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Abstract When subjected to the lap shear testing, spot welds created by brazing, resistance welding, or other techniques may fail either by
a plug failure mode (also called pull-out mode) or an interfacial shear failure mode. In the past, plug failure mode was thought to be depend-
ent on base metal ultimate tensile strength, spot diameter and plate thickness, while interfacial failure can be determined by interface shear
strength and spot area. No fracture mechanics model or failure process is invoked in such an approach, and its predictive capability is often
doubted compared to realistic experiments. This work conducts a parametric study to assess the failure behavior as a function of dominant
three-dimensional geometric parameters based on the Gurson-Tvergaard-Needleman (GTN) damage mechanics model and no-damage mod-
el respectively. Different necking conditions are considered as precursors to the two failure modes in the no-damage model. It is found out
that a small ratio of spot diameter to plate thickness promotes interfacial shear failure while a large ratio favors plug failure. Other geometric
parameters such as the filler interlayer thickness, if used, play a secondary role. The calculated peak force F',; is not much different between
the GTN and no-damage analyses, and better agreement is shown in the small nugget region. Normalized peak force calculated from the
GTN model with the porosity fj set to 0.01 showed the best agreement with pervious tensile shear tests on spot-welded DP980 lap joints in
comparison to that calculated from the GTN model with fj at 0.02 and the no-damage model. Note that heterogeneous distribution of materi-
al strength across the joint region was considered in the GTN model, which was estimated based on the hardness map measured across the

joint cross section.

Key words spot welding, failure modes, damage mechanics

boundary value problem results in the development of a
0 Introduction nonuniform stress field in the joint region, which makes it

difficult to attribute failure strength to either the interlayer
6]

For lap joints and spot welds, a sound metallurgical
bond with good strength can be generated by selecting ap-
propriate fillers and joint designs[l ¥, Since the base metals,
filler materials and weld quality all contribute to the overall
failure strength of the joints, the deformation behavior could
be complex to understand, leading to challenges in optimiz-
ation of failure strength and toughness. Lap shear test is the
most commonly used technique for such a purpose. The

strength or the base metal strength alone .

It was suggested by multiple researchers that in lap
joints an approximately uniform stress can be developed in
the interlayer for small overlaps. Besides, for larger over-
laps, a high stress concentration is developed near the two
lap ends” " In other words, the interlayer is constrained by
the two base metal plates, and thus develops a complex tri-
axial stress state” ", Such behaviors correspond to the two
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distinct types of failure modes, including the interfacial
shear failure (i.e., shearing of the interlayer like a sliding
process) and the pull-out failure (i.e., fracture in base metal
plates near the joint region, also known as plug failure). The
dominating factor for the transition of these two modes
from one to the other has been identified as the overlap in
two-dimensional or the nugget size in three-dimensional

U111 pouranvari et al.l"” reported a threshold value

setups
of r = 2t for resistance spot welds of steels, where r is the
radius of nugget and ¢ is the thickness of the plate. As r < 2¢,
the shear stress was nearly uniformly distributed in the in-
terlayer, and interfacial failure was observed, while as r >
2t, high stress concentration developed in the base metal re-
gion on the periphery of the joint associated with rotation of
the joint.

The fracture strength of a pull-out or plug failure mode
was believed to be usually higher than that of interfacial
mode. Experiments on Al-Si coated press hardened

1411 Jow carbon steels'®, advanced high-strength

steel
steels!”, and many others have corroborated that with in-
creasing nugget size, the failure mode switches from interfa-
cial to pull-out, and results in an overall increase in fracture
strength. Furthermore, in our previous tensile shear experi-
ments on spot-welded lap joints of galvannealed DP980
steel using a high-entropy-alloy (HEA) filler'", the thick-
ness of interlayer filler was varied from 220 to 370 um to
investigate the effect of interlayer thickness on the failure
mode as well as the peak force of tensile shear tests. When
the experiments were conducted without an interlayer, the
failure mode was predominantly interfacial. With the in-
crease in the interlayer thickness, the failure transitioned to
a mixed mode where the fracture surface exhibited charac-
teristics associated with both interfacial and pull-out modes.
However, the peak force showed a downward trend with the
increase in the interlayer thickness. Therefore, more in-
depth theoretical analysis is needed to fundamentally under-
stand the impact of joint geometry on the synergistic
changes of failure modes, peak force, and other experiment-
al findings.

