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ABSTRACT

The effect of welding parameters on local deformation and failure of resistance spot welds in a DP1000
high strength dual phase steel are investigated. A novel experimental framework is developed together
with new sample geometries to investigate failure modes in the weld sections. Macro and microscopic
experiments using optical and scanning electron imaging combined with digital image correlation are
used to better understand the role of microstructural morphology and loading conditions on deformation
and damage of the weld nugget in the studied materials. The results show a transition from the interfacial
failure to pull-out failure as the welding current increases. The measured plastic strain at failure is larger
for higher welding currents. The fracture surface at the nugget is dominated by brittle and shear fracture
for interfacial failure mode in samples produced with lower welding current, however ductile and shear
fracture are more pronounced on the samples with pull-out failure mode under higher welding current.

Fracture
Strain distribution
Digital Image Correlation
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1. INTRODUCTION

Advanced high strength steels (AHSS) have been widely used
as part of body-in-white in the automotive industry. The
ductility-strength combination of the materials is extremely
attractive as thinner gauge dimensions could deliver the
required functional performance of the structures. Dual phase
steels are a grade of AHSS wherein the materials show a
continuous yielding behaviour with an extended plasticity at a
strength of as high as 1000[1] . Resistance spot welding
(RSW) is the preferred technique to join steel structures and
panels during assembly of body-in-whites and a certain level
of structural performance in accidents and crash loading is
expected from the produced welds loading. As the materials
experiences a localised melting and heat treatment during the
RSW process, the higher content of alloying elements in DP
steels may result in an unexpected mechanical failure in the

*Corresponding Author Email: h.ghadbeigi@sheffield.ac.uk (Hassan
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welded structures. This is partially because different
microstructural morphologies could be formed in the spot
welds after cooling affecting the functional performance and
strength. These include base metal (BM), heat affected zone
(HAZ) and the nugget [1]. There are several failure modes
reported for the resistance spot welds [2-4], including pull-out
failure (PF), partial interfacial failure (PIF) and interfacial
failure (IF). Postmortem analysis of the fractured welds
indicated that the former involves a failure initiation from an
interfacial notch tip, where the two sheets are forged due to the
applied current and force, and propagates through the
thickness direction, inside HAZ or in BM near the interface
between BM and HAZ, leading to the catastrophic failure
[5.6]. This is the most preferred failure mode as large amount
of mechanical energy is consumed during plastic deformation
in the weld and the HAZ/BM reduces the impact energy
transferred to main structures. It is reported that the main
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mechanism of partial interfacial failure (PIF) and interfacial
failure (IF) is linked to cracks propagating directly into the
nugget that results in the least failure energy absorption [3,5].
The observed mode of fracture is directly linked to the applied
welding parameters including current, dwell time and pressure
[7]. Standard test geometries such as Tensile Shear (TS) [5,8],
Coach-Peel (CP) [5] and Cross-Tension (CT) [1,9] have
already been used to investigate fracture and failure
mechanisms of automotive steels and the associated effect of
materials microstructure. Failure mechanisms of welded CT
samples in DP450 and DP980, with same welding parameters,
were investigated by Dancette et al. [1]. They showed DP450
steel samples failed via PF mode caused by ductile fracture
while DP980 failed through PIF mode caused by semi-brittle
fracture. Additionally, it is also reported that increasing the
welding current results in enlarged nugget that promotes a
failure mode transition from PIF or PF to PF of CT sample in
DP590 [5]. Different failure mechanisms are reported for
identical TS sample geometries made from DP980 [3,10] and
DP600 [11] automotive steels. The authors reported that
DP980 samples failed by shear fracture, while combined
shear-ductile fracture was observed in the fracture surface of
DP600 samples with ductile voids located at the circumference
of the nugget. Despite the scarcity of knowledge about failure
of AHSS in the coach-peel test conditions, bending induced
stresses are reported to lead to ductile and shear dominant pull-
out failure in a low carbon steel while notch tip blunting and
ductile fracture derive PF mode in welds of a grade of HSLA
steel [7]. Postmortem analysis of the fracture surfaces of the
weld section was the focus of most reports on spot weld failure
that could reveal a correlation between the applied welding
parameters and the failure mode. However, no insight into the
deformation state of the material within different weld zones
has been provided. To the best knowledge of the authors, there
is little knowledge of the local deformation mechanics in the
weld section linked to the deformation and failure mechanisms
as well as microstructural morphologies of the weld for the
advanced automotive steels and specifically for high strength
AHSS .

Different full field strain measurement techniques, such as grid
method, moiré interferometry and digital image correlation
(DIC), have already been implemented to measure local and
full field strain distribution at micro or macro scales [12-15].
Among these, DIC has been widely applied to study the
deformation and damage evolution at different length scales
due to the versatility of the image analysis techniques
developed in the past decades and it has been proved to be a
reliable tool to determine in-plane and out of plane
deformation as reported in [13,16,17]. It has already been
shown that Scanning Electron Microscopy images together
with the DIC technique can be used to determine damage and
failure mechanisms linked to measure local deformation at the
scale of microstructure [18]. Siebert et al. [19] found that
maximum error strain measured by DIC is only around 5%
comparing to strain gauge according to standard tensile test.
To achieve accurate measurements using DIC, illumination,
calibration, quality of speckle patterns and the right selection
of subset size are needed to be considered [20,21].
Traditional hardness-scaling methods often fail to capture true
stress-strain behaviour across weld zones. Midawi et al. [22]
present a novel DIC-enhanced approach using sub-size tensile
and mini-shear tests for accurate local constitutive data. There
are already some reports [23-27] on the application of DIC to

determine mechanical properties of various regions in RSW
using conventional shear tests or half-cut tensile samples at
macro-scale [27,28]. However, these do not indicate the role
of different microstructural regions during the fracture .

In the present research the effects of welding current and
contribution of different microstructural zones within the weld
sections on the deformation and failure mechanisms of the
weld nugget of a DP1000 advanced automotive steel were
studied. In this context, new sample geometries were
developed and in-situ optical and scanning electron
microscopy-based experiments combined with Stereo DIC
technique were used to measure local, macro and micro scale,
plastic deformation across the weld sections, for the first time.
The measured multi-scale deformation distribution is linked to
the applied welding currents and observed failure modes to
enhance the understanding of the failure mechanisms in the
weld that is required for the development of predictive models
of failure.

