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Abstract

Failure of resistance spot welds in computer-aided engineering models is based upon criteria that incorporate test data
obtained in various loading conditions including different proportions of tensile, shear, and moment loads. The decomposi-
tion of the critical load into its respective shear, tensile, and bending moment components is influenced by the rigid body
motion during their corresponding mechanical tests. Continuous tracking of the weld orientation and the deformed coupons
is required for accurate determination of the load components at the onset of failure. A comprehensive experimental inves-
tigation was performed to characterize the critical failure load components in combined loading using various orientations
of KS-II tests and a range of coach peel coupon geometries. Mechanical testing was coupled with digital image correlation
(DIC) to systematically evaluate empirical force-based failure models for resistance spot welds of two third generation
advanced high strength steels with optimal and suboptimal fusion zone diameters. New analysis methodologies using DIC
were developed to account for rotation and deformation of the joint in the determination of the shear, normal, and bending
moments acting on the spot-welded joints. The coach peel test results for both steels revealed a non-convex experimental
fracture locus in bending-tension loading cases. The conventional assumption of a convex failure locus overestimated the
critical bending moment strength between 7 and 66%. Results indicated that changes in the operative failure mechanism
from pullout/partial-pullout to interfacial can expand the fracture loci within the shear-tensile loading mixities. Improved
alternative functional forms for the weld failure models were proposed and contrasted with conventional models that assume
convexity.

Keywords Third-generation advanced high strength steel (3G-AHSS) - Resistance spot welding (RSW) - Mechanical
properties - Failure behavior - Coach peel test - Bending moment

1 Introduction

Enhanced fuel efficiency and improved passenger safety are

among the most important performance criteria imposed on

the automotive industry [1]. Meeting these criteria necessi-

54 Mohammad Shojace tates manufacturing light automotive structures that exhibit
mshojaee @uwaterloo.ca high energy absorption capacity in crash events [2] using
high-performance materials such as advanced high-strength
steels (AHSS) [3]. Auto manufacturers have incorporated
AHSS within their designs with a reported four-fold increase

Centre for Advanced Materials Joining, Department
of Mechanical and Mechatronics Engineering, University
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ON N2L 3G1, Canada in AHSS adoption from 2006 to 2016 [4, 5]. The recently
2 Advanced Materials Technology - Metallics & Joining, developed third generation AHSS (3G-AHSS) have the
General Motors, Warren, MI 48092, USA potential for additional weight reduction due to their supe-
3 General Motors R&D, Materials & Manufacturing Systems rior tensile strength-to-ductility ratio compared to the first
Research Laboratory, Warren, MI 48092, USA generation of AHSS (1G-AHSS). Additionally, the use of
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3G-AHSS may be a more financially viable option com-
pared to the second generation of AHSS (2G-AHSS) due to
reduced alloy content [6]. Joining 3G-AHSS components
within vehicle body-in-white (BIW) assemblies is a pri-
mary challenge to their industrial application. Resistance
spot welding (RSW) is among the most commonly adopted
joining techniques within the automotive industry due to its
rapid process speed, suitability for automation, and absence
of a requirement for filler metals [7]. The RSW joints in a
typical modern vehicle play a critical role in maintaining the
integrity of the vehicle structure in the case of a crash event.
Consequently, the ability to predict the failure of spot welds
plays an important role in vehicle design [8].

The available literature regarding spot weld failure pre-
diction can be categorized into two groups: first are the
studies that develop a detailed finite element model of the
spot-welded joint and assign constitutive properties to dif-
ferent RSW subregions in an attempt to capture informa-
tion regarding the onset of failure, failure path, and dam-
age evolution [9, 10]. The second group comprises studies
that calibrate failure criteria by establishing a relationship
between RSW failure loads/stresses and different loading
conditions [11-13].

Calibrating a comprehensive weld model that accurately
predicts the mechanical performance and failure behavior of
a spot-welded joint is challenging due to inhomogeneities in
local microstructures and mechanical properties caused by
thermal gradients during the RSW process [7]. The property
variations in the RSW subregions require local characteriza-
tion due to the relatively small size of each zone which are
typically smaller than 1 mm in length in the heat-affected
zones [14]. The so-called hardness scaling approach has
been used to predict the mechanical properties of RSW
sub-regions. In this approach, the constitutive and fracture
behavior of the base material (BM) is scaled depending
on the relative hardness ratio between the BM and heat-
affected zone (HAZ) or fusion zone (FZ). This technique is
reported to give acceptable accuracy in failure prediction
of ultra-high-strength press-hardened steel (PHS) resistance
spot welds [5, 15, 16]. Recently, Midawi et al. [17] raised
concerns regarding the validity of characterizing 3G-AHSS
RSW FZs or HAZs using the hardness scaling approach.
Compared to PHS steels where the weld zones are com-
prised of fully martensitic structures of various strengths,
the microstructure in the 3G-AHSS RSW sub-regions can
be complex and vary significantly from that of the BM [18].
It is questionable to assume that the BM behavior linearly
scales with the corresponding hardness ratios. Extraction
of miniature coupons directly from the FZ or HAZ [10,
14] or reproduction of representative microstructures using
thermomechanical simulators [19, 20] have been used in
the literature for local RSW mechanical property evalua-
tion. Ghassemi-Armaki et al. [21] performed extensive
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failure characterization under different stress triaxialities
for calibration of the BM failure locus which was linearly
interpolated to predict HAZ fracture loci. Detailed meso-
scopic finite-element models of spot welds have also been
considered [9]. Mesoscale models are informative in terms
of providing insight into the fracture initiation sites, damage
accumulation trends, and crack propagation mechanisms but
require extensive BM, HAZ, and FZ fracture characteriza-
tion. At present, the application of mesoscale models in full
BIW assemblies, which contain an average of 6000 spot
welds [22], is computationally prohibitive due to the fine
mesh size required.

The second approach to model spot weld failure is to per-
form a range of mechanical tests to develop an experimental
failure locus based on the critical loads that can be readily
interpolated in finite-element models. A functional form to
describe the failure locus is then assumed and calibrated
using the experimental data [23]. Although this approach
does not comprehensively account for RSW metallurgi-
cal inhomogeneities and provides limited insight into the
underlying mechanics of weld failure compared to mesoscale
modeling, it is well-suited for industrial application and
implementation into finite-element software used for vehicle
crash simulation such as LS-DYNA [24]. In this approach,
the failure response of spot welds is most commonly char-
acterized under bending-dominated, shear-dominated, and
tensile-dominated loads using coach peel [11], lap shear, and
cross-tensile tests [7], respectively.

The geometry adopted in the coach peel test can signifi-
cantly affect the results by changing the severity of bending
[25, 26]. The RSW coach peel test typically involves join-
ing two L-shaped coupons with a spot weld on the horizon-
tal flange region. During this test, the weld is subjected to
normal tensile stress and bending stress due to the offset
between the loading axis and spot weld. Calibration of the
RSW failure loci in bending-dominated loading conditions
has received limited attention in the available literature due
to challenges in determining bending moment using coach
peel tests. Complexity arises from the opening of the lower
arms and the deformation of the unconstrained vertical arms
that do not necessarily remain straight throughout the coach
peel test [26]. It is common to idealize the coach peel test
and use a constant moment arm which can overestimate the
bending moments, as recently reported by Xu et al. [27].
However, with the adoption of digital image correlation
(DIC), a more rigorous treatment of the coach peel test can
be developed to account for the deformation of the coupon,
and better estimate the bending moment, and tensile loads
applied to the weld.