The welding community generally predicts lap-shear
strength using two methodologies: simple strength models
versus fracture-mechanics based models. The former ones
have been widely recommended in welding and joining
handbooks due to their easy application and some empirical
successes' . According to the suggestions from American
Welding Society (AWS), the critical force corresponding to
interfacial shear failure is taken to be proportional to o~ D?,
where D = 2r is the nugget diameter and o is the interface
shear strength. Similarly, the critical force for plug failure is
oyrs Dt, where oyrs is the ultimate tensile strength of the
base metal. These simplified equations can be justified by

the nearly uniform shear stress field at small nugget sizes
and the development of nearly full plastic fields. Even
without the knowledge of o5, comparison of these two
equations shows that, provided with a large ratio of D/t, the
interfacial shear failure force will be much larger than the
plug failure force, so that the plug failure will take place
first. This is clearly in line with almost all experimental
findings, but further successes have not been achieved, es-
pecially for quantitative comparison to experiments. This is
because small nugget sizes will lead to plate rotation and
thus a combined tensile-shear stress state. To this end, at-
tempts have been made to improve the above equations for
combined normal and shear stress components, from which
failure mode maps can be developed by comparing these
equations[()]. There an also more complex models based on
the ductility of interlayer, overlap length and thickness, and
other parameters[20 ~*" have been proposed.

The other commonly used methodology is fracture-
mechanics based, such as the linear-elastic-fracture-mech-
anics (LEFM) approach that compares the stress intensity
factor to toughness, and the cohesive zone model that spe-
cifies a traction-separation relationship along the weak in-

19, 22 — 22, 25
! conducted

terface' ! For example, Zhang et al!
extensive finite element (FE) simulations and documented
the dependence of applied stress intensity factor on various
geometric parameters. However, LEFM implicitly assumes
that the crack size should be much smaller than the feature
sizes in the boundary value problem. This is not the case in
welded metal structures, where the plastic zone size is large,
and can even extend over the entire lap, which is opposed to
the suitable application of the LEFM approach to large
structures such as ship decks or composite materials”® ",
For cohesive zone approach, although the restriction of fail-
ure along certain pre-defined paths can be easily relieved,
this method is better suited for modeling adhesive layers
and has troubles in modeling the failures in metallic mat-
erials”* ",

Owing to the limitations of the above two types of mod-
els, this work presents failure analyses from a material dam-
age perspective. To be specific, the Gurson-Tvergaard-
Needleman (GTN) failure model is adopted here that de-
scribes the processes of void nucleation, growth and coales-

[11,29 -3
cence

% The voids could be pre-existent, especially
within the solidified braze filler region, or nucleated under a
high triaxial tension. Using the commercial package,
ABAQUS, a detailed FE analysis was performed to under-
stand the effects of geometrical parameters such as radius
and thickness of interlayer (> 0) on the fracture modes of
the spot-welded lap joints, as well as their load-bearing ca-
pacity. Such a parametric study will allow us to develop a

failure-mode map with respect to several dominant dimen-
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sionless parameters.

The numerical simulation results will be compared to
our lap shear tests on spot welds!"" without involvement of
brittle phases. Note that some literature experiments on
brazed dissimilar metals, such as Ag —CuO[m], Al/Mgm],
Ti6Al4V/Cu/NiTi"™" systems, showed a decrease in failure
force with an increase in the interlayer thickness. Most of
these studies attributed failure to the formation of brittle
phases, which act as crack initiation sites. The increase in
interlayer thickness led to more volume for detrimental
phases to form, and thus adversely affected the fracture
strength. In this study, the comparison to experiment
without involvement of brittle phases allows for isolation of
interlayer thickness effect on stress state change, and there-
fore will provide validation for the damage-based FE simu-
lations.