2. METHODOLOGY
2.1 Design of New Sample Geometries

A dual phase steel (DP1000) with a sheet thickness of 1.2mm
and the given microstructural morphology of Figure 1 was
used in this study. Table 1 shows the tensile mechanical
properties of the as received material [29]. New sample
geometries, Macro CP, Micro CP (MiCP) and modified TS
samples, were designed to enable in-situ quantitative
measurement of the local deformation fields and to investigate
failure development within the weld nuggets subjected to
different loading conditions [5,8,30,31]. Standard tensile shear
(TS) geometries as described in [5,32] were modified to design
the new geometries. A double weld setup was used followed
by sectioning the samples across the weld nuggets and
mechanical polishing as it is shown in Figure 2. The samples
were prepared in such a way that each side of the section
contains a half-weld and loaded symmetrically and hence
experiencing identical stress state, after cutting and
preparation. A Finite Element (FE) parametric study was
carried out in Abaqus/Explicit package in order to determine
the optimum dimensions for the designed geometries and the
welding pitch to satisfy the stress state for the required failure
modes.

Figure 1. Microstructure of the DP1000 sheet showing a
ferritic-martensitic structure with the bright phase to be
martensite islands and the darker regions are Ferrite grains

Table 1. Mechanical properties of DP1000 material

YS(MPa) UTS(MPa) Elongation to failure (%)

DP1000 690 1048 16.9
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The geometrical parameters were altered as such to ensure the
maximum plastic deformation occurs at the free surface of the
nugget along the polishing and etching line at the onset of
fracture. Therefore, maximum plastic deformation achieved in
the cut section was used as the main design criterion for the
selected sample geometries under the load. This is because the
DIC technique is based on the recorded images of the
deforming samples, so it is critically important that maximum
plastic deformation and failure occur within the field of view
where the strains can be calculated. Nonlinear elastoplastic FE
simulations were carried out using the selected testing
boundary conditions, See Section 2.2, while the material
properties of the weld section were selected from published
literature [33-35]. Damage and fracture of the weld were
modelled implementing the Gurson-Tvergaard-Needleman
(GTN) model according to the reported results of coach peel
and tensile shear tests shown in [36,37]. It is important to note
that the FE simulation was done to perform a qualitative study
for the dimensional analysis of the samples rather than
prediction of failure in this study. The final designed
geometries and the obtained optimised dimensions are shown
in Figure 2 and Table 2, accordingly.

2.2 Characterisation of Plastic Deformation in the
Weld Nugget

A bending rig was designed to manufacture Micro/Macro
coach peel samples, and the tensile-shear samples were cut
from the as received sheet material using Wire-EDM. This
provided a consistent dimensional accuracy and reduced the
effect of residual stresses in the parts since any dimensional
and residual stresses could affect the experienced stress state
by the samples and consequently the observed failure modes.
The resistance spot welds were produced using a Kawasaki
ZX165U welding Robot at The Welding Institute (TWI). A set
of welding fixtures were designed and used to locate the
samples with respect to the welding gun to ensure a consistent
and repeatable weld quality was achieved. While the welding
force was kept constant for the macro scale samples (TS and
CP), three levels of welding current were used to replicate the
extreme of the recommended welding parameters for the
selected sheet thickness according to the BS EN ISO 18278
standard. These were adjusted to achieve identical weld nugget
diameters of 3.8 mm, 4.8 and 5.9 mm for the applied low (L),
medium (M) and high (H) current levels. Several samples were
made and tested to evaluate variations in the produced welds
and the results are reported for representative samples. The
applied welding parameters are shown in Table 3.

After welding, the samples were cut along the predefined lines
“cut line” using Wire-EDM shown by the dashed lines in
Figure 2. The surfaces were mechanically polished to remove
the thermally affected layer by the Wire-EDM process and to
reach to the final dimensions indicated by the “polishing line”
in the figure. The samples dimensions were continuously
measured during this stage to ensure the cut and polished
section passes through the centreline of the weld and
remaining weld nuggets were equal in size at both sides of the
sample.

The macro-scale experiments (Macro CP and Macro TS) were
conducted combined with the optical 3D stereo DIC system at
a quasi-static deformation rate of Imm/min using a servo-
electric tensile testing frame. In order to achieve high quality
speckle patterns, that is the significantly important in

deformation characterisation using DIC, an air-brush spray
with a fine nozzle was used.

The speckle patterns were generated on the polished surfaces
of the samples where the weld zones are exposed an example
of which is shown in Figure 3. VIC 3D system from
Correlation Solutions [38] was used for the DIC image
acquisition and analysis of deformation maps following the
standard image calibration procedure. Optical images were
captured at a frequency of 4Hz, and the strain values were
calculated.

Cufting line
o

<L

1 DxRSWs

g e
|

S

]

e
HE

|
L
0
i

| I !
\‘P_n/h_m:g & etching line

Cutting line

(@)

(b)
Polishing line
/ LxRSWs
[ [E—
| - ]
o1 . .
B Ll lisiloe A i
1] - - -l !
D@ » &
Lo o b
i 1 Lo i |
1 1 | | | 1
IL,,, 1 \77 | | 7774I
Cutting Line
©

Figure 2. Geometry of samples, (a) micro-CP sample, (b)
macro-CP sample and (c) tensile-shear sample (TSS)

Table 2. Dimensions of the designed samples

Micro-CP(MiCP) Macro-CP TS

w
g LI 19 23 45
g L2 14.5 40 30
s L3 14.5 40 20
£ E L4 19 23 20
TELS 10 12 20
27 L6 45 50 20
g L7 15 14 100
g L8 14 20 1
8 L9 - - 7.5
R1 4 4 -
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Table 3. Welding parameters of tensile-shear samples and
coach-peel samples

Welding Welding
Sample force current
(kN) range (kA)

Welding Holding Nugget
time (ms) time(ms) size(mm)

TS-L 4 5.5/5.7 320 200 3.8
TS-M 4 6.5/6.7 320 200 4.8
TS-H 4 7.7/1.9 320 200 5.9
CP-L 4 5.5/5.7 320 200 3.8
CP-M 4 6.5/6.7 320 200 4.8
CP-H 4 7.7/1.9 320 200 5.9
MiCP-L 4 5.5/5.7 320 200 3.8
MiCP-M 4 6.5/6.7 320 200 4.8
MiCP-H 4 7.7/1.9 320 200 5.9

The DIC parameters including subset size and the step size
were selected to have a minimum of 8 subsets at the region of
interests for the thickness of the sheets, as shown in Figure 3a
and 3b. The selected parameters ensured there are at least three
random features within each subset considering the size of the
speckle patterns. To evaluate the effects of the DIC parameters
on the obtained results and assess potential errors in strain
calculations, a sensitivity analysis was performed and
maximum error of less than 5% was recorded in the calibration
process. The Lagrangian strain tensor components were then
extracted from the measured displacement fields since the
materials were experiencing a large plastic deformation.

