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This work examines the effect of spot-welding current on the load-bearing capacity and the fracture
mechanism of galvannealed dual-phase steel (DP600) joints. A greater than three-fold increase in the load-
bearing capacity of the joint was achieved by increasing the welding current from 6 to 9 kA. Quantitative
fractography showed a transition from predominantly transgranular cleavage fracture at 6 kA current with
only �7 dimples to �17% ductile dimples at 7 kA current and eventually 100% ductile dimples for 9 kA
current. Detailed microstructure-hardness relationship across the different welding zones is presented using
scanning electron microscopy and electron backscattered diffraction techniques. At the optimized welding
parameter, load-controlled fatigue tests revealed a decrease in the number of cycles to failure with
increasing load amplitude, and endurance was achieved for 10% of the maximum tensile-shear load-
bearing capacity. Investigation of failed specimens revealed that while under tensile loading conditions,
crack initiated from the base metal, fatigue crack initiated from the heat-affected zone. Also, the possibility
of different categories of liquid metal embrittlement cracks are discussed.
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1. Introduction

In order to combat the issue of greenhouse gas emissions,
automotive industries are striving for light weighing of the
passenger vehicles by using thinner sheets of high-strength
steel (Ref 1-3). Advanced high strength steels (AHSS) have
been extensively used in automotive industries as a solution for
total weight reduction, safety performance improvement, and
cost-saving. Dual-phase (DP) steel is one of the most widely
used AHSS in the automobile sector owing to a combination of
high strength and ductility coupled with formability, toughness,
and fatigue strength. A composite microstructure of ductile a-
ferrite and hard martensite provides a high strength-to-weight
ratio and reasonably good formability to dual-phase (DP) steel
(Ref 4-6). The initial high work hardening rate with good
uniform and total elongation combines to give DP steels a
much higher ultimate tensile strength (UTS) and a lower ratio
of yield strength (YS) to UTS than conventional steels at a

similar level of yield strength (Ref 7, 8). Despite these
advantages, DP steel usually suffers from poor corrosion
resistance due to low alloying content and two-phase
microstructure having the potential to create galvanic coupling
at the microscopic level. This is usually combated by galva-
nizing followed by annealing to allow inter-diffusion of zinc
and iron to form alloy layer and compounds which has a
superior combination of corrosion resistance and formability
(Ref 9).

Industrially, to form larger components, joining sheet metals
is an essential step and in the context of the automotive
industry, resistance spot welding (RSW) is among the most
widely used methods for joining metallic parts (Ref 10-14).
While RSW possesses the advantages of being a highly
efficient method with no requirement of filler electrode,
relatively narrow heat-affected zone (HAZ), and a clean
methodology of joining, it suffers from the disadvantages of
having an inherent notch at the sheet metal interface and the
point of electrode indentation, rapid degradation of the
electrode and narrow processing window for optimized strength
and desired mechanism of failure (Ref 15, 16). Furthermore, the
RSW of coated steel sheets possess different challenges due to
their higher resistivity and low melting point constituents
leading to a tendency for expulsion, defect formation, and
liquid metal embrittlement (Ref 17-19). To this end, Chen et al.
showed that RSW of Al-Si-coated press-hardened steel led to
the formation of a sharp notch in the region between sheet
metal interface and the weld nugget which acted as a pre-
existing crack and reduced the load-bearing capacity of the
joints compared to uncoated sheets (Ref 20). Ashiri et al.
demonstrated the problem of liquid metal embrittlement in Zn-
coated TWIP steels (Ref 21). They highlighted that there is a
supercritical area and a critical nugget diameter where the LME
occurs in Zn-coated TWIP steels during RSW (Ref 21, 22).
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Further, it was revealed that the type of coating, viz.,
galvanized, galvannealed or electro-coated Zn has an influence
on the LME susceptibility. Simulation suggested that a
combination of conditions, namely, temperature range where
Zn exists in a molten state and mechanical stress concentration
is a pre-requisite for LME to occur. However, LME in Zn-
coated TWIP steel can be prevented by smart heat management
through two pulse strategy involving a longer first pulse to form
nugget and strong corona bond followed by a small second
pulse for the nugget growth preventing LME and reducing
thermal stresses (Ref 22). Likewise, RSW of galvannealed
1 GPa TRIP steel revealed an increase in nugget diameter with
welding current but the reduction in ductility ratio, which is
explained based on the formation of defects and liquation
cracks at higher heat inputs (Ref 23). Although the issue of
LME is more prominent and extensively reported for coated
advanced high strength steels like press-hardened steels, TWIP,
and TRIP steels, Milititsky et al. elucidated the possibility of
LME during RSW of DP600 steel sheets under certain
conditions (Ref 24).