1 Problem formulation

For the boundary value problem depicted in Fig. 1, » and
d (d > 0) represent spot weld diameter and filler thickness,
respectively. a, ¢, and w represent overlap distance, plate
thickness and width, respectively. F is the force applied dur-
ing tensile-shear test, we assume power-law hardening for
the material, given by

(o
E o <0y

&= oof o : (1)
E(OT()) o200

where E is the Young’s modulus, o is yield stress, and N is
the strain hardening exponent. As this work aims to com-
pare to experiments by Abdelmotagaly[ls] where DP-980
steel was the base metal, input database for mechanical
properties of DP980 was obtained from literature [18] and
tabulated in Table 1. It should be noted that the ultimate
tensile strength (UTS) should depend on o and N, since it
corresponds to the necking condition under uniaxial tension.

As aforementioned, the GTN damage model is em-
ployed for the failure analysis, in which the yield potential
is given by

.\ . (3q20m )
¢:(%) +2q.f cosh(ﬂ)—auqlf ) =0 (2)

20

Table 1 Mechanical properties for DP-980 steel, as taken from

F e l t
_/ftz_d : }»F
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Fig. 1 Schematic illustration of the tensile shear test and
the labeling of various parameters involved in the mechan-
ics analysis

where o, denotes the effective stress, o,,the mean stress, o
the tensile flow stress representing the actual microscopic
stress state in the matrix, g; and g, are dimensionless para-
meters to improve agreement between this homogenized
model and actual explicit simulations of individual voids.
The modified void volume fraction, f*, relates to the void
volume fraction, f, by

f f<r

1
= (Z _fC)(f_fc) (3)
f"+—ff—fc f>f

where f; is the critical value for void coalescence and f7 is
for the final failure. The evolution of void volume fraction
are as follows

f‘:fnucl"'(l_f)ka 4)

where f,,,.; 1s the nucleation rate and ka is the sum of prin-
cipal components of the velocity gradient tensor. The nucle-
ation process is rather complex and oftentimes relies on the
knowledge of inclusions and second phase particles. Here
for simplicity, we set fu, = 0 and only consider the initial
void volume fraction fj as the controlling parameter.

As shown by the FE mesh in Fig. 2, a half model (in y-
axis) has been exploited to reduce the computational effort
without losing the consistency of the solution for tensile
shear tests” . The variation ranges of parameters defined in
Fig. 1 are summarized in Table 2, which are typical sizes
for spot joints in automotive applications.

The GTN model has an intrinsic length scale; it is the
spacing of voids or void-nucleating inclusions in the materi-

al, or the mesh size in FE simulations. According to Tver-

Yield strength o,/MPa Young’s modulus £/GPa

Ultimate tensile strength oyrg/MPa

Strain hardening exponent N

610 190

970 0.37
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Fig. 2 FE mesh (a) The overall geometric setup and FE
mesh used in this study (b) A close-up view at the end of the
interlayer. This particularly example has a minimum mesh
size of 100 pm at the notch root

Table 2 Geometric parameter symbols and values varied
in FE simulations

Interlayer Interlayer thickness Plate Plate width  Overlap
. thickness 2
radius 7/mm d/mm W/mm area A/mm
t/mm
0.5,1,2,3, 0,0.05,0.1,0.4,
45 06081162 1 2 40

gaard[zg], the fracture energy G. and the minimum mesh size
e are related by G. = (2—-5)oge for N in the range of
0.2-0.4. Using material properties of o9 = 600 MPa and
G, =200 kJ/m?, the mesh size in the range of 66—166 pm
was estimated. Therefore, throughout this study, a minim-
um mesh size of 100 pm was chosen in the location near the
notch root as shown in Fig. 2 b.