A Struers DuraScan Vickers micro/macro hardness tester was
used, with a 0.5N indentation force, to quantify the hardness
profiles variations of the weld sections due to the different
welding parameters. Figure 4. shows the cross section of one
of the samples with about 30 hardness indents covering the
entire weld regions (BM, HAZ and nugget) separated by the
allowable minimum distance between the indents according to
[39].

To determine the microstructural morphology of the weld
sections, the weld nuggets were cut and polished using
standard metallography practice using mechanical polishing
with Silica followed by etching in a 2% Nital solution [40].
The etched microstructures then examined using optical and
scanning electron microscopy (SEM) to determine the effect
of welding parameters on the developed microstructural
morphologies.

In-situ experiments were conducted on the MiCP samples
(Figure 2a) inside the chamber of a Camscan- SEM where the
samples were loaded at a rate of 0.2mm/min. The region of
interest, i.e. weld nugget, was polished and etched prior to the
tests to reveal the microstructural morphologies after the
welding, Figure 5. The tests were interrupted at regular
intervals of 0.2mm and micrographs of deforming
microstructures were continuously recorded at a magnification
of 50x after allowing the material to elastically relax. The
obtained micrographs, covering the weld nugget and HAZ,
were analysed by the DIC technique in which the etched
microstructures were used as the random speckle pattern for
the image correlation [13]. The measured strain distributions
were then mapped on the observed deformation sites.

H 3 Upper leg

-direction
Loading)

Y-direction

/ Upper leg

(@) (b)
Figure 3. (a)Tensile shear and (b) Macro Coach peel samples
after cutting the weld nuggets in half and preparation for DIC
and together with the generated speckle patters showing the
size of the selected subsets together with the loading direction.

101 im
Figure 4. Vickers micro hardness indentation and indents’
location on the cross section of a sample.

Figure 5. In-situ Micro-CP sample with the highlighted region
of interest to study local deformation and failure mechanisms.

3 RESULTS
3.1 Weld Characterization

3.1.1 Metallography and Morphology Analysis of
Spot Weld

Figure 6 shows microstructures of different regions the weld
zones in DP1000 with applied low, medium and high welding
currents. The microstructure of base metal (BM), subcritical
heat affected zone (SCHAZ), intercritical heat affected zone
(ICHAZ), fine grain heat affected zone (FGHAZ), coarse grain
heat affected zone (CGHAZ) and nugget are shown by purple,
blue, green, yellow, red and orange colours, respectively. As
it was expected and reported in the literature [41], different
microstructural morphologies are observed due to the applied
heat and cooling rates [42] at the weld section. These start from
the base material ferritic-martensitic microstructure at the
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outer boundary of the weld, Figure 6b, to ICHAZ wherein the
martensite volume fraction is slightly increased due to the
eutectoid phase transformations followed by rapid cooling(
Figures 6g,61,6q). The materials closer to the nugget, as the
centre of heat source, experiences higher temperature for the
longer period. Therefore, fine austenite grains are formed with
due to the lack of time and thermal energy required the for
grain growth. These transfer to fine martensitic structure as it
is shown in FGHAZ in Figures 6f, 6k and 6p. The higher
temperature at CGHAZ and slightly lower cooling rate allows
the grains to grow before rapid quenching generating larger
martensite grains (Figures 6e, 6j, 60). A fully martensitic large
lath structure was also observed in the nugget with columnar
grains, Figures 6d, 6i and 6n growing from CGHAZ towards
the centre of the nugget where grains sizes are slightly smaller
compared to the initial solidification phase, Figures 6c, 6h and
6m. It is worth noting that the microstructure between BM and
SCHAZ are not significantly different because there is no
phase transformation within this zone except the existence of
tempered martensite, since the temperature of SCHAZ during
welding process is below AC1 [41,43] and the formation of
lath martensite might be due to a low carbon content [44].

3.1.2 Microhardness Characterization

Vickers Microhardness profiles of the welded sections are
shown in Figure 7 for samples welded at low, medium and
high currents using solid square, circle and triangle markers,
respectively. While the BM has almost identical hardness, the
hardness values instantly drop in SCHAZ in all the cases
followed by an prompt increase starting from ICHAZ at the
FGHAZ and CGHAZ. This is followed by a small hardness

LC

MC

HC

reduction in the nugget. The hardness drop in SCHAZ could
be due to the tempering of martensite that reduces its strength.
The hardness profiles indicate that by increasing the welding
current the overall hardness in all the zones of the weld
decreases. Additionally, in the sample welded using the high
current, the average hardness value drops more significantly
from Fine and Coarse grain zones to the nugget (about 18
HVO0.5) compared with the MC (14) and LC (11) samples
shown by the blue and red curves, respectively.

3.2 Macroscopic Deformation and Failure
Mechanisms

3.2.1 Failure Initiation and Evolution During
Loading

The tensile-shear tests were repeated minimum of three times
for each case and representative curves are shown in Figure
8a. the solid lines correspond to the TS samples while the
dashed lines show the data related to the CP geometries. Figure
8b shows that as the welding current increases the ductility of
the weld as well as the fracture forces increase, as expected,
for both geometries. The error bars indicate the standard
variation of the measured displacement to failure and
maximum failure loads between the repeated experiments for
each test geometries. Therefore, small error bars in both
displacement and failure loads indicate a consistent weld
geometry, behaviour and quality for all samples.