It is worth noting that a passenger vehicle consists of
approximately 3000-5000 spot welds (Ref 25). Furthermore,

the thermal cycles during RSW involving rapid heating,
solidification, and solid-state phase transformations essentially
result in the destruction of the carefully engineered composite
microstructure of a-ferrite and martensite obtained through
prior thermo-mechanical processing (Ref 26-28). The passenger
safety and the reliability of the automobile depend as much on
the integrity of the welds as the parent metal itself. It has been
observed that the unique state of stresses in and around spot
welds joints typically causes around 70-80% of the failures
whereas only about 20-30% of the failures occur in the base
metal sheet away from the spot-welded joints. Despite this, a
large number of literature can be found on the microstructure-
mechanical property correlations for DP steel (Ref 29-32),
whereas, the factors controlling the integrity of spot welds of
galvannealed DP steels have not received similar attention. In
this regard, it has been reported that the load-bearing capacity
of the RSW joints of DP 600 steel generally increases with an
increase in heat input and nugget diameter until the onset of
expulsion (Ref 26-28). A similar relationship between heat
input, nugget diameter, and quasi-static load-bearing capacity
of the RSW joints of a similar and dissimilar combination of
automotive steel sheets has been reported in several recent
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works (Ref 33-36). However, most of the studies have been
limited to the quasi-static condition of loading and the subject
of fatigue behavior of RSW joints of coated DP 600 steel has
not received adequate attention. It must be noted that in
practical situations, fatigue is the most likely mechanism of
failure owing to large fluctuation in stresses during the service.
Therefore, to bridge this gap in the literature, a systematic study

on resistance spot welding of galvannealed DP 600 steel is
presented here. The work consists of three essential compo-
nents, namely: (i) understanding the development of
microstructure and micro-hardness examination across the
weld, (ii) optimizing the welding parameter with respect to
tensile-shear tests, (iii) understanding the difference in failure
mechanisms under tensile-shear and fatigue loading conditions

Fig. 1 (a) Schematic showing the laboratory set-up of resistance spot welding (RSW), (b) specimen configuration used for (b) welding and (c)
subsequent tensile-shear and fatigue tests, (d) Schematic showing the micro-hardness measurement across different zones of resistance spot
welded DP 600 steel
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Fig. 2 Influence of welding current on: (a) nugget diameter, (b) HAZ thickness, (c) tensile-shear load-bearing capacity

Fig. 3 Optical micrographs of different zones of resistance spot welded galvannealed DP 600 steel joints: (a) macrostructure showing different
zones of welding, (b) base metal, (c) intercritical heat affected zone, (d) fine-grained heat affected zone, (e) coarse-grained heat affected zone, (f)
fusion zone
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using fractography and tracing the crack path in both the
conditions. A special emphasis has been laid on identifying the
possibility of liquid metal embrittlement (LME) and its role in
failure mechanisms under tensile-shear and fatigue loading
conditions.

2. Materials and Methods

The present study was conducted on galvannealed dual-
phase steel (DP 600) sheets with a thickness of 1.3 mm. DP 600
steel sheet with a nominal composition of 0.09 C-1.71 Mn-
0.014 P-0.005 S-0.03 Ni-0.26 Cr-0.17 Mo-0.048 Al-0.002 V-
0.02 Nb- Balance Fe was used in this study. The chemical
composition of the steel sheet was determined using induction
coupled plasma (ICP) and optical emission spectroscopy (OES)
techniques. Steel sheet had a yield strength of 390±9 MPa, the
ultimate tensile strength of 635±10 MPa, and total elongation
of 24± 2%.

