
Introduction

Several tests are generally used to char-
acterize the resistance spot welding behav-
ior of steels. These include the welding cur-
rent range determination, metallographic
characterization of the weld and heat-
affected zone (HAZ) microstructures, mi-
crohardness and weld tensile tests (Refs. 1,
2). Two types of weld tension tests are typi-
cally done to assess the weld tensile strength
(Ref. 3). One is called the cross-tension test.
In cross-tension tests, two test strips meas-
uring 150 mm long × 50 mm wide are posi-
tioned normal to each other with an overlap
of 50 mm, and a spot weld is made at the
center of the overlapped region. In the
cross-tension test, a tensile load is applied
on the weld in a direction normal to the
weld. The other weld tensile test is the
shear-tension test (sometimes referred to as

lap-shear test). In this test, two sheet sam-
ples typically measuring 140 mm long × 60
mm wide (105 mm long × 45 mm wide for
sheet thicknesses less than 1.29 mm) are
overlapped by 45 mm (35 mm for sheet
thicknesses under 1.29 mm) and joined with
a single spot weld located at the center of
the overlapped region. The sample is then
pulled in tension. Load to failure and frac-
ture morphology from the test are exam-
ined to assess the performance of the weld. 

Generally, two different types of weld
fractures are observed in weld tensile tests

(Ref. 4). These are full button pull out,
wherein the fracture occurs around the weld
button leaving the entire button intact, or
interfacial fracture, wherein the fracture oc-
curs through the weld nugget at the sheet in-
terface. It is also possible to get a combina-
tion 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. In the case of the cross-
tension test, only the button pull type of
fracture mode is observed even in advanced
high-strength steels (AHSS) such as the
dual-phase steels (Ref. 2). This seems to be
the case from weld sizes smaller than 4√t
(where t is the nominal sheet thickness) up
to weld sizes where expulsion is encoun-
tered. This behavior is different from that
reported in the case of shear tension tests
(Ref. 4). This may suggest that fracture
mode in the cross-tension test is not sensi-
tive to weld size. Additionally, it has been
reported that base material strength does
not influence weld cross-tension strength
(CTS) in AHSS grades (Refs. 5, 6). Based

JANUARY 2012, VOL. 918-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

An Evaluation of the Cross-Tension Test of
Resistance Spot Welds in High-Strength

Dual-Phase Steels
Finite element modeling of the cross-tension test and an examination of spot welds

in a crash-tested vehicle showed the cross-tension test does not represent the
type of loading the spot welds in a vehicle undergo in an actual crash event

BY D. J. RADAKOVIC AND M. TUMULURU

ABSTRACT

An evaluation of the cross-tension test behavior of resistance spot welds in high-strength dual-phase steels was performed with two
objectives. The first objective was to examine the variables that affect the load-carrying capacity of spot welds in 780 and 980 MPa dual-
phase steels. This was accomplished through cross-tension testing of the steels, and finite element modeling (FEM) of the weld cross-
tension test behavior. The second objective was to determine whether the cross-tension test represents the type of loading and deforma-
tion modes that spot welds undergo in a real vehicle crash event. This was done through a detailed examination of a crash-tested vehicle
made available for examination by the Auto/Steel Partnership of the American Iron and Steel Institute. The observed weld failure modes
and base material deformation in the crash-tested vehicle were compared to those in the cross-tension test.