Figure 6. Microstructure of spot welds with applied low (LC), medium (MC) and high welding (HC) currents showing (a) overall
section of the weld ; (b) base metal; (c,h, m)and (d, i, n) nugget (Red and Orange); (e, j, 0) CGHAZ (Yellow), (f, k, p)

FGHAZ(Green) and (g, 1, q), ICHAZ(Blue)
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It is worth to note that the failure forces in CP samples, the red
curves in Figure 8, are an order of magnitude smaller than the
forces measured for the TS samples. This could be attributed
to the cumulative effect of the bending induced stresses that
could be related to the bending moment developed by the
applied load in the CP samples leading to smaller required
forces as reported in [5]. Additionally, the forces tend to
increase linearly in the case of TS samples, Figure 8b, while
the CP geometry doesn’t show such a behaviour. The longer
deformation to failure at higher welding currents results more
plastic energy dissipation during the fracture process.

To better investigate the evolving deformation mechanisms
during each test, samples with polished sectioned were
analysed at different applied displacements up to final fracture
as shown in Figures 9 and 10 for TS and CP samples,
respectively. Here the localised plastic deformation results in
an observable change in the image contrast helping to track the
deformation pattern within the weld sections and identify the
effect of increasing welding current on the macroscopic failure
of the welds.

The deformation and failure in TS-L sample starts with local
deformation bands formation at the tip of corona bond shown
by the yellow arrow in figure. The deformation is then
localised, observed by the change in contrast in the nugget
region, shown by the blue arrow in Figure 9c, up to the point
that the nugget cannot take further deformation (Figure 9d)
and fails by IF mode. There is almost no deformation at upper
or lower legs of the sample before, during and after the test.
As the welding current increases, TS-M in Figure 9f, local
deformation initiation sites move away from the tip of the
corona bond, shown by the white arrows, followed by
localised deformation at corona bond at later stage. However
the interfacial failure is the dominant mode apart from the fact
that a relatively large out of plane shear deformation is
observed in the sample evidenced by in-plane rotation in the
image. Some localized necking was also observed at boundary
of HAZ and the base material in TS-M samples as highlighted
by the top yellow arrow in Figure 9g. at the same time
deformation is transferred to the nugget, shown by the blue
arrow.
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Figure. 8. Representative measured force-displacement
curves during (a) tensile-shear (TS) and coach-peel (CP) tests
and (b) maximum force and displacement to failure for the
samples welded at low (L), medium (M) and high (H)
welding currents. The lines A-F indicate the moment wherein
the local deformation maps are further analysed in detail.

This, however, is not as visible as the case in the TS-L sample.
The localised deformation at HAZ promotes additional
bending deformation and associated stresses applied to the
nugget leading to the mixed mode bending-shear failure
mechanism at the nugget. Although, the localised plastic
deformation of the material at the HAZ did not change the
failure mechanism, the displacement to failure was increased
according to Figure 8a.

The TS-H sample failed via PF mode as shown in Figure 91.
Similar with TS-M sample, deformation localisation is
initially observed around the boundaries of HAZ, highlighted
with the white arrow in Figure 10j, then transferred to nugget
around the corona bond tips shown by the yellow arrows in
Figure 10k. However, the plastic deformation located around
boundaries of HAZ is much larger than that adjacent to the
nugget, Figure 10k. Therefore, it works as plastic hinges
during loading and the applied moment resulting in localized
necking and ductile fracture of the material at HAZ.

In the case of the coach peel samples, the initial phase of
failure involves an opening of the corona bond in all the
samples followed by either crack propagation into the nugget,
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HAZ or the interface of HAZ and nugget depending on the
applied welding current. The opening of the corona bond
(Figure 10b) introduces a sharp crack at the nugget in CP-L as
shown by the yellow arrow. This crack propagates into the
nugget, the blue arrow in Figure 10c, resulting in IF mode
(Figure 12d). In contrast, two failure initiation sites were
observed for CP-M sample at the boundary of the HAZ, the
white arrow, and the tip of the corona bond, yellow arrow in
Figure 10f. However, due to the bending effect imposed on the
samples, failure propagates from the latter into the nugget and
deflects to the thickness direction towards the HAZ in the due
to the localised necking of the material in this zone, leading to
PIF mode, Figure 10h. A pull-out failure was observed in CP-
H samples wherein various initiation sites were detected at
early stages of deformation, Figure 10j. The localized necking
around the nugget deflect the failure line from fusion zone to
about 45° with respect to the applied load to the thickness
direction.

3.2.2 Local Deformation Characterisation

The recorded images were analysed using a subset and step
sizes of 23 pixels and 8 pixels, respectively, and normalised
squared difference algorithm [38] was applied for the image
correlation process. The out of plane displacement (OPD)
maps shown in Figure 11 are representatives of three
dimensionality of the deformation in the nugget wherein OPD
values in the order of few micrometres were measured for
most of the samples. However, the TS-H sample showed the
larger OPD with 30um at the onset of fracture while the
maximum in-plane displacement 280um was measured.
Therefore, the out of plane strain component can be negligible
compared with the in-plane values and almost a 2D-plane
deformation mode can be considered for most of the samples
before fracture occurs. In this context, obtained micrographs
from in-situ experiments can confidently be used for strain
calculations as this level of OPD would have a minimal effect
on the SEM micrographs and associated deformation analyses.
Additionally, this ensures that the achieved results can be used
for the validation of 2D in-plane models of deformation and
fracture of spot welds in the future applications.

Figure 12 shows the strain distribution maps in the TS samples
with applied low, medium and high welding currents just
before the final failure similar to the deformation states shown
in Figure 9c, 9g and 9k, respectively. The Lagrangian strain
tensor was calculated for X (normal to the loading direction)
and Y (parallel to loading) directions as well as shear strain
component in the XY orientation. The maximum in-plane
principal strain (es) was also calculated for each case and given
that the out of plane deformation is negligible, it could be
considered as corresponding strain at the onset of fracture in
the weld section.

The deformation evolution of the Macro-CP samples was
analysed at several stages as shown by A-F in the load-
displacement curves in Figure 8a. It was found that the eyy (i.e.
mode I crack opening) is the main contributor the maximum
principal strain (e;) and dominant deformation mode.
Therefore, for the sake of comparison only strain distribution
associated with ey, and e; are provided for the applied
displacements of A- F for CP-L, CP-M and CP-H samples,
Figure 13.