2 Results from parametric study

A parametric study is conducted here to establish a rela-
tionship between failure mode and various geometrical
parameters. Using the Buckingham Pi theorem, the non-di-
mensional parameters can be group into

r

. daw
Failuremode = 1_[ (;’ ;’ ;’ 7’fO,plate’fO,interlayer) (5)

where the geometrical parameters are normalized by the
plate thickness ¢. Because a/t > 1 and w/t > 1, these two
parameters can be neglected. fp is a parameter that indic-
ates the initial porosity in the material. Base plate and inter-

layer porosity play a significant role in determining the fail-
ure mode. For the purposes of this work, the initial porosity
Jo of both base plate and interlayer materials, f; o and
Jo,interlayer 18 taken to be 0.02, if not explicitly stated , which
is usually used for ductile metals of moderate quality. The
material properties are fixed to values tabulated in Table 1,
and therefore no other parameters are involved in this equa-
tion. The final results are reported as a function of two main
parameters, i.e., 7/t and d/t.

The two failure modes can be illustrated by the repres-
entative results in Fig. 3. In these and other unshown simu-
lations, failure initiates right after the peak on the force-dis-
placement curve. In some extreme values of r/t and d/t,
necking can be seen before noticeable fracture takes place.
A more detailed discussion of such observations will be giv-
en later. Over a wide range of parameters, interfacial shear
failure occurs for a small nugget size, e.g., ¥ = 2 mm in
Fig. 3 a, while pull out failure is favoured for a large nug-
get size, e.g., » = 5 mm in Fig. 3 b. As shown in Fig. 4, the
dependence of failure force on the interlayer thickness d is
quite weak until a large 7/¢ is reached (e.g., as r/t >2.5, re-

(a) S, Mises
(Avg: 75%)

+2 696
+615.0
+527.1
+439.3
+351.4
+263.6
+175.7
+87.86
+0

(b) S, Mises
(Avg: 75%)

Fig. 3 The two failure modes (a) Interfacial shear failure
for the case with r = 2mm and d = 1 mm, demonstrated by
the Mises stress contours at 90% of the peak force after fail-
ure initiation (b) Pull out failure for the case with r=5 mm
and d = 0.1 mm, plotted at 80% of the peak force after fail-
ure initiation
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duced interlayer thickness leads to an increase in failure
force). Following the entire failure evolution, it has been
found that due to the large plastic zone size, once started,
the shear failure quickly propagates through the entire inter-
layer, while the pull-out failure localizes and forms two
crescent-like cracks, followed by large rotation of the nug-
get and then tearing of the nugget completely from one
plate.
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the format of (a) a contour surface and (b) a 2D plot

Fig. 4 The normalized force F',= with respect to the

The failure mode map can be described by a dimension-
less analysis of the peak force. As nugget size and interlay-
er thickness constantly vary, it is convenient to normalize
the force by yield strength, plate width and thickness, given

by

NIQ..

peak l_[ r
= oowt v\

where only the two key dimensionless parameters are listed,
i.e., r/t and d/t. F,, is a dimensionless quantity defined as

normalized force in this paper. Further, as discussed in the
introduction, the welding community models the critical
force for interfacial shear failure by o-D?, and that for pull
out failure by oyrsDt, where D is the diameter of spot
joint, o is the yield strength and oyrs is the ultimate
tensile strength. Failure strength is an ill posed property, as
it cannot be derived from either fracture mechanics or dam-
age model for ductile metals. Nevertheless, for the sake of
practicality, two additional dimensionless functions were
proposed,

P ZHDZ(Z’g’"') ®)

Fp; and Fpe are dimensionless quantities that represent
force normalized using oyrsDt and osD?. Comparing
these normalized peak force plots will allow evaluation of
the validity of these simple strength equations from our
mechanistic simulations of the entire failure processes.