The modeling indicated that the failure load in the cross-tension test is related to the sheet thickness and the heat-affected zone (HAZ)
strength and ductility. The cross-tension test results also supported the model predictions that there was a correlation between failure load
and weld size. In the cross-tension testing, at all weld sizes tested, full button pull-out fractures occurred in the two steel grades tested.
This result agreed with the model results, which indicated that overload of the weld would not occur until the weld size became much
smaller than those achieved in the test samples. In the cross-tension test, the constraint of the sample grips prevents lateral movement of
the sheet as the sample is pulled vertically. Modeling also showed that this constraint causes high tensile force to develop in the sample
perpendicular to the direction of the applied load. For this reason, pull-out failures are the preferred failure mode in this test, even for
very small weld sizes. An examination of the crash-tested vehicle showed deformation of the sheets around the welds to be similar in ap-
pearance to that in the cross-tension test, with buckling of the joined sheets between spot welds. However, this type of buckling or crum-
pling in the crash-tested vehicle is the result of compressive loading and not tensile loading as predicted by the FEM for the cross-tension
test. Based on this work, it appeared that the cross-tension test is neither a discriminating test for assessing the weldability of high-strength
steels nor does it represent the type of loading that the spot welds in a vehicle undergo in a real crash event. 
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on these observations, it is not clear what
value the cross-tension test adds to assess
the weld performance of AHSS grades. Fur-
ther, it is not known what type of load con-
ditions the spot welds undergo in an actual
crash event, and whether the cross-tension
test appropriately simulates these condi-
tions. Answers to these questions can per-
haps be found by assessing the role of the
test variables, base material strength, and
the base material deformation in the cross-
tension test. Therefore, a test program was
undertaken with two objectives.
• The first objective was to examine the

variables that affect the load-carrying ca-
pacity of spot welds in 780 and 980 MPa
dual-phase steels. This was accomplished
through actual cross-tension testing of
samples and finite element modeling
(FEM) of the cross-tension test behavior
and comparing the model results with the
actual test data obtained.

• The second objective of the study was to
assess whether the cross-tension test rep-
resents the type of loading and deforma-
tion modes that spot welds undergo in a
real vehicle crash event. This was done
through a detailed examination of a
crash-tested vehicle fabricated and tested
for the Auto/Steel Partnership (A/SP) of
the American Iron and Steel Institute
and made available to the authors for ex-
amination. The observed weld failure
modes and base material deformation
were compared to those that occurred in
the actual cross-tension tests.
With the projected rise in the use of

AHSS in automotive bodies for weight sav-
ings and occupant protection (Ref. 7), it is
important to understand what role, if any,
the cross-tension test plays in assessing the
welding performance of AHSS grades.

Experimental Work

Cross-tension testing was conducted on
dual-phase steel coils with minimum ulti-
mate tensile strengths of 780 and 980 MPa.
The sheet thicknesses were 1.2 mm for both
the 780 and 980 MPa steel coils. Nominally,
the dual-phase steels contain about 0.09 to
0.14 wt-% carbon and are generally alloyed
with various amounts of manganese,
chromium, and molybdenum to achieve the
required tensile strength (Refs. 8–11). The
780-MPa coil was coated with 42/42 g/m2 (42
g/m2 on each side) hot-dipped galvanneal
(HDG) coating and the 980-MPa coil was
coated with 60/60 g/m2 (60 g/m2 on each
side) hot-dipped galvanized (HDGI) coat-
ing. Coatings are generally applied to steel
sheets used in the automotive industry for
corrosion protection. A galvanized coating
is applied by dipping the coils in a hot bath
of molten zinc. A galvanneal coating is ob-
tained by heating the zinc-coated steel at
450°–590°C (840°–1100°F) immediately
after the steel exits the molten zinc bath.
These coating weights are typical of current
commercial automotive use. All the coils
used were melted, hot and cold rolled at
United States Steel Corp.’s Gary Works and
coated subsequently at PRO-TEC Coating
Co., Leipsic, Ohio. 

The welding equipment and parame-
ters used are shown in Table 1. Cross-
tension test samples were prepared from
coils in the as-received condition without
any cleaning of the mill oil used prior to
shipping the coils. Cross-tension test sam-
ples and testing procedure were per Ref.
3. Cross-tension test sample dimensions
and layout are shown in Fig. 1. Cross-
tension test samples were prepared using
welding currents that produced small

welds well below the minimum weld size
(taken here as 4√t) all the way up to the
weld size where expulsion resulted. Weld-
ing current was increased at 300-A inter-
vals to increase the weld size and three test
samples were prepared at each current
level and averages were used to plot the
relationship between weld size and CTS.
Weld sizes (as measured by the button
size) and failure mode were determined
from the fractured samples. 