RSW failure loci are commonly calibrated in combined
shear-tensile loading. Wung [12] proposed the initial form
of RSW failure criterion using shear (lap shear) and normal
(cross-tensile) tests. A more advanced form of RSW failure
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criterion was proposed by Lin et al. [28] that accounted for
combined shear and tensile test data obtained from KS-II
tests. The KS-II test provides a more favorable boundary
condition to characterize weld failure due to the constraint
imposed upon the weld in contrast to lap shear tests that
can have significant rotation. The calibration of RSW fail-
ure models in shear-tensile loading typically assumes the
orientation of the coupon is fixed even though coupon rota-
tion can be significant in shear-dominated conditions [13,
29, 30]. Song [31], and Langrand [32] demonstrated how
deformation-induced rotations of the weld can lead to major
discrepancies between the measured and predicted failure
strengths using Lin’s failure criterion [33]. The issue of cou-
pon deformation and rotation was acknowledged by Pandya
et al. [34] during the combined loading of a 1G-AHSS spot
weld using a modified cross-tension fixture that utilized
orientation plates to minimize deviation from the intended
loading path. Therefore, the construction of a reliable RSW
failure locus in shear/tensile loading conditions demands the
decomposition of KS-II failure loads into shear and tensile
strength components based on the orientation of the nugget
at the onset of failure initiation as opposed to the orientation
at the start of the test, as discussed by Shojaee et al. [35].

In this study, the validity of existing force-based RSW
failure models was evaluated by performing coach peel
and KS-II mechanical tests of resistance spot welds under
bending-dominated and mixed shear-tensile loading condi-
tions, respectively. Optimized and suboptimal RSW cur-
rents were considered to recognize how changing the FZ
diameter affects the shape and size of the failure loci. Novel
procedures were developed using DIC techniques to improve
the characterization of the RSW failure load components
by quantifying the orientation of the coupons during the
test. The results highlight deficiencies of existing RSW
failure models, especially in bending-dominated loading
cases where large discrepancies were observed in the shape
of the experimental failure locus compared to the convex
shape predicted by existing empirical functions. Modified
RSW failure functional forms were proposed to accurately
predict the failure of 3G-AHSS spot-welded connections in
bending-dominated as well as combined shear and tension
loading cases.

2 Experimental procedures
2.1 Materials

Two grades of 3G-AHSS were considered, designated
3G-980 and 3G-1180, with nominal ultimate tensile
strengths (UTS) of 980 and 1180 MPa, respectively. The
steels were uncoated with a nominal thickness of 1.4 mm.
Table 1 summarizes the chemical compositions and average
tensile properties of the investigated 3G-AHSS in the roll-
ing direction. The equation of Yurioka et al. [36] was used
to calculate the carbon equivalent values. The BM uniaxial
tensile properties of the same lots of material were charac-
terized by Midawi et al. [17] using JIS Z2201 No. 5 tensile
tests with a 50 mm virtual extensometer gauge length.

2.2 Resistance spot welding

RSW was carried out using a robotic medium-frequency
direct current (MFDC) welder equipped with a Rexroth
Bosch weld controller. 7 mm flat Cu-Cr dome-shaped elec-
trodes were used for spot welding throughout this study. The
electrodes were continuously cooled via 20°C water with
a nominal flow rate of 6 L/min. RSW process parameters
were selected based on the recommendations of the AWS
D8.9 standard [37] and their values are outlined in Table 2.
To investigate the influence of nugget size on the size of
the failure contours, two different nugget diameters were
produced for each of the investigated materials: an electrode
face diameter weld size (FDWS) of 7 mm and a minimum
weld size (MWS) of 4\/ t ~ 4.7 mm where ¢ is the thickness
of the sheet. The minimum allowable weld size criterion of
4\/ t was chosen based on the guidelines of the AWS D8.1
standard [38]. A weldability window (weld lobe) to produce
the FDWS and MWS was developed by changing the weld-
ing current from 6.0 to 10.0 kA in 0.1 kA increments. All
other process parameters were kept constant. The nugget
diameters were measured via cross-sectioning of the welds
followed by optical microscopy. Heat inputs as a result of
different welding schedules were calculated according to the
procedure of Song et al. [39].

Table 1 Chemical composition

- - Material Mechanical properties Chemical composition
and mechanical properties of
the investigated 3G-AHSS in YS [MPa] UTS [MPa] TE [%] UE [%] n Ceq C+Mn+Si
the rolling direction by Midawi [wt. %]
etal. [17]
3G-980 606 1002 28.1 19.9 0.17 0.64 3.83
3G-1180 993 1230 16.5 10.9 0.09 0.70 4.29

YS yield strength; UTS ultimate tensile strength; TE total elongation; UE uniform elongation; n hardening
exponent; C,, carbon equivalent. Mechanical properties are an average of five test repetitions
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Table 2 Resistance spot welding process parameters

Material Squeeze time Number of ~ Weld time for each Cool time Hold time [ms] FDWS Welding MWS Weld-
[ms] pulses pulse [ms] between pulses current [KA] ing current
[ms] [kA]
3G-980 167 2 167 33 167 9.1 7.0
3G-1180 167 2 167 33 167 9.0 6.9

MWS minimum weld size (4 \/ t = 4.7 mm fusion zone diameter); FDWS electrode face diameter weld size (&~ 7.0 mm fusion zone diameter)

RSW cross sections were prepared for optical microscopy
(OM) following conventional metallographic procedures i.e.,
rough grinding, fine polishing up to 1 pm polishing diamond
paste, and etching with 2% Nital solution. A Keyence VHX
digital microscope was used for the FZ diameter measure-
ment of different welding schemes.

2.3 Digital image correlation

All coach peel and KS-II mechanical tests were coupled with
stereoscopic digital image correlation analysis for accurate
tracking of coupon displacement. A random black-and-white
speckle pattern was created in regions of interest for track-
ing the displacement fields. The DIC system was equipped
with a pair of GZL-CL-41C6M-C camera models from Point
Grey Research with a 0.005 mm/pixel image scale. VIC 3D
RO.1 software from Correlated Solutions was used for the
post-processing. A subset size, step size, and strain filter
size of 21 pixels, 7 pixels, and 5, respectively, were selected.
The weighting of subsets was based on the default Gaussian

(2) P

Fig. 1 Schematic representation of (a) coach peel coupon geometry
and dimensions, (b) welded coach peel specimen showing the speck-
led region of interest; (¢) “h” is the vertical distance from the grip to
the centerline of two sheets; “d” is the horizontal distance from mid-
thickness of the sheet at the grip to projected FZ boundary; “s” is the
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weight option and a 90% center-weighted Gaussian strain
filter was used. The virtual strain gauge (VSG) [40] was 49
pixels (0.245 mm).