Figure 9. Failure initiation and evolution in TS-L, TS-M and
TS-H samples showing different stages of local mechanism
with (a), (e) and (i) unloaded samples, (b), (f) and (j) at the
onset of plastic yielding, (c) (g) and (k) just before final
failure and (d), (h) and (1) final failure. The loading direction
is vertical in the images.

Figure 10. Failure initiation and evolution in CP-L, CP-M
and CP-H samples: (a), (e) and (i) image before testing, (b),
(f) and (j) around yielding, (c) (g) and (k) just before final
failure and (d), (h) and (1) final failure.
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Figure 11. out of plane displacement maps extract for all the
samples indicating maximum out of plane displacement of
about 30 um for TS-H sample with other deformation
conditions to be considered as 2D-inplane until the onset of
fracture
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Figure 12. Distribution of strain components for (a-d) TS-L,
(e-h) TS-M and (i-1) TS-H samples at the onset of failure
showing the strain components normal (a, e, 1), aligned to the
loading direction (b, f, j), shear (c, g, k) and maximum
principal strain (d, h, i).

There is a compressive deformation region in the eyy strain
maps ahead of the crack in all the samples (Figure 13a), that

for an identical applied displacement, it is smaller in area for
CP-L sample while the magnitude of strain is the largest.
Additionally, this compressive zone is almost attached to the
notch tip in CP-H samples while it was formed further away
from the nugget in samples with a lower welding current. The
eyy compressive zone moves forward by the applied
displacement in the CP-L samples while this propagation is
reduced by increasing the welding current and almost it
stabilises in the initial location in the CP-H sample. Figure 13b
indicates that at an applied displacement of 1.5 mm (point A),
er strain value is larger and more localised at the lowest
welding current. The measured strain covers larger part of the
weld section at the boundary of the nugget, from top to the
bottom side of the sheets, in CP-M at point B, while it is
heavily localised in CP-L and CP-H at the notch tip and in the
interface between HAZ and BM, respectively.

€ — € ——
074 049 022 005 031 087 | 085 933 011 010 032 083

—
007 016 040 063 087 110

AN / X

(%) E I —
o 76 1870

000 394 788 1182 1

[ b |
Figure 13. Evolution of local (a) strain distribution along the
loading direction (eyy) and (b) maximum principal strain
distribution in the weld section of CP-L, CP-M and CP-H
samples. The strain maps are extracted for applied
displacements of A-F shown in Figure 10a.
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The presence of the compressive strain at the vicinity of the
notch tip at higher welding current works as a crack retardation
mechanism preventing any crack growth into the nugget for
CP-M and CP-H samples and forcing the deformation to be
localised in other parts of the weld with a higher ductility.
However, for the case of the CP-L sample tensile stresses at
the notch tip can increase to a critical value facilitating the
crack to grow until it is stopped by the developed compressive
stresses. It is worth noting that this critical stress at the crack
tip changes across different zones in the weld with highest
value of about 3% (Figure 13b) recorded in the nugget just
before the final failure of CP-L sample at point C. Further
applied displacement in CP-M and CP-H samples results in
larger plastic deformation in HAZ and BM where e, can reach
up to about 12% and 20%, respectively. The measured eyy and
eistrain values reveal that eyy (the crack opening mode) is the
major contributor to the maximum principal strain and
subsequently the IF failure of the CP-L sample and IF phase
of CP-M sample. This effect is reduced by increase of the
welding current. It was found that a tensile deformation along
the loading legs and shear deformation in the deformation
localised zones are the most contribution factor in e; leading
to PF in CP-M and CP-H samples.

3.2.3  Fracture Surface Analysis

Micrographs of the fracture surfaces of TS and CP samples are
shown in Figures 14 and 15, respectively. Figure 14a shows
that the fracture surface in TS-L sample is mostly consist of
severely elongated dimples because of shear deformation.
However, the dimples geometry changes to more complex
fracture mode, including elongated dimples at various
directions and pure shear facet, around the circumference of
the nugget as highlighted by the yellow region, which could
be induced by out-of-plane shear. Elongated dimples are also
observed at the fracture surface of TS-M sample, as shown in
Figure 14b. However, the central section of the nugget,
highlighted by the blue square, shows that dimples are less
elongated in the direction of the applied load, in comparison
to the observed fracture surface of Figure 14a. Less elongated
dimples compared with the central portion of the nugget in
various directions are also found to cover a larger part of the
surface shown by the highlighted elliptical region away from
the tip of corona bond where the failure was observed to
initiate from. Since TS-H samples failed at the interface of BM
and HAZ, a classical ductile necking and tensile fracture is
observed with ductile dimples and shear lips at the edges of
the fracture surface as shown in Figure 14c.

A combination of brittle and ductile dimples and brittle facets
is observed on the fracture surface of CP-L sample, Figure
15a. The ductile dimples are highly concentrated near the
failure initiation site, while brittle fracture features, the red
zone, are located where the fracture propagation occurs at the
final stages of loading. Although the sample failed through IF
mode, the fracture features are fundamentally different than
those observed in TS-L sample in Figure 14a wherein the
failure is dominated by an early void formation followed by a
brittle fracture and no evidence of shear voids across the
fracture surface.

The two IF and PF failure modes can be observed at the
fracture surface of the CP-M sample shown in Figure 15b.

Initially the failure occurs due to Mode I crack opening in the
early sections of the fusion zone highlighted by the blue
section where a combination of shallow ductile dimples and
brittle facets can be seen at the fracture surface. However, in
the red section, larger brittle facets are visible as evidence of a
catastrophic brittle fracture that could be linked to the larger
corresponding martensite grains in the section. The final stage
of the fracture, highlighted by the yellow zone, shows shear
lips and a typical shear failure like those reported in Figure
14c.

Figure 15¢ shows the cross section of the failed CP-H samples
together with fracture surface morphology in the highlighted
zones. Although the sample failed in PF mode, the fracture
surface, shown in the red region, indicates that the failure
started with a semi-ductile process wherein small ductile
dimples are observed among the brittle facets.