Finite element modeling of the cross-
tension test was conducted to understand
how the applied load is distributed within
the sample and to identify the variables
that affect the maximum load-carrying ca-
pacity of welds. Several combinations of
sheet thickness and weld size were evalu-
ated. A finite element model of a cross-
tension test sample is shown in Fig. 2. Sym-
metry conditions were applied such that
one quarter of the cross-tension sample
had to be represented. In the models a
notch radius of 60 μm was prescribed at
the perimeter of the weld nugget. This
value was measured from a photomicro-
graph of a spot weld cross section. A re-
fined mesh was used to capture the local
stress distribution at the weld perimeter.
All model runs were done using the
Abaqus® Standard Version 6.8 finite ele-
ment software on an HP xw8600 worksta-
tion, running the Windows® XP Profes-
sional x64 operating system. Three-
dimensional, eight-node brick elements
were used in all cases.

The crash-tested test vehicle examined
was constructed of advanced high-strength
steels as a part of a research project on light-
weight front-end structures sponsored by
the A/SP. The vehicle was subjected to a
frontal crash to examine the behavior of the
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Fig. 1 — Cross-tension test specimen dimensions and layout. The arrow
shows a spot weld between the two sheets. The dashed square represents the
area used for finite element modeling shown in Figure 2.

Fig. 2 — Finite element model of a cross-tension test sample (top). The weld
nugget is shown in red. Symmetry conditions were applied such that one-quar-
ter of the sample is represented. The sheet thickness is 1.5 mm and the weld size
6 mm. The bottom figure shows a close-up view of the finite element mesh in
the vicinity of the weld. A weld notch radius of 60 μm was used in all models.
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advanced high-strength steels used as part
of a light-weighting study. Hence, the direc-
tion of loading is perpendicular to the front
end of the auto body. A photograph of the
vehicle is shown in Fig. 3. A side view of the
passenger side of the vehicle is shown in the
top photograph. A close up of the area out-
lined in the top photo shows typical buck-
ling of panels in between spot welds (shown
by arrows). 

Results and Discussion

Cross-Tension Tests

The results of the cross-tension testing
are shown in Fig. 4 for both steel grades. In
Fig. 4, the weld CTS was plotted as a func-
tion of weld size. As the figures show, the
CTS increased with weld size for both 780
and 980 grades. Additionally, it was ob-
served that full button pull-out fracture
mode occurred in both grades and at all
weld sizes. As shown in Fig. 4, CTS for the
980-MPa steels was slightly lower than that
of the 780-MPa steel, this difference being
more noticeable at weld sizes greater than

4√t. It has been re-
ported that CTS de-
creased as the base ma-
terial carbon content
was increased from
0.05 to 0.2% in dual-
phase steels (Ref. 12).
It was also shown in
Ref. 12 that, as the car-
bon content was in-
creased, the base mate-
rial tensile strength
also increased and the
ductility decreased.
This indicates an in-
verse relationship be-
tween the base material
tensile strength and
weld CTS. A similar
trend in CTS was ob-

served by Sakuma et al. with increasing base
material strength (Ref. 6). 

Finite Element Modeling

Finite element modeling of the cross-
tension test was conducted to understand
how the applied load is distributed within
the sample and to identify the variables
that affect the maximum load-carrying ca-
pacity of welds. As a starting point in the
finite element modeling, a linear-elastic
analysis was done to determine the stress
concentration factor at the perimeter of
the weld nugget for a number of different
sheet thicknesses and weld sizes. The elas-
tic modulus and Poisson’s ratio were de-
fined and these properties were assumed
to be homogeneous in all models. The
model-predicted deformation and von
Mises stress distribution for a typical
cross-tension test sample are shown in Fig.
5. In this example, the sheet thickness is
equal to 1.5 mm, the weld size is 6 mm, and
a load of 450 newtons was applied. The de-
formed shape is shown in the top figure
and the lower figure shows a close-up view