The normalized peak force, F,, is given by the contour
surface and 2D plots in Figs. 4 a and 4 b, respectively. The
two failure modes are marked in Fig. 4 b by two different
symbol types, and the boundary between these modes is de-
lineated in all these plots. These results confirm that the
primary factor controlling the failure mode transition is r/¢,
while the role of d/t is secondary. In our previous work of
the two-dimensional counterpart[32], a similar dependence of
normalized peak force on the normalized overlap size to
Fig. 4 a has been seen. At small nugget size for 3D or small
overlap size for 2D counterpart, the normalized peak force
increases rapidly in the shear failure mode but approaches a
plateau in the pull-out mode. An increase of the interlayer
thickness promotes the pull-out failure despite a relatively
weak dependence. This trend can be explained by the notch
sensitivity. A large notch radius (corresponding to a large
d/t) has reduced triaxial constraint on the deformation field
of the interlayer, so that the tensile failure is easier to take
place.

The surface plots for the normalized force Fp, and Fpe
are shown in Figs. 5 a and 5 b, respectively. Under the as-
sumption of failure strength (again, empirical and not mech-
anistic), the interfacial shear failure will take place when
Fp: reaches a critical high value, and so does the pull-out
failure (i.e., plug fracture) as Fp, reaches a critical value.
The overall observations of large Fp: at low r/tand large
Fpy at high r/t appear to agree with this line of argument,
which is the essential reason for the prior success of such
models in AWS compiled data. However, one would not be
able to extract critical values for these two normalized
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Fig. 5 Surface plots of (a) the normalized force, F'p, and (b) normalized force, Fp:

forces, as these two forces never reach any plateaus, which
again arises from the improper usage of a critical strength
criterion for the failure of ductile metals.

From the above analysis, it is found that a complete
parametric study based on GTN damage analyses is rather
cumbersome because of the fine mesh requirement and vari-
ous possible void-nucleation mechanisms. To circumvent
this challenge, we notice that a no-damage model should set
up an upper bound of the load-bearing capacity of the
boundary value problem in Fig. 1. In this case, as the mater-
ial continues to harden as in Eq. (1), the reason for the oc-
currence of a peak force is of geometric origin, i.e., the two
failure modes are simply preceded by necking. In the no-
damage model with small nuggets, shear failure is manifes-
ted by severe stretching, thinning, and necking of the joint
zone. For large nuggets with pull-out failure, the corres-
ponding no-damage simulations show the nugget rotation
and necking of the plate material near the nugget zone. Res-
ults for no-damage simulations are overlaid with the dam-
age-based analyses in Fig. 6. The calculated peak force Fy

a b
12| 12 Lils
(]
1.0} 1.0 56: o
% 0.8} 0.8 E
~Nos6/106 gos
h 15
04004 Z
02802 /3‘/16 1.0
% %, 0.
%3“@% 0% 05 1.0 1.5 20 2530
= Normalized radius r/t

Fig. 6 Surface plots of F,, for no-damage model (a) and
GTN model (b)

is not much different between GTN and no-damage ana-
lyses, and better agreement is shown in the small nugget re-
gion. Note that in this set of parametric studies, plate and in-
terlayer porosity (fy) is set to be 0.02.

3 Comparison with the prior spot-weld experi-

ments

The parametric study shows a strong dependence of
peak force on the nugget radius and a weak dependence on
the interlayer thickness. The former has been routinely seen
in the welding community. Here a comparison will be made
to our previous tensile shear tests on spot-welded lap joints
of galvannealed DP980 steels using a specially designed
HEA filler interlayer with varying thickness for the purpose
of liquid metal embrittlement control"”.

During the spot-welding process, the localized high heat
input changes the material microstructure and thus the
mechanical properties. To capture this variation, a Vickers
hardness line scan was performed on the welded sample,
showing an elevated hardness in the nugget zone and a sig-
nificant softening in the heat affected zone (HAZ). Follow-
ing[w’ P we adopt a proportional relationship between
the measured hardness and yield strength in our model
setup. As a material strength gradient is not allowed in
ABAQUS, the model geometry is divided into six zones
with each zone assigned a homogeneous material property,
as shown in Fig. 7. The mesh size in each zone varies ac-
cording to the zone width and follows the GTN mesh re-
quirement. The yield strength and tensile strength in the
nugget region is estimated base on the localized hardness
ratio. The hardness/strength ratios from zone 1 to 6 are 1.51,
1.19, 0.94, 0.95, 0.98 and 1.00, respectively. Such settings
lead to about 50% increase of the total number of elements
when compared to the setup in Fig. 2.