2.4 Coach peel tests to characterize combined
bending and tensile loading

Coach peel tests were performed to characterize failure in
combined bending and normal loading cases. Three coach
peel coupon geometries (shown in Fig. 1) with different ini-
tial bending moment arms were considered to achieve dif-
ferent proportions of applied bending moment and tensile
loads on the spot welds. The initial bending moment arm is
defined as the distance between the center of sheet thickness
at the grip (vertical flange) and the projected center of the
FZ along the bottom arm (initially horizontal flange region
of the coach peel coupon). It is noted that this assumption
is expected to underestimate the moment arm length after
the peak load as cracks propagate through the weld (inter-
facial failure (IF)) or around its periphery (pull-out failure

(d)

“N1.4mm
o h/d=2.7-3.3
Gripping —
73.5 mm length :
' ~35 mm fi Geometry 1 (short arm)
h/d=19-2.2
Resistance
spot weld
R 6.5 mm DIC iGeometry 2 (medium arm)
‘\thuge speckle on
specimen h/d =1.3-1.4
edge

X X
ected FZ  Projected HAZ

undary boundary

éy‘ Geometry 3 (long arm)

over-hang distance after the spot weld on the horizontal flange; (d)
three different coach peel geometries with various horizontal flange
lengths (Lpy,,,.) Were considered. Dimensions Ly, ., h, d, and s are
outlined in Table 3 for all three experimented coach peel geometries
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(PO)). Coach peel tests were repeated at least 3 times for
each welding schedule and geometry. The respective verti-
cal and horizontal arms of the coupon, %, and d (as defined
in Fig. 1(c)) were measured individually prior to each test
and the average measurements along with the corresponding
95% confidence intervals are outlined in Table 3 for all coach
peel geometries and experimented RSW schemes.

In this section, a novel methodology for the coach peel
test is proposed that exploits the DIC measurements to
account for the deformation and rotation of the arms that
affect the evolution of the bending moment, and tensile
loads. As an example, the deformation and rotation of the
coach peel coupons are shown in Fig. 2 for the 3G-980
FDWS short arm geometry at the initial, peak load, and
final frames.

A static equilibrium analysis was conducted on the
coach peel coupons to estimate the evolution of bending
moment, and tensile force acting on the RSW throughout
the tests. The coupon is assumed to be constructed of four
rigid beams defined by eight point inspectors (P,-Py) that
construct four position vectors p,p,, P3P4, PsPs- and p-pg.
Inspectors P;, P,, P;, and P; were placed at the edges of
the projected RSW FZ, whereas inspectors C; and C, were
placed at the center of the projected FZ. The intersec-
tion of vectors p;p, and psp, is referred to as point Py. A
schematic representation of the undeformed and deformed
coach peel coupon, along with the location of point inspec-
tors can be seen in Fig. 3(a) and (b), respectively.

The total opening angle, 2a, is determined by the dot
product:

P3P4-P7Ps

cos(2a) = —————
|P3P4 | |P7P8 |

ey

The tensile force applied to the center of the spot
Weld is equal to the recordings of the vertical load cell
(F TRSW = =F Loadcen)- The effective bending moment arm (d )
is defined as the instantaneous horizontal distance between
inspector P, at the mid-thickness of the upper arm at the grip
and inspector C; located at the projected center of the spot
weld. The bending moment imposed upon the weld, M RSW>
can be deﬁned using the tensile force applied to the center of
spot weld (F 7.rsw) and the effective moment arm, d

Mpggw = d, X Fr gew )

It is noted that any compressive contact between the
lower arms due to the overhang distance, s, has been
ignored. The overhang distance should be minimized with
distances between 4.5—7.2 mm in the present study as out-
lined in Table 3.

Examples of the evolution of parameters 22, a, M RSW>
and I?T, rsw have been summarized for a 3G-980 FDWS

Table 3 Summary of average horizontal flange length (L), initial bending moment arm on the horizontal arm “d”, initial bending moment arm on the vertical arm “h”, and free over-hang

distance (s) for 3 different coach peel coupon geometries and 4 different welding schemes investigated in this study. Errors are 95% confidence interval values

Geometry 3 (long arm)

Geometry 2 (medium arm)

Geometry 1 (short arm)

Welding condition

s [mm]

d [mm)] h [mm)] s [mm] LFlange [mm)] d [mm)] h [mm)] s [mm] LFI.(mge [mm)] d [mm)] h [mm)]

LFlunge [mm]

49+09
45+05
4.8+0.7
5.0+0.6

41

31.4+0.3
31.4+0.5
31.3+0.2

30.4+0.1

32
32
32
32

45+0.38

42.5

22.1+0.1
21.2+0.1
20.4+0.2

25
25
25
25

6.0+2.1
72+18

12.8+1.2
154+1.2

19.5

3G-980 FDWS
3G-980 MWS

4

42.5

13.2+0.8

13.4+1.6

19.5

42

42.5

19.3+0.2

42.5

19.5

3G-1180 FDWS
3G-1180 MWS

42.5

5.1+0.3

42.5

6.8+19

42

9.5

1
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4

Fig.2 Comparison between (a) first, (b) peak load, and (c) final
frame of a short arm (geometry 1) 3G-980 FDWS coach peel test.
Figures highlight the deformation of the coupons and the continuous

Fig.3 Schematic drawing
showing the configuration of the
coach peel specimen (a) at the
beginning of the test, and (b) n' \
frame after starting the test. (c) 4
Forces and moments acting at
the center of the spot weld

(a)

777

and 3G-980 MWS geometry 1 (short arm) coach peel test.
Figure 4(a) illustrates how the effective bending moment
arm decreased by 34% and 76% from the beginning of a
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reduction of the effective bending moment arm acting on the pro-
jected FZ center throughout the test. The color contour U shows hori-
zontal displacement within the region of interest

(b)
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 bending!
moment |

arm |

§
b |
5
]
]
g
¥
¥
]

AFT_ RSW

3G-980 FDWS short arm coach peel test up to the peak
load, and final frame, respectively. It was observed that
the bending arm reduces at a higher rate after the critical
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Legend

o Fr rsw

peak load point, as highlighted by the steeper slope of
the red arrow in Fig. 4(a) after the peak load point. The
higher reduction rate in the bending moment arm can be
correlated with the detachment of an RSW leg during PO
failure of the FDWS condition, which facilitates out-of-
plane rotation of the nugget during the unloading stage of
the test. In the case of the 3G-980 MWS short arm coach
peel test, as shown in Fig. 4(c), changes in the effective
bending arm were less severe with a 13% reduction until
peak load by the end of the test. The alteration in the bend-
ing arm is less significant in the MWS condition due to the
limited deformation of the coupons prior to full separation
in IF mode. The observed trends clearly highlight the need
to consider the evolution of the bending moment during
coach peel tests for the accurate generation of fracture
models. Alteration of the forces and moments effective
on the spot weld for the same 3G-980 FDWS and 3G-980
MWS short arm coach peel tests are shown in Fig. 4(b) and
(d), respectively. The corresponding critical bending, and
normal force values at the onset of separation, defined by
the peak load, were determined for all tests, and the values
were used to evaluate the existing RSW failure prediction
models in tensile load-bending moment conditions out-
lined in Sect. 3.5.