of the stress distribution at the weld notch.
Note that the term weld notch in this
paper refers to the region where the top
and bottom sheets converge creating a
notch-like appearance around the perime-
ter of the weld. In this figure, it is appar-
ent that the maximum stress occurs in the
weld notch. The areas in gray (see note
above) correspond to local stresses ex-
ceeding 520 MPa with the maximum stress
predicted to be 574 MPa. The maximum
stress at the weld notch was predicted for
several different combinations of sheet
thickness and weld size. These results are
shown in Fig. 6. The results show that the
stress concentration at the perimeter of
the weld is very high in the cross-tension
test. For example, for a load of only 450
newtons, Fig. 6 shows that a local stress at
the weld notch of 800 MPa is predicted for
a sheet thickness of 1.0 mm and a weld size
of 4 mm. If the nominal stress is calculated
as the applied load divided by the cross-
sectional area of the weld nugget, then, for
an applied load of 450 N, a nominal stress
of only 36 MPa is obtained. Thus, the max-
imum predicted stress at the weld notch is
22 times the calculated nominal stress.
This indicates that a tremendous stress
concentration is present at the weld notch.
Figure 6 confirms that the maximum stress
is more strongly dependent on sheet thick-
ness as compared to weld size.

In previous studies, work has been done
to identify the effects of material strength
and ductility on the load-bearing ability of
shear and cross-tension spot weld tests. In
a study by Yamazaki (Ref. 5), a two-dimen-
sional finite element analysis was per-
formed to explain how the material
strength influences the concentration of
stress around the weld nugget. The result of
this study showed that, in the cross-tension
test, the stress concentration at the weld
notch is comparable in high- and low-
strength steels, and as a result, the base ma-
terial strength has only a small influence on
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Fig. 3 — Photograph of a lightweight front end crash-tested vehicle. A side view
of the passenger side of the vehicle is shown in the top photograph. A close up
of the area outlined in the top photo shows typical buckling of panels in be-
tween spot welds (shown by arrows). (Crashed vehicle courtesy of Auto/Steel
Partnership.)

Fig. 4 — Cross-tension test results for 1.2-mm 780 and 980 MPa dual-phase
steels. The cross-tension strength (CTS) is shown as a function of weld size.
Full button pull-out failures occurred at all weld sizes in both the grades.
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the load to failure. This was found to be the
case in the present study. Other work has
shown the influence of the material elon-
gation on the load-bearing ability of shear
and cross-tension test samples (Ref. 13).
Formulas have been developed based on
test data to predict the failure load in both
weld shear and cross-tension tests as a func-
tion of material strength and elongation
(Refs. 6, 10, 13). 

In the present study, the models were
developed to include metal plasticity. For
these models, the CTS was defined as the
load at which the plastic strain in the weld
notch reached the failure strain (or pre-
scribed elongation to failure). Figure 7 pro-
vides an example of how the ductility of the
sample near the weld notch can affect the
load-carrying capacity of the sample. In this
figure, the plastic strain at the weld is plot-
ted as a function of the applied load. As the
figure shows, the load to initiate failure in a
780-MPa material with an elongation to
failure of 25% is the same as that of a 1200-
MPa material with an elongation to failure
of 12%. These findings are consistent with
those of Oikawa et al. (Ref. 14). 

A result that immediately became ap-
parent in the analysis was that the predicted
CTS associated with failure initiation at the
weld notch was significantly lower than

what the actual test
data showed. Based
on these results, it was
anticipated that local
failure of the speci-
mens could occur at
the weld notch well before the peak failure
load is reached. In order to address this in
the analysis, a damage model was defined.
The Abaqus® software offers a general ca-
pability for modeling progressive damage
and failure in ductile metals. This function-
ality is used in conjunction with a plasticity
model. The software allows for the specifi-

cation of damage initiation criteria. After
damage initiation, the material stiffness can
be degraded progressively according to a
specified damage evolution response. The
progressive damage models allow for a
smooth degradation of the material stiff-
ness to failure. Figure 8 shows a general de-
scription of the material damage model that
was used in the simulations. In this figure,
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Fig. 5 — Model-predicted von Mises stress distribution in a cross-tension
test sample subject to a 450-N load. The sheet thickness is 1.5 mm and the
weld size 6 mm. In the top figure, the area in gray represents stresses in ex-
cess of 155 MPa. In the top figure, the weld notch is identified with a dashed
circle. The bottom figure shows a closer view of the weld notch. In this fig-
ure, the areas in gray correspond to local stresses in excess of 520 MPa.