Figure 1(a) depicts the schematic of the RSW process. It
uses a 150 kVA pedestal-based welding machine having an
alternating current source. The dome-shaped electrode having a
tip diameter of 6 mm and made of Cu-Cr-Zr alloy which is
water-cooled is used to apply the mechanical force and causes
resistance heating to join the materials by forming nugget. The
spot welding of DP 600 steel has been carried out in lap
configuration as per BS1140:1993 standard (Ref 37) as shown
in Fig. 1(b). In the present study, electrode force and welding
time are kept constant at 2.8 kN and 300 ms respectively and
the welding current is varied from 6 to 10 kA. The effect of
welding current on the nugget diameter was established by its
measurement using a stereomicroscope. Metallographic sam-
ples were prepared by cutting along the cross section of the
nugget, followed by a standard polishing technique to achieve a
scratch-free mirror finish specimen. These were etched using a
3% nital solution for metallography. Subsequently, microstruc-
tural examination across different zones of welding was carried
out using optical (Leica, DMI 5000M) and scanning electron
microscopes (Zeiss Supra 25). Scanning electron microscopy

was carried out at an accelerating voltage of 15 kV and the
working distance was kept at 14.5 mm. Electron backscattered
diffraction (EBSD) of different zones of welding was con-
ducted with a tolerance angle of 1� and a step size of 0.02 lm.
To determine the local variation in mechanical properties across
the welding zones, micro-hardness measurements were con-
ducted using Vickers hardness testing machine (model: Duras-
can 20). To ascertain the influence of welding current on the
load-bearing capacity, tensile-shear tests were carried out as
shown schematically in Fig. 1(c). Tests were carried out on an
Instron testing machine (Model: 5582) at a cross-head velocity
of 5 mm/min at room temperature. At each welding parameter,
a minimum of three shear-tensile tests was conducted for
statistical confidence. The samples were tested using grips with
flat jaw faces. Failure modes were identified using visual
observation and fractography was carried out to determine the
mechanism of failure. Based on maximum load in shear-tensile
tests and failure modes (pullout failure mode is preferred
because of higher toughness), the optimum spot-welding
parameter was determined.

The hardness values were measured from the base metal to
welded zone at regular intervals. Measurement of the hardness
of various zone was carried out using a load of 100 gmf with an
indentation duration of 15 s as shown in Fig. 1(d).

Fatigue tests were carried out to determine the number of
cycles to failure at various percentages of maximum load at
optimum welding parameters. Based on the maximum load, the
welded samples were tested under cyclic loading conditions in
a resonance-based fatigue testing machine (INSTRON 8801)
with a maximum dynamic amplitude of ±50 kN and a
frequency range of (40-400 Hz). The samples were subjected to
sinusoidal load with R=0.1 and a frequency of 5 Hz.

Fractographic examination of fatigue failed specimen was
carried out under SEM with the working distance between 28
and 31 mm for greater depth of focus and an accelerating
voltage of 20 kV was used. To determine the mechanism of
crack initiation and growth in tensile-shear and fatigue
conditions, macro and microstructure examinations of the
failed specimen were carried out. Energy-dispersive spec-

Fig. 4 Scanning electron micrographs of different zones of resistance spot welded galvannealed DP 600 steel joints: (a) base metal, (b)
intercritical heat affected zone closer to the base metal, (c) inter-critical heat affected zone closer to the nugget, (d) fine-grained heat affected
zone, (e) coarse-grained heat affected zone, (f) fusion zone
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troscopy (EDS) mapping was carried out to aid the investiga-
tion with respect to the possibility and mechanism of LME.
During EDS analysis, a higher accelerating voltage of �30 kV
was used and the working distance was kept between 19 and
23 mm.

3. Results and Discussion

3.1 Influence of Welding Current on Nugget Diameter
and Tensile-Shear Behavior

It is evident from Fig. 2(a) that nugget diameter initially
increases with an increase in welding current till 9 kA and then
goes down. The increase in nugget diameter is associated with
the higher heat input (H= I2Rt) which results in melting and
subsequent solidification of the greater mass of the sheet metals

and therefore formation of a larger fusion zone or the so-called
nugget. However, at 10 kA welding current, the heat input
reaches a threshold value that is so large that expulsion occurs.
The event of expulsion is associated with the ejection of a
significant amount of liquid metal outside the nugget which
effectively reduces the nugget diameter. Similarly, HAZ
thickness increases with an increase in welding current as
shown in Fig. 2(b). Figure 2(c) shows the variation of tensile-
shear load bearing capacity as a function of welding current.
Similar to the variation of nugget diameter, load-bearing
capacity increases first and then decreases corresponding to
expulsion. A similar effect of nugget diameter on the tensile-
shear load-bearing capability has been reported for a large
number of similar and dissimilar spot welds of automotive steel
grades (Ref 35, 38-40). However, for higher strength marten-
sitic steels, load-bearing capacity does not necessarily increase
with nugget diameter even before expulsion due to significant

Fig. 5 Higher magnification SEM micrographs of different zones of welding: (a) base metal, (b) ICHAZ, (c) FGHAZ, (d) CGHAZ, (e) fusion
zone
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softening of martensite in the heat-affected zone at higher
current values (Ref 41). It is worth noting that an increase in
welding current from 6 to 9 kA resulted in a more than a three-
fold increase in the load-bearing capacity. 9 kAwelding current
resulted in the maximum tensile-shear load of � 17 kN. This
parameter of welding has been used for subsequent microstruc-
tural examination and setting parameters for load-controlled
fatigue tests.