These are followed by an almost fully brittle fracture,
highlighted in the blue zone, with the failure passing through
HAZ/nugget interface and ending with a shear deformation, in
the yellow section, towards the end of the test. A relatively
small proportion of brittle facets on the fracture surface
compared with CP-M and CP-L samples indicates that
although there are some parts of the nugget failing by brittle
fracture, the ductile void initiation and coalescence is the
dominant mechanism in CP-H sample.
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Figure 14. Fracture surfaces showing domination of (a)
ductile and shear failure in TS-L, (b) ductile failure in TS-M
and (c) local necking and ductile failure in TS-H samples.
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3.3 Microscopic Failure Characterisation of the
Welds

Figure 16 shows representative measured load-displacement
curves for the in-situ experiments wherein MiCP samples were
tested. The samples were not loaded to final fracture due to
limited available cross head displacement, but failure initiation
and propagation mechanisms were captured in the recorded
micrographs. The sample welded using the higher current,
MiCP-H, the black curve in Figure 16, showed the highest
resistance against the applied load while MiCP-L, the red
curve, experience a near complete fracture. The stage was
stopped at every 200 micron and samples let to elastically
relax for about 3 minutes before micrographs of the deforming
microstructures were captured. The load drops in the curves
show the imaging intervals when the stage was stopped and
consequently the measured loads drop due to the elastic
relaxation of the system. Micrographs of the samples
corresponding to the selected points (shown by arrows in
Figure 16) during loading are shown in Figures 17 and 18. The
loading direction is vertical in the micrographs as indicated by
the arrows.

In the case of MiCP-L, the sample welded with the lowest
welding current, the failure initiates by opening of the corona
bond at the early stages of the loading, white arrow in Figure
17b. This is followed by plastic deformation localisation when
the generated crack reaches the boundaries of the nugget and
CGHAZ, Figure 17c. Deformation bands appear in the nugget
as a result of the deformation localisation up to a point that
cracks form at the tip of corona bond as shown in Figure 17d.
One crack is formed to follow the microstructure in the
CGHAZ, the red arrow, round the nugget while the other,
indicated by the black arrow, is directed towards the centre of
nugget where the material last solidified in the Figure and the
enlarged subfigure.

Figure 15. Fracture surface of CP samples showing
domination of (a) quasi-cleavage failure in CP-L, (b) quasi-
cleavage and shear failure in CP-M and (c) ductile and shear
failure in CP-H samples.
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Figure 16. Force-displacement curve of coach-peel samples
with low (MiCP-L), medium (MiCP-M) and high (MiCP-H)
welding currents.

Figure 17. Crack propagation of MiCP-L sample at various
stages of loading shown in Figure 18. The loading direction
is vertical in the micrographs. The yellow arrows show
localized deformation bands formation, the red and black
arrows indicate the cracks form in the microstructure with the
failure propagations shown by the latter.

The dominant crack, shown by the black arrow, follows the
deformation bands, shown by the yellow arrows, in such a way
that the crack propagates normal to the grains at the middle of
the nugget with some minor deflections as shown in Figures
17f to 17i. The deformation bands indicate that the observed
IF failure in the tested samples is associated with a level of
plastic deformation in the martensite grains within the nugget.
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The failure process in the MiCP-M sample, Figure 18I, starts
with opening of the corona bond, as was the case for MiCP-L
sample, creating a sharp crack at the interface of HAZ and the
nugget, Figure 18Ib. The large stress concentration develops
plastic deformation in the form of shear bands, visible by the
change of contrast in the micrograph in Figure 18Ic which
results in the crack bifurcation in the nugget. The two cracks,
shown by the red and black arrows, in Figure 18Id, further
propagate into the nugget. The dominant crack is then formed
(Figure 18le) and propagates along the martensite grains
before it is deflected at about 45° towards the outer surface of
the nugget as shown by the black arrow in Figure 18If,. This
dominant crack is then opened throughout the test, Figure
18Ih, and it is expected to pass through the dashed red line in
Figure 18I .

Micrographs of Figure 18I show failure initiation and
propagation mechanisms for PF model observed in MiCP-H
sample. The loading direction is shown by the arrows in Figure
18Ila and after the early stages of deformation the crack
initiated by the corona bond is arrested at the boundary with
the nugget, the red arrow in Figures 18Ilc, d. Although some
deformation localisation is observed in the nugget, shown by
the yellow arrow in Figure 18IId, the crack is deflected into
the HAZ passing from CGHAZ into FGHAZ (black arrow in
Figure 18lle,f). The deformation bands are developed within
the HAZ and define the crack path. However the crack
propagation was confined by smaller grains in the FGHAZ and
was deflected into the CGHAZ at the later stages of the
deformation (Figure 18IIg). Although the final fracture was
not achieved, failure is expected through the highlighted
dashed line in Figure 181Ih by a shearing process to complete
the final phase of the pull-out failure mode.

Figure 19 shows the strain maps corresponding to Figures 17
and 18 to better understand the evolution of deformation at
identified damage mechanisms. The deformation patterns
measured in the in-situ experiments generally follows those
obtained in the Macro-CP samples. Therefore, only the e;
strain component is reported for this section. The undeformed
micrographs are not shown in Figure 19. The strain maps show
a largely localised deformation in the central part of the nugget
for MiCP-L sample, while for the other two samples a
significantly bigger section of the nugget experiences a larger
plastic deformation. This partially explains the measured
higher forces during the experiment before the initiation of
damage and fracture.

At the onset of crack initiation in sample MiCP-L (Figure 19
MiCP-L(c)) the white arrow indicates that the crack is entering
the nugget at the interface with the corona bond at a measured
local strain of about 1.9%. The previous step of loading in this
samples indicates a very small compressive strain that could
be due to initial bending moment applied by the loading and
the fact that the observed area does not fully cover the borders
of the deforming region.

As the crack propagates through the nugget, Figure 19 MiCP-
L(d) and MiCP-L(f), shear bands appear on the microstructure
well ahead of the crack revealing damage initiation and
localised necking in the material. The strain values at the onset
of shear bands formation were found to be consistently around
3% throughout the loading process. However localised
deformation at the crack tip was not measured due to the
missed correlation in the image processing algorithm.
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On the other hand, for the case of MiCP-M sample at the onset
of damage initiation when the crack enters the nugget (the
darker region in the nugget indicated by the red arrow in
Figure 19 MiCP-M(b)) local maximum principal strain value
of about 2% was measured.