Fig. 6 — Predicted maximum stress near the weld notch as a function of weld
size and sheet thickness for cross-tension spot weld test samples. The applied
load was 450 N for each case.

Table 1 — Welding Conditions

Welding Machine Manufacturer Taylor Winfield Corporation
Welding Machine Type Pedestal Type
Welding Machine Transfomer 100 KV A, Alternating Current Type — Single Phase
Welding Controller Type TruAmp IV
Electrode Face Size 6 mm
Electrode Force 5.4 kN
Squeeze Time 75 cycles
Weld Time 14 cycles
Hold time 10 cycles

Pre Heating None
Post Heating None
Electrode Coolant Water Temperature 21°C
Electrode Tip Cooling 3.7 L/min (gal/min)

Fig. 7 — A plot of the plastic strain at the weld notch as a function of applied
load for the cross-tension spot weld test samples. Results are shown for ma-
terial tensile strengths of 800 and 1200 MPa. A sheet thickness of 1.5 mm and
a weld size of 6 mm were prescribed.
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the behavior of an undamaged material is
represented by the path (a – b – c – d’). A
damaged material would follow path (a – b
– c – d) with damage initiation occurring at
point c and damage evolution from point c
to d.

Thirty-six models of the cross-tension
test were modified to account for metal
plasticity and damage. Material tensile
strengths of 270, 400, 800, and 1200 MPa
were evaluated. The associated elongation
to failure for each strength level was pre-
scribed to be 35, 30, 20, and 10%, respec-
tively. Damage initiation was assumed to
occur when the plastic strain reached the
prescribed ductility and a linear degrada-
tion of element stiffness was applied from
this point to failure. Figure 9 (top) shows
the model-predicted plastic strain distri-
bution in a cross-tension sample for a
sheet thickness of 1.5 mm, a weld size of 6
mm, and a material tensile strength of 800

MPa. The regions in
gray represent plastic
strain exceeding 20%.
A pull-out failure
mode is predicted for
this case. The pre-
dicted load-displace-
ment curve for this
case is shown in the
lower figure. As the
figure indicates, local
failure initiation at the
weld notch was pre-
dicted to occur at a

load of 3 kN. This is less than half of the
maximum predicted peak load to failure
of 6.2 kN. This indicates that the load con-
tinues to increase, even after failure of ma-
terial initiates in the weld HAZ. Addition-
ally, the initial cracking that was predicted
by the model was found to be the result of
tensile overload in the weld notch. This
prediction is consistent with audible
acoustic emissions that occurred during
the test prior to failure. The cracking or
“pinging” sounds result from the energy
being released when microcracks open up
in the HAZ. It is believed that eventually
a number of these small cracks link to-
gether at a location that defines the frac-
ture initiation region in the weld HAZ.
The microcracking has been documented
with SEM images showing numerous
cracks adjacent to the fracture face of a
cross-tension sample — Fig. 10. The final

failure was predicted by the model to
occur as shear overload. These findings
are consistent with those of Chao, who
noted that shear failure was the mecha-
nism for final failure in cross-tension test
(Ref. 15).

The results of the cross-tension models
are shown in Figs. 11 and 12. Figure 11
shows the CTS as a function of base metal
strength and sheet thickness. In this plot,
it can be seen that the increase in CTS di-
minished as the base material strength in-
creased from 780 to 980 MPa. The test
data showed that the CTS for the 980 MPa
steel was slightly lower compared to that
of the 780 MPa steel. This difference be-
tween the model-predicted and actual
CTS data is believed to be related to the
fact that the model assumed homoge-
neous properties in the samples and did
not consider HAZ softening. Oikawa et al.
studied the effect of base material
strength on the CTS of high-strength
steels developed for automotive applica-
tions. They found that CTS increased with
an increase in base material strength up to
590 MPa and noticed a decrease from 780
MPa upward (Ref. 14). They speculated
that the decrease in CTS was caused by an
increase in stress concentration around
the nugget as the base material strength
increased beyond 780 MPa. The present
modeling results show that the diminish-
ing increase in CTS with material strength
is directly related to the reduced ductility
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Fig. 8 — Material damage model that was used in the simulations. The
plot shows a stress (s) vs. strain (ε) curve. The behavior of an undamaged
material is represented by the path ( a – b – c – d’). The damaged material
follows the path represented by (a – b – c – d). Damage initiation occurs
at point c and damage evolution occurs from point c to d.