3.2 Microstructural Characterization of the Weld

A cross section macrograph of different zones of resistance
spot welding is presented in Fig. 3(a). Five different zones are
identified, which are: (i) base metal (BM), (ii) intercritical heat
affected zone (ICHAZ), (iii) fine-grained heat affected zone
(FGHAZ), (iv) coarse-grained heat affected zone (CGHAZ) and
(v) fusion zone (FZ). BM which does not experience any
microstructural changes shows fine-grained structure. HAZ
undergoes solid-state phase transformations and consequently,
a different morphology was observed compared to BM.
Depending on the peak temperature and cooling rate experi-
enced at various locations, HAZ is classified as ICHAZ,
FGHAZ, and CGHAZ. The location where the melting and

resolidification of sheet metals occur is the fusion zone (FZ) or
the nugget. The microstructure of the BM is shown in Fig. 3(b).
It consists of a a-ferrite matrix with �15% martensite. This is
typical of DP 600 steel. In all the heat-affected zones, the exact
morphology could not be determined from the optical micro-
graphs. However, the microstructural features are finer in
FGHAZ compared to CGHAZ as shown in Fig. 3(d) and (e),
respectively. Microstructure in the fusion zone presented in
Fig. 3(f) revealed the presence of columnar morphology typical
of directional solidification. SEM micrographs of different
zones of welding are presented in Figure 4 and 5. Base metal
consists of both intergranular and intragranular martensite in
the a-ferrite matrix as shown in Fig. 4(a). The fraction of
martensite in the ICHAZ is a function of the peak temperature.
The higher the peak temperature within the intercritical range,
the higher is the fraction of austenite, which transforms to
martensite during the cooling. Consequently, ICHAZ closer to
the fusion zone (Fig. 4c) has a much higher fraction of
martensite compared to that adjacent to the base metal
(Fig. 4b). Both FGHAZ and CGHAZ, essentially consisted of
martensite as shown in Fig. 4(d) and (e), respectively. How-
ever, the lath size and prior austenite grain size are finer in
FGHAZ compared to CGHAZ. This is again because the peak

Fig. 6 Electron backscattered diffraction analysis of different zones of welding showing image quality (IQ) map, IQ map superimposed with
boundary characters, inverse pole figure (IPF) map, Kernel average misorientation (KAM) map respectively for: (a-d) base metal, (e-h) FGHAZ,
(i-l) CGHAZ, (m-p) fusion zone
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temperature in CGHAZ is greater than that in FGHAZ.
Furthermore, FGHAZ experiences a greater cooling rate as it
is closer to the base metal, which acts as a heat sink compared
to CGHAZ which is closer to the fusion zone. The microstruc-
ture of the fusion zone (FZ) is typical of solidification and
consists of lath martensite as shown in Fig. 4(f). Higher
magnification microstructures of different zones of spot welds
are provided in Fig. 5.

Figure 6 shows the EBSD analysis consisting of image
quality (IQ) map, boundary characters, inverse pole figure (IPF)
map, and Kernel average misorientation (KAM) map of
different zones of the spot weld. In each zone, confidence
index (CI) > 0.97 was achieved with respect to the BCC iron
phase indicating good quality of indexing along with confir-
mation that BCC iron is the major phase. In the base metal of
DP 600 steel, martensite was associated with localization of
strain around it as evident from Fig. 6(d), which is consistent
with the fact that it is a highly dislocated structure. Softer a-
ferrite grains are having low KAM indicating lower geomet-
rically necessary dislocations (GND) therein. FGHAZ showed
a higher fraction of low angle grain boundaries (LAGB) as
shown in Fig. 6(f). KAM map of FGHAZ presented in
Fig. 6(h) revealed higher GND density compared to the base
metal, however, it is more uniformly distributed. In contrast,

CGHAZ had a coarser martensitic structure with intense
localization of strain as revealed by the KAM map shown in
Fig. 6(l). This may explain the lower toughness and higher
susceptibility of CGHAZ to failures. The Fusion zone showed
lath martensite structure, with less severe strain localization
compared to CGHAZ, as revealed by the KAM map shown in
Fig. 6(p).

