and need not be an AWS member.
The nominations should be prepared by
someone familar with the research back-
ground of the candidate. Include a ré-
sumé listing background, experience,
publications, honors, awards, plus a least
three letters of recommendation from 

researchers.
This award was established to recog-

nize Prof. Koichi Masubuchi for his nu-
merous contributions to the advancement
of the science and technoogy of welding,
especially in the fields of fabricating ma-
rine and outer space structures. 

Submit your nominations to Prof. John
DuPont at jnd@lehigh.edu.
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