Upon determining the evolution of load components,
the tensile energy absorption capacity of the spot weld
(E7 rsw) 1s calculated as:

Er psw = /FT,RSW~5tc1—cz (€)]
where 6t;_, is the relative vertical displacement of the
projected FZ center, tracked via the displacement field of
inspectors C; and C,. The vertical crosshead displacement
does not accurately reflect the displacement of the nugget
on the bottom horizontal flange region, as evidenced via
the arm deformations and nugget rotation shown in Fig. 2.
Therefore, the evolution of Fr, ggy parameters were plotted
against the local relative displacements at the projected cent-
ers of the FZ on the upper and lower coach peel coupons,
rather than the global crosshead vertical displacement. Con-
sidering the local displacement field minimizes the influence
of deformations occurring at regions away from the spot
weld on the subsequent Eg gy calculations. The moment
energy (Ey; rsw) due to rotation of the nugget (opening angle
da) is defined as:

Evrsw = / Mpgy -6 “

The total joint absorbed energy (Er,,,; rsw) is defined as
the sum of Eg rey» and Eyy row- E7y01 rsw WeTE compared
against global energy dissipation values (Eg,;,;) calcu-
lated from the area under crosshead vertical displace-
ments- F; ., cou PlOLS.
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2.5 KS-Il tests to characterize combined shear
and tensile loading

In this study, KS-II tests for MWS conditions were per-
formed in 8 orientations to obtain a broad range of shear-
tensile loading ratios. The KS-II test results for the FDWS
condition were reported in a previous study by the authors
[35] and are used to contrast with the current MWS condi-
tion. Figure 5(a) and (b) illustrate the KS-II coupon geom-
etry with the spot weld located at the center of the mating
surfaces. The instantaneous loading angle, 6, is defined as
the angle between the load application line from the tensile
frame and the plane of contact between the two coupons.
A custom-designed fixture based on the butterfly apparatus
[41] was used to impose different combinations of shear and
tensile loads on the investigated spot welds (Fig. 5(c)). The
KS-II fixture consisted of a pair of KS-II holder assemblies
as shown in Fig. 5(d). The KS-II specimen is attached to
the holder assembly via spacers. Upon clamping the KS-II
specimens within the fixture, the frame assembly is loaded in
tension via two pins, one attached to the upper movable actu-
ator and the other fixed to the stationary bolster of a 100 kN
servo-hydraulic displacement-controlled tensile machine.
All KS-II tests were performed at a constant 10 mm/min
crosshead speed rate to minimize dynamic loading effects.
By rotating the holders, it was possible to achieve Mode
I opening (6 =90°), Mode II shearing (8=0°), and mixed
mode loading orientations (6 =10°, 15°, 30°, 45°, 60°, and
75°). The schematic in Fig. 6 shows the shear and tensile
components of forces acting on the spot welds in different
orientations of the KS-II tests. The KS-II tests were intended
to load the spot weld in shear (0° loading orientation), and
incrementally add the tensile component of the force until
90° loading orientation. The peak loads were extracted from
the load cell data output. All reported values for KS-II peak
loads and coupon rotations are an average of 5 tests and the
error bars are 95% confidence intervals.

® ©

WWQR,

Fig.5 a Schematic representation of KS-II coupon geometry and
dimensions; b welded KS-II specimen; ¢ assembled KS-II testing
fixture capable of applying loads in 5° loading angle increments; d
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Movable
actuator

KS-1I

holder
assembly

Mounting plate to the

Pure shear

Pure tensile

Fig.6 Schematic representation of different KS-II loading orienta-
tions showing the shear and tensile components of force acting on the
spot welds. (Loading in 10° orientation not shown for clarity)

Figure 7 shows the first and final images related to the
displacement fields that were tracked for a KS-II test at 10°
loading orientation. DIC circle inspector tools with a 2.5
mm diameter were used to report the displacement in the
KS-II tests. The location of the point and circular inspec-
tors is shown in Fig. 7 as well. The opening windows in the
KS-II inserts, where C, and C; inspectors are located, were
machined to account for any asymmetric deformation of the
two coupon halves. The displacement of point C, was shown
in a previous study to accurately represent the crosshead
displacement [35].

Examining the KS-II DIC images revealed a non-negligible
amount of slippage throughout some of the KS-II tests, espe-
cially in the shear-dominated orientations of 0°, 10°, 15°, and
30°. Most of the slippage occurs at the coupon level due to

Load application (d)

ﬁ direction

Rotating holder

Load cell KS-II spacer

Hardenedginsert

Stationary
bolster

DIC speckle
Pattern on

tensile frame KS-II specimen

detailed view of the KS-II specimen holder assembly comprised of
KS-II specimen, spacer, inserts, and rotating holder
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Fig.7 Comparison between (a) first and (b) final frame of a KS-II
test at 10° loading orientation. The color contour V represents verti-
cal displacement within the region of interest. (c) load- displacement

the clearance holes not being completely engaged with the
KS-II holder at the beginning of the tests. Any slippage or
induced rotation of the KS-II specimen within the grip must
be accounted for to correctly resolve the shear and tensile force
components. For example, Fig. 7(a) and (b) demonstrate how
a KS-1II specimen, with an approximate initial 10° loading ori-
entation, rotates by approximately 7° before full detachment
(failure) of the coupon by the end of the test. The methodology
for approximation of the actual nugget orientation consisted
of using 6 circular point inspectors within the DIC region of
interest to form two triangles, the vertices of which track the
non-symmetric orientation of each coupon half independently.
In this approach, points C¢ and C, construct a line between
the two KS-II coupon halves that contain the nugget, and the
instantaneous slope of this line is updated as the current ori-
entation of the nugget. The respective shear and tensile force
components, F . and F ,.» are related to the measured force at
the load cell, F Loadcell> aS:

F, X sin(6) 5

= |F Loadcell

a) 3G-980 FDWS of 7.0 mm

Fig.8 Optical images of RSW cross sections for (a) and (b) electrode
face diameter weld size (FDWS), (¢) and (d) minimum allowable
weld size (MWS) illustrating the fusion zone diameters. (e) accumu-

b) 3G-1180 FDWS of 7.1 mm

20

" (c) 35 : »
| , 18 5
as =239 : g

1 Soof I

H 3.375 e} L : L
» g 15 Nugget oriamation: i 1 4 5
:zs — 10+ at peak load 1 i §0
1.875 5 E E %0
0 - ; ‘ ! 10 &
o7s 0 2 4 6 8 10

¢ Vertical displacement of C,
and nugget orientation plot of the same test shows the instantaneous

orientation of the nugget throughout the test

F, X cos(6) (6)

= | F Loadcell

Additional details on the KS-II post-processing procedure
can be found elsewhere [35].

3 Results and discussion
3.1 Weld characteristics

The welding schedules reported in Table 2 were selected to
create FDWS and MWS nuggets in the investigated steels.
Figure 8 shows a cross-sectional view of the welded samples
along with a comparison of the total heat input. Generally,
the 3G-1180 steel exhibited a higher rate of nugget growth,
due to its higher alloying content, as reflected in the carbon
equivalent values reported in Table 1. A detailed discussion
on sub-zone microstructures that are formed, their hardness,
and the stress—strain curves of different HAZ and FZ for the
same material can be found elsewhere [17, 42].