Fig. 9 — Model-predicted plastic strain distribution that occurs in the pull-
out failure mode of the cross-tension test (top). In this case the sheet thick-
ness is 1.5 mm, the weld size is 6 mm and the material tensile strength is 780
MPa. The regions in gray represent plastic strain exceeding 20%. The pre-
dicted load-displacement curve for this case is shown in the lower figure. 

Fig. 10 — Scanning electron microscope views of fractured cross-tension
test sample at various magnifications showing the presence of cracks in the
heat-affected zone. These cracks propagated in the direction of the applied
load. In the top two photographs, the fracture surface is represented with
the letter F. Evidence of ductile tearing can be seen inside the cracks.
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associated with the higher strength mate-
rials. Figure 12 shows that the predicted
CTS increased with sheet thickness as well
as with weld size. Comparing the slopes of
the curves in the upper and lower graphs,
the predicted CTS is more strongly af-
fected by sheet thickness than weld size.

Weld hardness traverses showed that
there was about a 30 VHN drop in hard-
ness in the HAZ for 980 dual-phase steel
and much less for 780 dual-phase steel.
The 980 dual-phase steel shows a greater

hardness drop due to its higher
carbon content, added to achieve
the required minimum base ma-
terial tensile strength. Further,
780 dual-phase steel is leaner in
composition than the 980 dual-
phase steel and, as a result, does
not show as great a drop in hard-
ness as 980 steel. Similarly, HAZ
hardness drops were also re-
ported by Khan et al. in spot
welds in dual-phase steels (Ref.
13). Previous studies have shown
that the microstructure of the
HAZ consists of significant
amounts of martensite (Refs. 2,
16, 17), which decomposes in the
subcritical zone of the HAZ due
to a tempering reaction from the
welding heat. This results in soft-
ening of the local microstructure.

This phenomenon has been reported pre-
viously and is known as HAZ softening
(Refs. 18, 19). Specifically, HAZ softening
occurs in the subcritical HAZ where the
temperature reached during welding stays
below the Ac1 temperature of the steel
(Refs. 19, 20). Martensite tempering alters
the HAZ microstructure, hence its me-
chanical properties. Generally, decreases
in the yield and ultimate tensile strength,
as well as an increase in ductility, have

been reported (Ref. 21). It has also been
reported that steels with higher carbon,
and those containing chromium and
molybdenum tended to soften more read-
ily compared to steels leaner in carbon,
chromium, and molybdenum (Ref. 21).
The change in hardness observed in the
subcritical HAZ is believed to be due only
to the changing volume percentages of the
martensite, ferrite, and tempered marten-
site phases as the material tempers. Simi-
lar assumptions were made by others
(Refs. 22, 23). In the present case, 980
dual-phase steel contained higher carbon
than 780 dual-phase steel. As a result, the
volume fraction of martensite in the HAZ
is much higher in 980 than in 780 dual-
phase steel. As tempering of martensite
occurs, 980 dual-phase steel is expected to
show a more pronounced drop in hardness
compared to 780 dual-phase steel. 

Note that in the 980 dual-phase steel
the drop in HAZ hardness is more pro-
nounced on the left side of the plot (Fig.
13) compared to that seen on the right
side. This is believed to be from the place-
ment of hardness indentations. The sub-
critical HAZ region tends to be very small
in an already small HAZ in a resistance
spot weld. Hardness indentations were
taken at increments of 0.4 mm and it is
possible to miss placing indentations in
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Fig. 11 — Predicted cross-tension strength (CTS) as a function of base material
strength and sheet thickness.

Fig. 12 — Predicted CTS as a function of sheet thickness and weld
size. As the slopes of the curves indicate, the CTS is more strongly
affected by sheet thickness than the weld size. 

Fig. 13 — Weld microhardness traverse for 780- and 980-MPa dual-phase steels.
The HAZ showed a hardness drop of about 30 VNH for 980-MPa steel.