Variation of misorientation angles of the boundaries in
different zones of welding is shown in Fig. 7. Base metal had a
considerably higher fraction of high angle grain boundaries
(HAGB) compared to CGHAZ, FGHAZ, and fusion zone. In
HAZ and fusion zones, a very high fraction of low angle grain
boundaries (LAGB) was observed, which may be attributed to a
very high cooling rate in RSW due to water-cooled copper
electrode resulting in martensitic microstructure and substruc-
ture formation. Such a high fraction of LAGB is corroborate
with the higher KAM values in these zones compared to the
base metal. A higher ratio of LAGB/HAGB is consistent with
the findings of Hajiannia et al. for RSW of TRIP steel (Ref 42).

3.3 Hardness Measurements Across the Weld

Figure 8(a) shows the variation of micro-hardness on
traversing from the base metal to the center of the fusion zone.

Fig. 7 Variation of misorientation angles in different zones of welding: (a) base metal, (b) FGHAZ, (c) CGHAZ, (d) Fusion zone
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Correspondence between the microstructure and the average
micro-hardness values of different zones of the welding was
observed. The microhardness values were observed to be
maximum in the fusion zone followed by fine-grain heat
affected zone, coarse grain heat-affected zone, inter-critical heat
affected zone and it was the minimum in the base metal. As the
volume fraction of martensite is minimum in the base metal, it
showed the minimum hardness of �218 HV. Within the
ICHAZ, the micro-hardness values increased with an increasing
fraction of martensite. The hardness of FGHAZ was higher than
CGHAZ due to refined microstructure and therefore greater
resistance to the movement of dislocation owing to a higher
boundary fraction.

Several empirical models exist to estimate the hardness of
the martensitic microstructure in the fusion zone of resistance
spot welds (Ref 43-46). A comparison of experimentally

measured hardness in the FZ and those predicted by different
models are summarized in Fig. 8(c). Although all the models
could predict the hardness of the FZ with reasonably good
accuracy with % error < 10, it is worth noting that the value
obtained from Khan�s model is the closest to the experimentally
determined hardness with % error as low as � 0.30%.

3.4 Fractography after Tensile-Shear Tests

A combination of visual observations (Fig. 9) and fractog-
raphy (Fig. 10) was carried out at different welding currents to
understand the transition in the mechanism of failure. Fracto-
graphic examinations were carried out ahead of the crack
initiation location and multiple images were captured for
quantification. There was considerable variation in the mode of
fracture for specimens welded at different currents as shown in

Fig. 8 (a) Hardness profile across different welding zones, (b) mean values of micro-hardness in different welding zones, (c) comparison of the
experimentally determined hardness of fusion zone with those predicted by different models for the given composition of the steel (Ref 43-46),
(d) accuracy of different models for prediction of the hardness of the fusion zone

10126—Volume 31(12) December 2022 Journal of Materials Engineering and Performance



Fig. 9. At 6 kA current, interfacial failure was observed where
crack propagation occurred inside the nugget as shown in
Fig. 9(a). This coincided with very low load-bearing capacity
and fractography showed predominantly cleavage fracture as
shown in Fig. 10(a). There is a very small zone of dimples in it
as well which is distinguished. On increasing the welding
current to 7 kA, it led to partial-interfacial failure (Fig. 9b) with
a mixed mode of fracture, wherein part of the fracture surface
showed cleavage planes typical of transgranular brittle fracture,
whereas the other part revealed the presence of ductile dimples
as shown in Fig. 10(b). The transition in fracture mode from
predominantly brittle at 6 kA current to a combination of brittle
and ductile fracture at 7 kA current manifested as an increase in
tensile-shear load-bearing capacity from �4 to 14 kN. At still
higher welding current, viz., 8 and 9 kA, there was a complete
pull-out failure, which is the most desirable mechanism from
the viewpoint of load-bearing capacity and toughness. It
resulted in completely ductile dimple formation on the fracture
surface as shown in Fig. 10(c). A transition to favorable ductile
pull-fracture mode is associated with the maximum load-
bearing capacity of �17 kN at 9 kA current. Any character-
ization of the welded joint that suffered expulsion at 10 kA
(Fig. 9d) was abandoned as it is of no practical importance.