(e) 5

l— First pulse — cooin:e— Second pulse —
3.9k

3G-980 FDWS

3G-1180 FDWS|
-3G-980 MWS
‘ . 3q.| 180 MWS
100 200 300 400
Time [ms]

lated energy vs time graph representing heat input as a result of dif-
ferent welding schemes
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3.2 Coach peel test results

Representative evolution of parameters Fr gy, and Mpgy
during testing three geometries of coach peel specimens
have been illustrated for different welding schemes in
Fig. 9. Results revealed that the spot welds fail under a
combination of bending moments and tensile-dominated
forces in the coach peel testing geometry. The initial bend-
ing arm (d) was increased between 188 to 213% from the
short arm geometry to the long arm geometry of various
welding schemes (as reported in Table 3). On average, the
increase in the initial bending arm resulted in 215% and
233% increase in displacement-to-failure of 3G-980 and
3G-1180 FDWS test conditions, respectively. The increase
of the average failure displacement was 80% and 53%,
for 3G-980 and 3G-1180 MWS conditions, respectively.
The larger increase in the displacement to failure of the
FDWS conditions with larger bending arms is attributed
to a transition to a PO failure mode with a larger rotation
of the nugget in contrast to the MWS conditions with IF.
Furthermore, the long arm conditions exhibited increased
plastic deformation of the flange.

The applied force and displacement-to-failure provide
limited insight into the performance of the weld in the coach
peel test. The severity of the applied bending moment is a
function of the geometry and its evolution during the test.
Therefore, the evolution of the bending moment and tensile
forces were plotted against their corresponding displace-
ments/rotations for the different coach peel coupon geom-
etries. Subsequently, the load-bearing capacity and energy
absorption capability of the welds are calculated indepen-
dently in tensile and bending conditions.

The average critical Fy, goy» and Mgy, applied to the pro-
jected center of the RSW FZ for all coach peel geometries
and welding schemes are shown in Fig. 10. As expected, a
decreasing trend in terms of peak load was observed with
increasing moment arm length. The suboptimal MWS
welds’ strength was found to be more sensitive to changes
in the coach peel coupon geometry as their average strength
decreased between 40 to 65% from geometry 1 (short
arm) to geometry 3 (long arm) for 3G-980 and 3G-1180,
respectively, compared to a 39% to 41% drop in average
peak load for 3G-980 and 3G-1180 FDWS weld conditions.
Changing the coach peel geometry from short arm to long
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Fig.9 Representative plots showing the evolution of Fy .4 cenr Fr, rsw» and Mggw during testing of three different coach peel geometries of (a)
3G-980 FDWS, (b) 3G-1180 FDWS, (c) 3G-980 MWS, and (d) 3G-1180 MWS welding schemes
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Fig. 10 Influence of coach peel 4 4
coupon geometry on average (a (b) =
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arm consistently resulted in a higher average critical Mgy,
value. The increase in critical Mgy, from short arm to long
arm geometry was 39% and 49% for 3G-980 FDWS and
3G-1180 FDWS, on average. The increase in Mgy, of MWS
conditions was calculated at 42% and 10% for 3G-980 and
3G-1180, respectively. It is noted that an idealized assump-
tion of a constant bending arm throughout coach peel tests
would have resulted in consistent over-estimation of the crit-
ical My, values between 74%-138% for FDWS conditions,
and between 6%-46% over-estimation for MWS conditions.

The alteration in E7 gews Ers rsws Etorar, rsw a0d Egropa
due to changes in initial bending arm length is summarized
in Fig. 11. It is interesting to note that the Ey,,,; gsw Was
relatively unchanged with the change from short to long arm
with an 8.1% and 4.5% increase on average for 3G-980 and
3G-1180 FDWS cases. Although the total energy absorp-
tion capacity of the joints remained nearly the same, the
Er rsw!Etya1 rsw ratio decreased from 69.5% to 35.4% for
3G-980 FDWS, and from 62.6% to 45.1% for 3G-1180
FDWS cases. At the same time, increasing the bending
arm from short arm to long arm geometry increased the
Ey rsw!Etoral, rsw 1atio from 30.5% to 64.6% for 3G-980
FDWS, and from 37.4% to 54.9% for 3G-1180 FDWS con-
dition. The Er,,,; rsw calculations for MWS conditions
revealed much more limited energy absorption capabilities
as evidenced by the smaller scales in Fig. 11(c) and (d). The
larger variation in MWS Er, ., pey 18 attributed to a few tests

having P-PO failure modes with small plug ratios. Unlike
the FDWS conditions, increasing the initial bending arm
in MWS welding schemes did not result in a consistently
higher Ey; o/ Ezyral, rsw Tatio.

Changes in the effective bending arm (d,) from the
beginning of the test (d,=d) until the peak load frame of
the tests were measured according to the procedure out-
lined in Sect. 2.4 and is summarized in Fig. 12. The reduc-
tion in d, was most noticeable for high heat input FDWS
cases. More specifically, the 3G-980 and 3G-1180 FDWS
exhibited between 26%-28%, and 16%-22% reduction in d,,
respectively, throughout the three coach peel geometries.
The higher reduction in the bending arm of 3G-980 FDWS
could be explained by the higher ductility of the as-received
steel as well as the tougher behavior of the welds. As an
example, representative fracture surfaces along with the
cross-sectional view of the short arm FDWS conditions are
shown for both investigated materials in Fig. 13. The fail-
ure was accompanied by crack initiation and propagation
in both materials. While the cracks initiated at the notch tip
area on the side closer to the loading axis for both steels,
two distinctly different propagation paths were observed
between the 3G-980 and 3G-1180 spot welds. In the case
of the 3G-980 welds, the cracks immediately grew out-
wards from the notch and towards the BM region with duc-
tile failure behavior and the development of a neck in the
failed joint leg (Fig. 13(a)). After going through the sheet
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Fig. 11 Influence of coach peel
coupon geometry on average
Er rsw» Em rsw» Etotar, Rsw Of
the projected center of the RSW
FZ, and Eg,,, for (a) 3G-980
FDWS, (b) 3G-1180 FDWS, (c)
3G-980 MWS, and (d) 3G-1180
MWS welding conditions

Fig. 12 Changes in effective
bending moment arm from the
beginning of the tests up to the
peak load frame of (a) 3G-980,
and (b) 3G-1180 coach peel
tests with various geometries
and welding schemes
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thickness and reaching the faying surface, the cracks grew
around the nugget circumference, leaving both the FZ and
HAZ intact after full failure. However, in the case of the
3G-1180 (Fig. 13(b)), the cracks rapidly propagated halfway
into the FZ, after which the propagation direction switched
away from the faying surface. Finite element modeling by
Pawar et al. [43] revealed full nugget PO failure of spot
welds can accommodate more plastic deformation of the
coupons. Therefore, other than the difference in the duc-
tility of the tested 3G-AHSS, the observed failure mecha-
nisms are also believed to be a contributing factor for a more
severe reduction in the effective bending arm of the 3G-980
FDWS coach peel tests as compared to the 3G-1180 FDWS
tests. Reduction of d, for various coach peel geometries of
3G-980 MWS and 3G-1180 MWS conditions was between
7%-11%, and 7%-16%, respectively. The differences in the
reduction of d, between the two 3G-AHSS MWS spot welds
were determined to be statistically insignificant, which can
be correlated with their similar IF behavior in the majority
of the tests.