Fig. 14 — A photograph of the fixture that holds the cross-tension
samples during the test. Three of the four bolts that clamp the sam-
ple are visible in the photograph.
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the subcritical HAZ.
The softer region is constrained between

the base material and the weld, both of
which are harder than the softened zone —
Fig. 13. This results in strain localization in
the transition from hard to soft materials.
The strain localization is more severe in the
case of higher-strength steels such as the
980-MPa steel because the increased soft-
ening in higher-strength steels causes a
larger hardness difference between the soft-
ened zone and the adjacent weld and base
material. The modeling showed that the
geometric stress concentration is also lo-
cated in the same transition area where the
softer material is constrained between two
harder zones. These factors, along with the
direction of the maximum stress, which is
nearly perpendicular to the direction of the
applied load, promote the pull-out failure
mode in this test, even for small weld sizes. 

Comparison of Crash-Tested Vehicle and
the Cross-Tension-Tested Samples

In the cross-tension test, the samples are
gripped and pinned in such a way that lat-

eral movement of the clamped portion of
the sample is prevented as the crosshead of
the tensile testing machine moves vertically
— Fig. 14. As a result, in addition to a bend-
ing moment from the vertical displacement,
a large tensile force component is applied
across the sample in a direction perpendi-
cular to the applied load. Sun et al. noted ro-
tation of the specimen during the cross-
tension test (Ref. 24). However, no rotation
was observed in the test, only bending. The
deformation that occurs in the test sample
and the constraint on the sample are shown
in Fig. 15. Evidence of this constraint can
also be seen in Fig. 16, which shows the de-
formation of holes in the sample caused by
the restriction imposed by the bolts. These
holes were drilled to clamp the specimens to
the test fixture for the cross-tension test.
Under these load conditions, the direction
of the maximum tensile stress at the weld
notch is nearly perpendicular to the applied
load. This would cause crack initiation as
shown in Fig. 16 and would promote full
button pull-out failures. This stress orienta-
tion is the reason the full button pull-out
failure mode is observed in the cross-

tension test, even for very small weld sizes. 
The loading in a cross-tension test is

analogous to the case where, in a spot
welded assembly, the sheets are forced
apart at locations in between spot welds,
but without any movement of the welds at
all. This type of deformation is depicted in
Fig. 17, which shows a simple representa-
tion of two sheets with equally spaced spot
welds. The top figure shows the unde-
formed geometry and the middle sketch
shows the deformation where the sheets
are pulled apart in between spot welds, but
the welds are not permitted to move rela-
tive to one another. As the figure shows,
the initial and final distance between spot
welds is the same, despite the imposed de-
formation. The area inside the dotted rec-
tangle in the middle figure represents the
same deformation that occurs in a cross-
tension test sample. In the cross-tension
test, the restraint of the grips results in the
same deformation pattern shown in the
middle sketch. The bottom sketch repre-
sents the deformation observed in a crash-
tested vehicle, where the welds are free to
move closer together as a result of the
frontal impact.

During a crash event, there is no im-
posed constraint that can prevent spot
welds from moving relative to one another.
In fact, in automotive bodies the front end
is designed to crumple and absorb crash en-
ergy. The buckling of the sheets between
welds, as was observed in the crash-tested
vehicle, was a direct result of the welds mov-
ing closer together from the crumpling. This
indicates that there is a strong compressive
force at play leading to the observed crum-
pling or buckling. While the presence of a
tensile force from the buckling cannot be
ruled out, it appeared based on the move-
ment of the welds that the compressive
force is the stronger of the two. In the case
of a cross-tension test, there is no applied or
resultant compressive force, and as a result,
there is no buckling at play. Thus, there are
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Fig. 15 — Model-predicted deformation that occurs in the cross-tension test
(top). Due to constraint of the gripped ends, bending and tensile stresses occur
at the weld perimeter (top). The tensile force from the constraint is shown by
the double-headed arrow. The direction of the maximum stress would cause a
crack (shown by a black line) to initiate as shown in the bottom figure. The
constraint from the upper grip is on the opposite side of this figure, and hence,
not shown. 