Image J software was used to quantify the percentage of
ductile dimples in the case of the specimen that failed in
interfacial, partial interfacial, and pull-out failure modes.
Processed images showing ductile fracture region with different
shades for 6 and 7 kAwelding current samples are presented in
Fig. 11(a) and (b), respectively. The area fraction of the ductile
fracture zone increases from 7.6 to 17.1% on increasing
welding current from 6 to 7 kA. This increase in the fraction of
ductile dimples is also associated with a transition in failure

Fig. 9 Visual images of the RSW welds failed in different modes
under tensile-shear tests: (a) interfacial failure (6 kA welding
current), (b) partial interfacial failure (7 kA welding current), (c)
pull-out failure (9 kA welding current), (d) expulsion (10 kA welding
current)

Fig. 10 SEM fractography corresponding to (a) interfacial failure, (b) partial-interfacial failure, (c) pull-out failure
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mode from interfacial to partial interfacial fracture. On
increasing the welding current further to 9 kA, there was a
100% ductile fracture corresponding to pull-out failure as
shown in Fig. 11(c).

In addition to the fraction of ductile fracture, the size
distribution of dimples can have a significant impact on the
work hardening capability and ductility of steel (Ref 47).
Several works describe in detail the methodology for quanti-
tative fractography deploying Image J software (Ref 47-49). In
the present work, ductile zones of interfacial and partial
interfacial fracture were separated and dimple size analysis was
carried out as shown in Fig. 11(d)-(e). A similar exercise was
carried out for pull-out fracture; however, it did not require any

separation of ductile fracture zone as there was no region of
transgranular cleavage fracture. Figure 11(f)-(g) shows the
processed fractography image of complete pull-out failure. A
quantitative summary of the ductile fracture regions in case of
interfacial, partial-interfacial, and pull-out failures in terms of
the frequency distribution of dimple sizes is presented in
Fig. 11(h). The total number of dimples is the highest in the
case of pull-out fracture followed by partial-interfacial fracture
and is the minimum in case of interfacial failure. This is
consistent with the area fraction of ductile zone in these failure
modes. Secondly, all the fractures showed a normal distribution
skewed to the right. It is interesting to note that no dimple could
grow larger than 1.5 lm in case of both interfacial and partial

Fig. 11 Illustration of steps involved in quantitative fractography of tensile-shear tested specimens welded at different current: (a) fractography
of 6 kA current sample with distinguished ductile and brittle zones, (b) fractography of 7 kA current sample with distinguished ductile and
brittle zones, (c) fully ductile fracture in 9 kA current sample, (d) selected ductile zone in 6 kA specimen, (e) its image processing for
quantification of dimple size distribution, (f, g) processed images of 9 kA current sample, (h) frequency distribution plot of dimple diameter for
ductile zones of tensile-shear tested specimens corresponding to 6, 7 and 9 kA welding current
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interfacial failures. In contrast, pull-out failure mode allowed
the coalescence and growth of dimples to a diameter greater
than 1.5 lm as well. Some of the dimples had � 5 lm
diameter. Such a difference in the upper limit of the dimple
diameter in the case of interfacial and pull-out modes can be
related to the speed of crack growth in these cases. Despite
carrying out all the experiments at the same cross-head velocity,
interfacial and partial interfacial fractures having �93 and
�83% of the fracture surface having transgranular brittle
fracture features and would have fractured much faster, as it is
believed that cracks can propagate nearly at the speed of the
sound in case of brittle fracture (Ref 50). This would have
allowed much lesser time for dimples in the ductile region to
coalesce and grow adequately. In contrast, pull-out failure
having complete ductile fracture features and much lower
velocity of crack propagation would have allowed much greater
time for dimple coalescence and growth and therefore, it is
reflected in the high size fraction of certain dimples in this case.

3.5 Fatigue Behavior of Spot-Welded Joints

Fatigue tests of spot-welded sample for optimum welding
condition (welding current of 9 kA with a welding time of
300 ms) were carried out with R- ratio (Pmin/Pmax) of 0.1 and
frequency of 5 Hz at different percentages (10, 15, 20, 25, 30,
35, and 40%) of maximum load (17.49 kN) obtained in tensile-
shear tests. The samples were subjected to sinusoidal load
waveform. The fatigue test results with different input param-
eters and a corresponding number of cycles to failure are
provided in the Supplementary file (S_Table 1) and the fatigue
tested samples are shown in S_Figure 1.