3.3 KS-Il test results

Figure 14(a) and (b) show representative measured
load—displacement curves for each of the FDWS loading

orientations. The area under the load—displacement curves
is typically used as a quality index reflecting the energy
absorption capability of the joints. It is observed that the
spot welds exhibit much higher strength for shear-domi-
nated loading orientations with limited energy absorption
after reaching the peak load value, taken as the onset of
failure, as demonstrated by the abrupt unloading response.
In contrast, the tests performed under tensile-dominated
loading orientations exhibit relatively lower strength val-
ues, however, their post-failure energy absorption repre-
sents a higher proportion of the total energy absorption,
as evidenced by the elongated unloading tails of the cor-
responding curves. The same overall trends were also
observed in the MWS condition as shown in Fig. 14(c)
and (d).

The peak load values from each of the tests were extracted
for different loading orientations and the corresponding val-
ues are plotted in Fig. 15(a) and (b) for FDWS and MWS
conditions, respectively. The decreasing trend as loading
orientation changes from shear loading (0°) to tensile load-
ing (90°) is related to changes in the stress state at the nug-
get periphery. In summary, the load-carrying capacity of
3G-980 and 3G-1180 spot welds decreased by 65% and 81%
for the FDWS, and 79% and 78% for MWS conditions as the
loading orientation changed from 0° to 90°.

Fig. 14 Representative KS-II 35 35
load-crosshead displacement = . =" 1 (b)
plots for different loading ori- E 30¢ E 30¢
entations of (a) 3G-980 FDWS, — 251 25l
(b) 3G-1180 FDWS, (c) 3G-980 = =
MWS, and (d) 3G-1180 MWS 220 220
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Fig. 15 Influence of KS-II load- 35 35
ing orientation on peak load of (a) [__[3G-980 (b) [ 13G-980
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Loading orientation

Although the nominal orientation of the nugget is com-
monly used to calculate the shear and tensile force com-
ponents [11, 44, 45], the DIC displacement measurements
revealed rotations that must be considered. Figure 16(a)
summarizes the procedure that was followed for the calcu-
lation of the final nugget orientation at the peak load value
throughout all performed KS-II loading orientations. As
expected, rotations are minimal in tensile-dominant load-
ing orientations (45°-90°). In contrast to uniaxial tension,
rotations are unavoidable due to the induced moment in the
shear-dominant loading cases. The induced coupon rotation
leads to an evolution of the shear and tensile loading com-
ponents that must be considered in the construction of the
RSW failure loci in shear-tensile loading.

3.4 Calibration of existing RSW failure models

Constructing a failure locus for resistance spot welds
requires the decomposition of the critical load value into its
tensile and shear components at the onset of failure. Iden-
tifying the critical failure load in RSW mechanical tests
can be challenging due to the weld being hidden and the
typically jagged nature of the resultant force—displacement

—
o

Loading orientation

curves. Local strength drops in force—displacement curves
are well documented in the literature and are thought to be
due to the slipping of coupons/testing fixtures or the for-
mation of cracks that have not reached critical lengths for
further growth [7]. Although some studies have shown crack
initiation and partial propagation from the intrinsic notch
region in between the welded sheets during the strain hard-
ening (loading) region of the load—displacement curves [46],
the peak load point is typically considered the critical failure
load.

Different models have been proposed to describe the fail-
ure behavior of resistance spot welds. The phenomenologi-
cal function of Seeger et al. [29] to describe the quasi-static
RSW failure locus in tensile-shear loading cases is defined

as:

o]

where the S and Sy, are the corresponding failure strengths
from KS-II samples loaded at 0° (shear) and samples loaded
at 90° (tensile), respectively. The exponents a and b are opti-

mized using a least squares regression. The elliptical model

b
<1

F

s

Ss

F

n

Sy @)

(a)

First Frame

(b)

Peak Load Frame

e}

(o)}

N

[\S]

In plane rotation (A9) [°]

(]

In plane rotation = A0 = 92 - 91 0° 10° 15° 30°

° 10
3G-980 | =~ |© 3G-980
3G-1180| & s 3G-1180
N
g6
~—
8
o 4
Y
2
s 2
(o7
g 0-
45° 60° 75° 90° ™ 0° 10° 15° 30° 45° 60° 75° 90°

Loading orientation

Loading orientation

Fig. 16 (a) Summary of procedure for calculating in-plane rotation using DIC data (rotation of the coupons is exaggerated for better visualiza-
tion of changes in 0). In-plane rotation values at peak load frame for (b) FDWS and (c) MWS conditions
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of Lee et al. [47], denoted f Lisa special case of the Seeger F 1 F1° M. 1€
. S _ s n b
model with a=b=2. == +|=—| +|[=—| <1 )
Ss Sy Sp

Song and Huh [31] proposed an alternate elliptical
model:

o [F] F,\ (F, F,
Pl ol 2)(3) 4|5
where @ is a shape parameter. This failure contour takes the
form of ' if @ = 0 and becomes a straight line when ¢ = 2.

The three models were calibrated and the corresponding
calibrated failure loci in shear-tensile loading conditions
are shown in Fig. 17(a) and (b) for 3G-980 and 3G-1180
spot welds, respectively. Seeger’s two-dimensional model
(Eq. 7), with its two shape exponents as variables, pro-
vided the best agreement with the experimental data with
an average of between 0.2% to 3.5% over-prediction error.
Figure 17(c) outlines the average error of different model
predictions compared to the experimental failure load
components upon using the triangular KS-II analysis. It is
observed that the Song and Huh model underestimates the
failure strength of the investigated 3G-AHSS spot welds
between 9.2% and 22.3% on average for all orientations.
The average error of under-predictions drops to between
0.4% and 3.7% for Lee’s model. It appears the quadratic
constraint of £ and £ 5" models is overly restrictive with
poor predictions in combined tension and shear. Conse-
quently, the more flexible £ 5 model is selected as a basis
for comparison and further analysis of the existing RSW
loci failure predictions.

Seeger et al. extended Eq. 7 to a three-dimensional sur-
face to account for bending [48]:

2
<1

®)

in which Sj is the critical bending moment applied to the
spot weld at the onset of failure during coach peel tests.
Failure is predicted to occur when Eq. 9 exceeds unity, cor-
responding to loading outside of the failure surface. Wang
et al. [23] proposed determining Sy by assuming the poly-
nomial-based failure surface as

F, MaxCP xd

S =
? (10)

1= Fuyace 2

FMaxKS—1190°

where Fy,. cp and Fyp,. ks 1799 are the maximum load-bear-
ing capacities in coach peel and KS-II at 90° tests, respec-
tively, and d is the initial bending moment arm of a single
coach peel geometry. The appropriate value of ¢ in Eq. 9
cannot be determined with a single coach peel geometry
and is conventionally assumed that c=2 [29, 49]. The pre-
dicted three-dimensional failure surfaces of Seeger in Eq. 9
with the value of Sy determined from Eq. 10 based on peak
load data from the short arm coach peel geometry are shown
in Fig. 18. The calibrated force-based failure strengths and
exponents have been summarized in Table 4.