Fig. 16 — Both sheets of a failed cross-tension test sample are shown. The ar-
rows show the local deformation that occurred in the holes from the constraint
of bolts that pass though the holes for clamping. 

Fig. 17 — Figure showing a simple representation of two sheets with equally spaced spot welds (top). The mid-
dle sketch shows the deformation imposed by the cross-tension test in which the sheets are pulled apart in be-
tween spot welds, but the weld locations are not permitted to move relative to one another. As the figure shows,
LF = LI, despite the imposed deformation. The dotted rectangle represents a weld in a cross-tension test sam-
ple. The bottom sketch represents the actual crash-tested vehicle where the welds are free to move closer from
the frontal impact. LF and LF1 represent the interweld spacing and LF is shorter than LF1.
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notable differences between the cross-
tension test, as required to be performed by
Ref. 3, and a real-life vehicle crash. While
the deformation observed in the cross-ten-
sion test and that seen in the actual frontal
crash-tested vehicle appear similar, the
loading condition for these two events are
very different, as are the resulting stress
states at the weld. Based on these observa-
tions, it appears that the cross-tension test
neither provides any meaningful informa-
tion regarding spot weld performance nor is
it a discriminating test to judge the weld-
ability of high-strength dual-phase steels. 

Conclusions

In the present study, cross-tension test-
ing was done on 780- and 980-MPa dual-
phase steels. Finite element modeling work
was performed to understand the cross-
tension test behavior of these steels. A
crash-tested vehicle built of high-strength
steels was examined to compare the failure
modes and deformation behavior of the
welds to those that occur in the cross-ten-
sion test. Based on this work, the following
conclusions can be drawn:

1. The finite element modeling per-
formed also predicted full button pull-out
failure modes for all cases, even at small
weld sizes less than 4√t. The results of the
cross-tension testing showed full button
pull-out mode of fracture at all weld sizes
examined for both 780- and 980-MPa steels. 

2. The results of the finite element mod-
eling showed that the location of maximum
stress is in the HAZ and direction of the
maximum stress is nearly perpendicular to
the loading direction. These two factors,
along with the strain localization resulting
from the presence of a softened region in
the HAZ constrained between the base ma-
terial and the weld, promote the pull-out
failure mode in the test. 

3. The results of the modeling showed
that both material tensile strength and duc-
tility were found to have an effect on the
load required to initiate failure at the weld
notch in the cross-tension test. For a given
material strength, the predicted load to ini-
tiate local failure at the weld notch was
found to increase with increasing ductility.
Depending on the difference in ductility be-
tween two steels, the load to initiate failure
can be greater for the lower-strength mate-
rial. Testing showed that the CTS was
slightly lower for 980-MPa dual-phase steel
compared to 780-MPa dual phase.

4. In cross-tension tests, failure was pre-
dicted to initiate as a result of tensile over-
load in the weld notch. This indicates that
some degree of local cracking occurs prior
to the final fracture. This prediction was
confirmed by the presence of multiple
cracks documented with SEM images. The
final failure was predicted to occur as a re-
sult of shear overload. 

5. The separation of the sheets between
welds observed in the crash-tested vehicle
was a direct result of the welds moving
closer together under a compressive force
from the crumpling. In the case of a cross-
tension test, there is no applied or resultant
compressive force, and therefore, no buck-
ling at play. While the deformation ob-
served in the cross-tension test and that
seen in the actual frontal crash-tested vehi-
cle appear similar, the loading condition for
these two events are very different, as are
the resulting stress states at the weld. Based
on these observations, it appears that the
cross-tension test neither provides any
meaningful information regarding spot
weld performance nor is it a discriminating
test to judge the weldability of high-strength
dual-phase steels. 

Disclaimer

The material in this paper is intended for
general information only. Any use of this
material in relation to any specific applica-
tion should be based on independent exam-
ination and verification of its unrestricted
availability for such use and a determination
of suitability for the application by profes-
sionally qualified personnel. No license
under any patents or other proprietary in-
terest is implied by the publication of this
paper. Those making use of or relying upon
the material assume all risks and liability
arising from such use or reliance.
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