Comparing the deformation snapshot in Fig. 8 to the
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Fig. 7 The material hardness and strength vary significantly from the nugget to the base metal, with HAZ being the softest
region. Six zones were set up in the FE model, each of which has a homogeneous material property. The mesh size varies ac-
cording to the zone width and follows the GTN mesh requirement

contours associated with a single failure mode in Fig.3 a
and b, the failure mode for the DP980 spot weld with r = 4
mm and d =220 pm initiates with partial pull-out and par-
tial interfacial shear, and later evolves into full pull-out frac-
ture. This prediction agrees well with our previous experi-
mental observation'". This interlayer effect can be under-
stood from the complex stress state due to geometric con-
straints'” *. The stress state near the periphery of the filler
interlayer, like in a notch, will be a sum of shear and hydro-
static tension at the beginning. Upon rotation of the nugget
zone, the stress state evolves into a sum of a uniaxial ten-
sion and a large hydrostatic component. The classic Bridg-
man analysis showed the reduction of the hydrostatic com-

ponent when the notch size (here the interlayer thickness)
S, Mises

(Avg: 75%)

+2 711
+610.0
+522.9
+435.7
+348.6
+261.4
+174.3
+87.14
+0

Fig. 8 The failure mode is initially a mixture of interface
shear and pull-out slightly after the peak force, but soon
evolves into the pull-out fracture as shown here at 30% of
the peak force near the final stage. The mesh setup follows
Fig. 7 with r=4 mm and d =220 pm.

increases. As long as the interlayer thickness is much smal-
ler than the nugget size, this stress state change is not
deemed to be large. Nevertheless, both experiments and
simulation results show consistently and quantitatively such
a subtle dependence.

Fig. 9 summarizes and compares the peak force calcu-
lated from the models and tensile shear tests with respect to
a range of d = 220, 240, 270, and 370 um. Using a porosity
of fo = 0.02, the calculated normalized peak force F, is
generally lower than the experimentally measured values,
while the no-damage model over predicts. A choice of fy =
0.01 leads to a good agreement with the previous experi-

3.0

—a— =4 mm (no damaged)
—a—r=4mm (f,=0.01)

Experimental
—a— =4 mm ( f,=0.02)

—a

N
W
e

g
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T

Normalized peak force
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W
T

0 1
220 240 260 280 300 320 340 360 380
Interlayer thickness/um

Fig. 9 The normalized peak force F,,; with respect to the
interlayer thickness for fy = 0, 0.01 and 0.02, respectively.
fo =0.01 yields a good agreement with previous experi-

[18]

mental results , indicating the mere consideration of

stress analysis can nicely predict the failure mode and force
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mental results ", but no further attempt is made to improve
the agreement as fy by itself is quite sensitive to material
processing. All the three calculated curves predicted a slight
reduction of peak force with increasing filler interlayer
thickness. It can be concluded that when intermetallic phase
is out of the question, the mere stress analysis is found to be
successful in predicting both the failure mode evolution and
quantitatively the failure force.

4 Conclusions

(1) Two failure modes, namely interfacial shear failure
and pull-out fracture, are generally observed during tensile
shear tests on spot-welded lap joints.

(2) A complete parametric study was performed to re-
veal the failure initiation and evolution during lap shear
tests, based on the GTN damage model.

(3) Both the peak force and fracture mode showed a
strong dependence on the ratio of the size of the spot weld
(i.e., radius) to the plate thickness, while the dependence on
the interlayer thickness was minor but consequential over a
large range.

(4) The no-damage model exhibits similar trends and
can be used for a fast evaluation of peak force dependence
without the loss of predictability.

(5) The predicted dependence of joint strength on the in-
terlayer thickness is validated by a good agreement to our
previous spot-welding experimental results, in which the
joint region was free of intermetallic phases and therefore
avoided complications in the failure analysis.
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