The following two sections focus on assessing the accu-
racy of failure strength predictions from Seeger’s model
shown in Fig. 18. More specifically, the experimentally
acquired failure data, summarized in Sections 3.2 and 3.3,
are contrasted with Seeger’s model in shear-tensile and
tensile-bending loading conditions (dashed black lines in
Fig. 18). Suitable alternative functional forms are proposed
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Fig. 17 Comparison between different RSW failure criteria along
with the experimental KS-II data points, decomposed according to
their final orientations, for (a) 3G-980 and (b) 3G-1180 spot welds

(all shown calibrated models correspond to the final orientation data
points upon using the DIC triangular analysis); (c) average error of
predictions corresponding to different models calibrated in (a) and (b)
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Fig. 18 Three-dimensional
RSW failure surfaces calibrated
using Eq. 9 and 10 according to
the final orientation of the KS-II

@\‘\\\
angular analysis and short arm
coach peel tests for (a) 3G-980
FDWS, (b) 3G-1180 FDWS, (¢)
3G-980 MWS, and (d) 3G-1180
MWS welding schemes
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Table 4 Summary of calibrated
Calibrated equation f= [5]

force-based RSW failure model

L
SN

b c
M —
+5] =

parameters including failure

Material and corre- Average

Average bending Calibrated expo-

Average tensile
strength (Sg) [kKN.mm] nents

strengths and exponents
sponding RSW scheme shear strength  strength (Sy) [kN]
(Sy) [kN] U ——
a b c
3G-980 FDWS 32.071 10.458 41.407 4.67 1.00 2
3G-1180 FDWS 34.160 7.116 23.359 6.00 100 2
3G-980 21.877 5.361 11.021 1000  1.00 2
MWS
3G-1180 MWS 22.743 5.159 19.699 10.00 1.00 2

that can be implemented in finite element analysis for a more
accurate RSW failure prediction accuracy.

3.5 Evaluating RSW failure models
in tensile-bending dominated loading

conditions

The critical tensile strengths (F7 zgy) and bending moments
(Mgsw) at the onset of failure are summarized in Fig. 19 for
each coach peel test. As shown in Fig. 19, increasing the
bending moment arm in FDWS conditions effectively

@ Springer

induced a higher ratio of ;WRSW . However, due to the IF mode
T.RSW

with limited deformation up to the onset of failure, increas-

ing the bending moment arm was not effective in the consist-

Yesw ratio for MWS welding

ent attainment of a higher
F T.RSW

schemes.
Two different approaches were adopted to calibrate

Seeger’s proposed failure loci in tensile-bending conditions
shown in Fig. 19. The first approach included the traditional
assumption of c=2 and Sy calculated from Eq. 10 (as shown
earlier in Fig. 18). Calibration using this approach reveals a
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Fig. 19 Comparison between ) (a) = (b)
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convex failure locus that poorly predicts the overall trend of
critical tensile strengths and bending moments. As an exam-
ple, at any given average experimental tensile strength of the
medium arm coach peel specimens, Seeger’s failure surface
of Eq. 9 calibrated using the conventional approach consist-
ently under-predicted failure bending moments by 10.5%
for 3G-980 FDWS, 10.3% for 3G-1180 FDWS, 48.8% for
3G-980 MWS, and 14.1% for 3G-1180 MWS. Alternatively,
the Seeger model was calibrated using the failure data from

all three coach peel geometries. While using multiple coach
peel failure data points increased the overall accuracy of the
predictions in combined tension and bending, the tensile
strength of the joints was under-predicted by a large margin.
Specifically, the tensile strengths were under-predicted by
46.5% for 3G-980 FDWS, 48.3% for 3G-1180 FDWS, 66.2%
for 3G-980 MWS, and 45.2% for 3G-1180 MWS conditions.
The calibrated failure model parameters using three coach
peel geometry failure data are provided in Table 5.

Table 5 Summary of
parameters for Seeger’s force-
based failure loci in tensile-

f= [F_]
Calibrated equation Sy

b c
M, "~
+|2] =

bending conditions calibrated

Material and corresponding Average tensile strength Average bending strength

Calibrated exponents

using failure data from three RSW scheme (Sy) [kN] (Sp) [kN.mm]

coach peel geometries b c
3G-980 FDWS 10.123 39.558 6.634 0.0016
3G-1180 FDWS 5.800 26.933 7.767 0.0005
3G-980 MWS 4.440 17.612 5.536 0.0003
3G-1180 MWS 4.741 16.655 9.321 0.0007
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An exponential functional form is proposed to better
predict the failure of spot welds in tensile-bending loading
conditions. The calibrated parameters corresponding to the
proposed functional form are outlined in Table 6. The pro-
posed failure loci, compared to the loci proposed by Seeger,
predict pure bending strengths that are 57% and 94% higher
for 3G-980 FDWS and 3G-1180 FDWS conditions, respec-
tively. The predicted bending strengths are 116% and 4%
higher for 3G-980 MWS and 3G-1180 MWS conditions,
respectively, in comparison to the bending strengths cal-
culated from Eq. 10. Characterizing the failure of the spot
welds at relatively small bending moments (< 10 kN.mm
for FDWS and <5 kN.mm for MWS conditions) required
initial bending arms smaller than 7 mm. Attempts for fab-
rication of such coach peel coupons were unsuccessful due
to cracking of the 3G-AHSS at low bending radii and weld-
ing limitations associated with the geometry of the utilized
RSW C gun.

3.6 Evaluating RSW failure models in tensile-shear
loading conditions

The failure loci of the investigated 3G-AHSS in shear-tensile
loading conditions are reported for both the “nominal” and
“final” orientations. The nominal condition assumes that
there is no rotation of the weld, which is valid for tensile-
dominated loading but not for shear-dominated orienta-
tions. The final condition refers to critical load components
determined from the final weld orientation measured using
the DIC triangulation method at the peak load frame of the
KS-II tests.

The failure loci, shown in Fig. 20, were calibrated using
Eq. 7 for both the nominal and final KS-II orientation condi-
tions. The (R?) values can be seen to reduce when consider-
ing the final orientation of the coupons which is associated
with the non-linearity in the shear-dominated loading ori-
entations. According to Fig. 20, both investigated materi-
als exhibited relatively similar failure contour profiles in
the MWS condition which could be correlated with their
similar failure behavior. Most KS-II tests in the MWS con-
dition failed either interfacially, identified via propagation

Table 6 Summary of calibrated parameters for the proposed force-
based RSW failure model in tensile-bending conditions

FYl
Calibrated equation M, = A, x ¢ + M,

Material and correspond- A, t My

ing RSW scheme

3G-980 FDWS 76.242 4.891 -9.623
3G-1180 FDWS 54.234 3.230 -8.969
3G-980 MWS 26.353 2.073 -2.481
3G-1180 MWS 230.830 53.388 -209.651

@ Springer

of a crack through the FZ, or in P-PO mode resulting in a
small plug PO area. On the other hand, differences were
observed in the FDWS failure contours between the 3G-980
and 3G-1180 spot welds. Specifically, within the tensile-
dominated loading orientations the 3G-980 FDWS con-
ditions exhibited between 50 to 65% higher load-bearing
capacity on average than the 3G-1180 FDWS spot welds. It
was observed that the majority of the tested 3G-980 FDWS
joints within the tensile-dominated loading orientations
failed in a full nugget PO manner. In contrast, the 3G-1180
FDWS joints typically failed in P-PO mode with a smaller
plug area. A representative failure behavior of 3G-980 and
3G-1180 spot welds in the FDWS condition has been shown
in Fig. 21. The differences in the local mechanical properties
(such as fracture toughness) in regions of crack initiation and
propagation between the two steels are thought to be respon-
sible for the observed discrepancy in load-bearing capacity,
especially within the tensile-dominated loading orientations.