The local deformation in the nugget where shear bands
become visible shown by the yellow arrows in Figure 19
MiCP-M(c) and MiCP-M(e) increases to about 6%. The
plastic deformation at the surface increases while the
deformation bands develop further until cracks appear and
propagate, therefore larger strains were measured at the
vicinity of the crack. As the crack is deflected towards the top
surface in the nugget (Figure 19 MiCP-M(f) and MiCP-M(g))
the localised strain gradually increases to about 8%. This could
be an indication of modified mechanical properties across the
microstructure of the weld nugget considering that the stress
state is not changing significantly. Local strain at the start of
deformation and damage for MiCP-H sample is almost similar
to the previous samples (Figure19 MiCP-H(b)), however the
shear banding and plastic instability was observed in both the
nugget (the yellow arrow) and HAZ (the blue arrow) as shown
in Figure 19 MiCP-H(e). While the localised strain of about
8% was observed in the localised necking of the nugget
microstructure, the blue arrows in the MiCP-H maps show that
FGHAZ deformed slightly less (about 9%) compared to the
CGHAZ where maximum principal strain of about 12% was
measured (Figure 19 MiCP-H(g)).

4 DISCUSSIONS

4.1 Metallography and morphology analysis of the
welds

The characterisation of microstructural morphology of the
samples indicated that the microstructure of different weld
zones was greatly affected by the applied welding current. The
higher welding currents produced larger nuggets due to the
increased thermal energy and consequently generated bigger
fusion zone under the electrodes. The heat input from the
electrodes and the subsequent rapid cooling promotes a
martensitic transformation and grain growth [32]. Due to the
faster cooling rate of the nugget close to the water-cooled
electrodes, longer columnar grains form at upper and lower
side of the nugget while the columnar grains are shorter where
the weld zone is cooled through air and base metal [8]. The
martensite grains contain lath type martensite that are shorter
and smaller in size in the central region of the nugget where
solidification of the melt pool terminates, Figure 6.

The variation of the local hardness can directly be linked to
heat treatment of the base microstructure during the applied
heating and cooling cycle of the weld as reported in [42,45].
The SCHAZ is subjected to lower temperature, therefore the
microstructural morphology is not significantly changed,
however martensite hardness drops because of the tempering
effect on the local hardness of the material. The increase of
local hardness in ICHAZ could be linked to a higher
martensite volume fraction as the temperature reaches above
AC1 [41], therefore more ferrite is transformed to martensite
by the rapid cooling .[46]
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M
Figure 18. Evolution of failure in (I) MiCP-M and (b) MiCP-H samples showing the mechanism of partial IF and pull-out failure
modes, respectively. The loading direction, L.D, is vertical in the micrographs and the yellow and blue arrows show the deformation
bands while the black arrow highlights the dominant crack.

The recrystalised grains in FGHAZ are much smaller than the
base metal, so a sharp rise in the local hardness value is
expected. Increasing volume fraction of martensite in the
microstructure from ICHAZ to the nugget results in an
increased hardness, however larger grain size of CGHAZ the
nugget induces slight reduction of the measured hardness
value.

The increasing welding current from 5.5kA to 7.7kA results in
increased thermal energy input from 23] to 46J, respectively,
in the material that can prolong the heating cycle. This
increased heating with a reduced cooling rate increases the
ductility of the weld section [47]. Since the local hardness is
directly linked to the yield strength of steel alloys [48],
therefore, the lower hardness supports the formation of a
deformable nugget in the samples welded at higher currents as
also reported in[49] .

4.2 Deformation Mechanisms in Tensile-Shear

Loading

The evolution of local strain at the centre of the nugget
(location 1) and around the corona bond tip (location 2) are

12

1y

shown in Figure 20 for the TS samples. The shear strain
evolution is almost identical to the maximum principal strain
in TS-L sample, at location 1 and 2 indicating, Figure 20d.
According to the strain evolution curves, the material is
gradually deformed in both locations, albeit with a different
rate, resulting in a relatively uniform stress and strain
distribution within the weld section. The high stress values at
the tip of corona bonds could have initiated the failure process
in the shear mode considering the small size of the nugget [6].
Additionally, given the higher hardness of the nugget and the
applied deformation, the required surface energy to develop a
crack into the nugget can be easily achieved. Smaller grains
are reported to form at the final stages of the solidification
process [2] where deformation localisation is observed for the
samples welded using the lower currents (Figure 19).
Therefore, lower mechanical strength is expected for this
section making it the failure initiation site for the failure under
IF mode.

At the medium welding currents (TS-M sample), eyy and exy
strain evolutions are similar and much larger than ex strain at
corona bond tip while there is almost no deformation in the
material within centre of nugget, shown in Figure 20e.
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Figure 19. Distribution of maximum principal strain compo
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P-L, MiCP-M and MiCP-H samples at loading intervals

identical to those shown in Figures 17 and 18. The arrows highlight the location of identified damage/fracture mechanisms in the

microstructure as demonstrated in the previous figures.

As the welding current increases a softer HAZ is formed which
enables a larger plastic deformation to occur at the stress
concentration points and crack tip. This helps to dissipate the
internal energy in the whole nugget and consequently reducing
the stress transfer from the HAZ to the nugget. Additionally,
the larger diameter of the nugget in TS-M samples the overall
stress will also be reduced retarding fracture process .

In TS-H sample (Figure 20f), eyy strain evolution is almost
consistent with the maximum principal strain curve at the
corona bond tip and there is almost no sign of deformation due
to the shear mode indicating tensile deformation developed in
Y direction dominates the failure. According to the fracture
surface, the fracture mode is a combination of mode I and
mode II. In contrast to the other samples, there is a
compressive ex strain evolution at the corona bond tip in TS-
H sample that could be linked to the local necking of the
material at the selected point. The maximum principal strain
increases from around 5% to around 8% at the corona bond tip
just before crack initiation as welding current, and
subsequently the fusion zone size, increases indicating that
material within the nugget can withstand larger plastic
deformation and consequently require more applied energy
(higher failure load and longer elongation) for fracture
propagation through the nugget, Figure 20g .