Unlike the S-N curve for stress-controlled fatigue of
conventional samples, the P-N (maximum load � number of
cycles to failure) curve is usually plotted for resistance spot
welded samples. This is due to the difficulty associated with the

calculation of stress amplitude in lap configuration. However,
shear stress can be calculated as follows (Ref 51):

s ¼ 4Pmax

pD2

Here s refers to shear stress acting on the cross section of the
joint (MPa), Pmax refers to maximum load (N), and D refers to
nugget diameter (mm).

Figure 12(a) represents fatigue life plot between maximum
load with a number of cycles to failure at spot-welded joints
fabricated at 9 kA welding current and 300 ms welding time. It
was observed that the number of cycles to failure increases with
a decrease in the maximum load. It is evident that for a small
decrease in the maximum load, there is a large increase in the
number of cycles to failure, elucidating the key role of the in-
service maximum stress on the performance of the spot weld
joints. An endurance was reached for the maximum load value
of 1.74 kN, which is 10% of the peak load in the tensile-shear
test. The work highlights that designing the weld only based on
tensile-shear tests may be misleading as for the cyclic load as
low as 15% of the tensile-shear load-bearing capacity can result
in fatigue failure in less than 0.3 million cycles. Figure 12(b)
shows that similar to the P-N plot, the dependence of the
number of cycles to failure showed an increasing trend with a
decrease in the magnitude of shear stress amplitude.

3.6 Fractography of Fatigue Tested Samples

Fractography of all the fatigue-tested specimens as shown in
Fig. 13 revealed characteristic fatigue striations. Each striation
spacing represents the distance moved by the crack in one cycle
of loading and unloading (Ref 52, 53). Generally, at lower
values of maximum load, the striation spacings are finer
whereas, at higher loads, the width of striations is greater.

Fig. 12 (a) Fatigue plot (P-N) for spot-welded specimens, (b) variation of number of cycles to failure with shear stress amplitude
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Furthermore, at higher loads, some secondary cracks were also
observed.

3.7 Crack Initiation and Propagation under Tensile-Shear
and Fatigue Tests

Microstructure-crack path interaction of spot-welded spec-
imens at lower and higher welding currents in tensile-shear tests
is presented in Fig. 14. At lower welding current (7 kA), crack
initiated at the interface of the sheet metals and propagated
toward the nugget into the heat-affected zone as shown in
Fig. 14(a). Subsequently, crack propagated in the thickness
direction in the coarse-grained heat affected zone which
consisted of martensitic microstructure as depicted in

Fig. 14(b). A higher strain localization may have assisted in
easier crack propagation in CGHAZ. Figure 14(c) shows that at
a higher welding current (9 kA), crack initiated near the tongue
of the sheet metal interface and then did not propagate much
inside the heat-affected zone. Instead, it propagated in the
thickness direction around the base metal/heat-affected zone
interface. Such a difference in the crack path on changing the
welding current may explain the signatory fractographic
features in the two cases. A predominantly brittle cleavage
fracture was observed at a lower current (7 kA) owing to the
crack propagation through coarse-grained heat affected zone
having relatively brittle martensite. In contrast, crack propaga-
tion through tough ferrite-martensite microstructure can explain
the occurrence of ductile dimples in the tensile-shear tested

Fig. 13 SEM fractography of fatigue tested specimens at different fractions of maximum load in tensile-shear tests: (a, b) 15%, (c, d) 30%,
(e,f) 40%
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specimens at higher current (9 kA). This microstructural aspect
plays a synergistic role in the factor that at higher welding
current there is greater nugget diameter, which reduces the
shear stress and directs the crack to propagate around the
nugget rather than through it.

Liquid metal embrittlement (LME) has been reported to be a
prominent problem during the resistance spot welding of zinc-
coated high strength steels (Ref 54-57). It has been shown that
the susceptibility to LME increases with an increase in the
strength of the steel. During RSW of zinc-coated steel, liquid
zinc can segregate around grain boundaries and cause embrit-
tlement (Ref 58). Alternatively, stress-induced diffusion of zinc

due to electrode force and heat input from welding is also
proposed as a mechanism for LME in RSW (Ref 59). In the
case of RSW, LME cracks are classified into three categories,
namely Type A, Type B, and Type C as shown in Fig. 15 (Ref
54). Type A crack which occurs around the weld zone, usually
above the nugget or indent was not observed in the present
case. Furthermore, no crack around the shoulder of the
electrode indentation area was observed to suggest the occur-
rence of type B LME, which is the most commonly reported in
RSW processes (Ref 60-62). Detailed optical metallography
around the shoulder region of the electrode indentation is
presented in Fig. 16(a) and (b) to show an absence of LME
cracks. Magnified SEM image around the ICHAZ, where the
temperature range is such that it is most vulnerable to LME is
shown in Fig. 16(c). Cross section EDS line analysis is shown
in Fig. 16(d) revealed that the zinc coating was intact.