All calibrated RSW failure models shown in Fig. 20
approach the tensile force (vertical) axis in an orthogonal
direction. However, a close examination of the attained
final data points reveals expansion of the failure loci in
different combined load mixities, specifically within the
tensile-dominated region (from 45° to 90° loading ori-
entations). While limited data exists within the literature
for the combined loading of spot welds, a similar overall
trend of failure data is reported for the combined loading
of laser welded high strength low alloy (HSLA) steels [50]
and toughened structural adhesives [51]. An empirical and
idealized failure model in the form of an exponential func-
tion is proposed which can better capture the overall trend
of experimental data points and reduce the discrepancies
between experimental measurements and model predic-
tions. The calibrated exponential model and its coefficients
are shown in Fig. 22(a) and (b), and Table 7, respectively.
Alternatively, two independent functional forms can be uti-
lized to reduce the percent errors related to Seeger’s model
within the tensile-dominated region. The calibrated loci
shown in Fig. 22(c) and (d) use Seeger’s model for captur-
ing the extreme non-linearity within the IF region, whereas
a modified version of the power law is calibrated within the
PO/P-PO failure regions. The empirical modified power law
is as follows:

_km+E)
- -

n

1)

where k, m, and n are the load coefficient, an additive term
for vertical axis offset, and load hardening exponent, respec-
tively. The calibrated parameters for these two functions
have been summarized in Table 8.

The modified RSW failure loci shown in Figs. 19
and 22, for tensile-bending and tensile-shear loading
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Fig.20 Seeger’s failure loci in (a) 3G-980 Nominal Orientation (b) 3G-1180 Nominal Orientation
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(a) 3G-980 FDWS full nugget pullout

(b) 3G-1180 FDWS partial interfacial partial pullout

Fig.21 Representative failure behavior of (a) 3G-980 and (b) 3G-1180 FDWS conditions within the tensile-dominated KS-II loading orienta-
tions. The shown micrographs correspond to KS-II tests performed at 6 =60° loading orientation

conditions, respectively, can be input directly into FEA
models such as LS-DYNA’s *MAT_100_DA weld mate-
rial model which is considered a direct enhancement of the
*MAT_100 weld material model because it accounts for
the failure of spot welds under bending-dominated forces
as well as shear and tensile forces. Further characteriza-
tion of the shear-bending dominated loading cases with
different bending arm lengths comparable to the spacing
of spot-welded connections in multi-weld components can

lead to additional improvements in current RSW failure

prediction procedures.

4 Conclusions

In this study, the force-based RSW failure loci for two
grades of 3G-AHSS were developed in shear-tensile
and tensile-bending loading conditions. To observe the

@ Springer
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Fig. 22 Proposed failure loci in
shear-tensile loading condi-
tions while considering the
final orientation of the 3G-980
and 3G-1180 KS-II coupons
measured using DIC analysis.
a and b show an exponential
function with six calibrated
coefficients; (¢) and (d) show
two different functional forms
of failure loci before and after
the failure transition points.
Seeger’s model was used within
the IF region whereas a modi-
fied version of the power law
equation was used within the
PO or P-PO regions. The color
scale represents the % error of
calibrated model predictions
compared to the experimental
average at each loading orienta-
tion (IF, interfacial failure; PO,
pullout failure; P-PO, partial
pullout failure)

Table7 Summary of calibrated
parameters for an ideal
exponential RSW failure model
with six coefficients (based

on final orientation KS-II data
points)

Table 8 Summary of calibrated
parameters for two RSW failure
models valid before and after
failure transitions (based on
final orientation KS-II data
points)

@ Springer
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influence of nugget diameter on the size and general shape
of the failure loci, different RSW process parameters were
selected to produce different nugget sizes, referred to as
FDWS and MWS, with high and low heat inputs, respec-
tively. The following conclusions are drawn:

e Comparison between several existing force-based RSW
failure criteria revealed that the equation suggested by
Seeger et al. [29] has the highest flexibility in capturing
the experimental trends specifically in shear-tension
loading conditions characterized by KS-II tests with an
average over-prediction error between 0.2% and 3.5%
for various loading orientations. The criterion proposed
by Song and Huh [31] was found the most conserva-
tive in the prediction of 3G-AHSS RSW failure in the
same loading condition with between 9.2% and 22.3
under-predictions for various shear-tension loading
conditions.

e Experimental shear and tensile failure load components
of the KS-II tests revealed expansion of the failure locus
as the shear component of applied force increased within
the tensile-dominated loading orientations. Changes in
the dominant failure mechanism of spot welds from
PO/P-PO to IF were found responsible for such trends.
None of the existing force-based RSW failure criteria
were found capable of predicting such experimental
behaviors. Suitable alternative functional forms were
proposed to accurately capture the expansion/contraction
of the failure loci in tensile-dominated loading orienta-
tions.

e Assessing the validity of predictions by Seeger’s fail-
ure loci in tension-bending conditions necessitated per-
forming coach peel tests with different initial bending
moment arm lengths. Novel DIC-based methodologies
were developed to account for the severe deformation of
the coupons and the reduction of the effective bending
arm. Bending moments and load components throughout
the tests were plotted against local projected nugget ori-
entation and displacements, respectively, which allowed
for the precise calculation of critical moments and load
components applied to the projected RSW at the onset of
failure.

e Results indicated that doubling the initial bending arm of
the coach peel coupons from short arm to long arm geom-
etry reduces the critical tensile forces (Fr gsy) applied
to the spot weld between 38.3% and 64.3% whereas the
effective bending moment (M) at the onset of failure
increases between 32.1% and 53.5% for the weld condi-
tions considered. The FDWS conditions exhibited con-
sistent total energy absorption capabilities (Eq,,,; grsw) s
the bending arm increased. While the Eg,,; oy remained
virtually unchanged as the coach peel geometry changed
in FDWS cases, the ratio of E7 goy/ Eqq; gsw decreased

by 34.1% and 17.5% for 3G-980 and 3G-1180 FDWS
conditions. Meanwhile, the Ey; pow/ Erya rsw ratio
increased by 34.1% and 34.7% upon changing the coach
peel geometry from short arm to long arm for 3G-980
and 3G-1180 FDWS conditions, respectively.

e Coach peel test results revealed an exponentially decreas-
ing failure loci between the bending moment and normal
force in contrast to the assumed convex relationship of
Seeger’s model. The Seeger RSW failure loci over-pre-
dicted the critical Mgy of the short-arm geometry up to
66.1%. An exponential functional form was proposed and
calibrated that successfully addresses the deficiencies in
the prediction accuracy of spot weld failure in tension-
bending loading cases.
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