The e; values in the central nugget (location 2 in Figure 20) at
the onset of failure reduces from around 2% for TS-L to close
to zero for TS-M and TS-H samples. Both the HAZ and
nugget become softer by increasing the welding current,
Figure 7, however the maximum principal strain values in
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locations 1 and 2 indicates that the HAZ softening effect
would be the dominant factor affecting the failure mechanism.
Additionally, a larger and softer nugget is achieved by a higher
welding current resulting in a higher required fracture energy
while the deformation localisation in the HAZ leads to a lower
stress evolution in the nugget. This makes the nuggets formed
at a higher welding current to be more fracture resilient.
In-plane shear dimples have also been observed at the central
part of the nugget section for full welds DP980[3,8], and out
of plane shear at circumference of nugget fracture surface was
reported by researchers which is similar with observation in
the fracture surface of TS-L. However, quasi-cleavage fracture
was reported to be the dominant fracture mode of IF failure in
B1500 steel, which differs from the observed fracture
mechanism in TS-L sample. This could be due to the material
in the nugget of B1500 steel is much harder that makes the
nugget harder to be plastically deformed.

Although, TS-M sample shows a similar fracture mechanism
with TS-L sample, larger bending and stretch in HAZ/nugget
due to softening of the weld section, Figure 20, could apply
more complex stress state to the nugget leading to larger
portion of out-of-plane shear fracture. In TS-H sample,
necking occurred in HAZ/ BM where has lower hardness due
to lower cooling rate that results in lower dislocation density
is the main reason to induce Pull-out failure [50,51].
Additionally, out of plane shear during IF mode was also
found to be dominant in materials with higher strength as
reported in [5].
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Figure 20. Measured strain evolution curves between start
point of deformation and start of failure of (a) and (d) TS-L,
(b) and (e) TS-M, (C) and (f) TS-H samples and (g)
comparison of maximum principal strain at centre of nugget
and around corona bond tip within the nugget under low,
medium and high welding currents.

4.3 Deformation Analysis Under Coach-Peel
Loading Condition

It is already reported that HAZ softening improve ductility of
the spot welds leading to a higher energy absorption [52].
Fracture toughness of the weld section is reported as the most
effective parameter in assessing mechanical properties of the
welds [53,54]. Chabok et al. [41] developed a methodology to
determine fracture toughness of individual sections in a spot
weld of DP1000 steel. However, there is limited information
on the deformation mechanics and associated distribution in
the weld and its effect on failure process. It is shown, in Figure
13, that the presence of a compressive stress filed in front of
the crack in the coach peel samples could affect the crack
propagation and failure mechanisms. This effect is enhanced
by the formation of low angle grain boundaries in the CGHAZ
and smaller martensite grains in the FGHAZ [43].

Figure 21 shows the evolution of strain at the corona bond tip
for the CP samples by the applied displacement to the point
that a critical crack is formed in the samples (Figure 21a to
21c). It is already reports that crack opening mode (mode I) is
the main loading condition in the CP samples [4,5]. Although
eyy strain component starts with a compressive trend in all
samples, it sharply changes to the tensile state for CP-L and
CP-M samples after about Imm and 2mm of applied
displacement, respectively. The compressive strain is the
largest for the higher welding currents indicting a negative
stress intensity factor (Ki), preventing the crack to propagate
in mode I fracture [55]. Additionally, eyy strain status does not
become positive in the CP-H sample up to the point that a
failure is observed, so no crack propagation normal to the
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loading direction should have been expected in these
conditions promoting a pull-out failure outside the HAZ.

At the higher welding currents the contribution of ex strain
component, i.e. stretching of the loading legs, significantly
increases (Figure 21e and f) dominating the deformation
condition in CP-H sample (Figure 21f). The fact that e,y and
exr jointly affect the development of maximum principal strain
in CP-M sample shows that the failure is expected to be due to
a mixed tensile- shear (mode II) crack propagation. The strain
evolution of CP-H sample shown in Figure 21f, which is the
first part of failure (highlighted in the white square labelled as
“f), indicates that material within the corona bond tip goes
under tension in X direction while strain eyy is in compression
mode, thus forming a localised necking zone.

For the second part of PF mode shown in Figure 21g, the shear
strain curve is almost consistent with maximum principal
strain curve indicating that shear deformation controls the
second part of PF mode until normal strain in X direction
become dominant leading to the formation of tensile failure at
the BM .

According to the deformation evolution analysis above,
increasing the welding current results in softening of the weld
section as shown by the hardness profiles. This softening
effect is found to be more effective in reducing the mechanical
strength of the HAZ compared with the fusion zone as the
tempering effect could have more influence on reducing
dislocation density in FGHAZ reported to have higher yield
and lower strain hardening [41]. This was better observed in
the Mi-CP samples (Figures 17 and 18) where the crack is
pushed further into the HAZ by increasing the current due to
the increased plasticity and reduced stiffness. Therefore, a
larger plasticity observed at tip of corona bond and within the
FGHAZ by increasing the welding current together with the
formation of the compressive deformation zone in the nugget
affects the failure mode transition from IF to PF.
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Figure 21. Maximum principal strain distribution, (a) CP-L,
(b) CP-M and (c)CP-H, indicating the extracted positions of
strain evolution curves between start point of deformation
and crack initiation of (d) CP-L, (e) CP-M and (g) CP-H
samples while (h) strain evolution curves between start point
of loading and final failure of second phase of PF mode in
CP-H samples.
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5 CONCLUSIONS

The experimental results prove that the designed sample
geometries are effective to investigate the influence of
deformation evolution to failure mechanism of spot weld in
AHSS, not only in macro scale but also in micro scale. Specific
conclusions on the deformation and failure mechanisms of the
studied spot welds are as follows:

1. HAZ softening induced by increasing welding current
according to hardness analysis of welding section can
lead to the transition of failure modes from IF mode to PF
mode of TS samples. Shear stress within the nugget
causes IF mode and stress along Y direction as well as
shear stress in HAZ and BM dominates PF mode.

2. Larger bending due to HAZ softening in CP samples
leads to compression normal to interface of nugget for
longer elongation and larger plastic deformation in HAZ
causing transition of IF mode to PF mode. Stress normal
to the interface of nugget is the driving force IF mode
while bending stress and shear stress in HAZ is the
driving force of PF mode.

3. The smaller martensitic laths within centre of the nugget
might resist the crack from passing through the nugget in
CP samples leading to crack path deflection.

4. A better ductility of weld section could be obtained by
higher welding current.
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