Figure 17(a) and (b) shows the crack path in fatigue-tested
specimens at lower (1.18 kN) and higher (3.14 kN) values of
load amplitudes, respectively. As discussed earlier, these tests
were conducted at welding parameters that yielded the
maximum tensile-shear load-bearing capacity and failed in
favorable pull-out failure mode during the tensile-shear tests.
As evidenced from Fig. 17(a) and (b), fatigue cracks have
initiated at the sheet metal interface in the heat-affected zone
and propagated in the thickness direction. This is contrary to
the tensile-shear test of the specimen welded at a similar
parameter, where the crack had initiated in the base metal.
Similar observations on the difference in failure mechanisms

Fig. 14 Optical micrograph showing crack path in tensile-shear tests for (a, b) low welding current (7 kA), (c, d) high welding current (9kA)

Fig. 15 Schematic representation of different categorizations of
liquid metal embrittlement (LME) cracks
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during tensile-shear and fatigue tests at optimum welding
parameter have been reported for high strength low alloy and
dual phase-interstitial free steel spot welds (Ref 38, 63).
However, it is worth noting that the fatigue specimen that was
tested at higher load amplitude showed multiple fatigue cracks
initiation around the sheet metal interface which was not
observed in the low amplitude tested specimen. As shown in
Fig. 17(c), (d), the length of these cracks varied between 5 and
20 lm. Elemental mapping of these cracks presented in Fig. 18
showed presence of zinc within them.

4. Conclusions

The effect of welding current on load-bearing capacity, the
mode, and the mechanism of failure under tensile-shear loading
conditions for zinc-coated DP 600 steel has been established in

this study. Subsequently, fatigue tests at the optimum welding
current have been carried out to understand the differences in
the crack initiation and propagation path under quasi-static and
cyclic loading conditions, which are both experienced by spot-
welded joints in the actual service conditions. Following are the
major conclusions from this study:

1. An increase in welding current has a profound impact on
the tensile-shear load-bearing ability as suggested by a
greater than three-fold increase in the load-bearing capac-
ity for specimen welded at 9 kA current compared to that
welded at 6 kA current.

2. Welding current influences both macroscopic and micro-
scopic mechanisms of failure. With an increase in weld-
ing current, a transition in failure mode from interfacial,
to partial-interfacial and eventually pull-out mode was
observed. These macroscopic transitions corroborated
with transitions in micro-mechanism of fracture with pre-

Fig. 16 Micrographs investigating the possibility of Type B LME crack in the spot-welded sheet: (a) un-etched micrograph near the electrode
indentation shoulder, (b) etched micrograph, (c) magnified SEM image showing coating free of any LME crack, (d) EDS compositional analysis
across the coating thickness in the ICHAZ.
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dominantly cleavage fracture for interfacial failure to
fully ductile fracture corresponding to pull-out failure.

3. Quantitative fractography revealed that there was an in-
crease in the fraction of ductile fracture from 7.6 to
17.1% on the transition from interfacial to partial-interfa-
cial failure. Eventually, for complete pull-out failure,
100% ductile dimples were observed. Interestingly, the
fraction of coarser dimples increased with an increase in
welding current due to greater available time for their
coalescence and growth.

4. Fatigue tests at optimum welding current revealed an in-
crease in a number of cycles to failure with decreasing
load amplitude.

5. At the optimum welding parameter, a difference in crack
initiation and propagation mechanisms was observed for
tensile-shear and fatigue tests. Whereas the crack initiated
at the base metal and propagated around the nugget in
the optimum parameter in quasi-static tests, fatigue
crack(s) initiated at or around the sheet metal interface
having high-stress concentration and propagated inside
the heat-affected zone. Further, compared to single crack
initiation and propagation under tensile-shear tests, multi-
ple microscopic cracks associated with zinc were ob-
served for fatigue-tested specimens, especially at higher
load amplitude. In general, RSW galvannealed DP600
steel sheets did not show a prominent tendency for liquid
metal embrittlement (LME).

Fig. 17 (a, b) Optical micrographs showing the crack path in fatigue tests, (c) Sheet metal interface showing multiple cracks, (d) magnified
view of the cracks in the fatigue tested specimen
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