
Introduction

Advanced high-strength steels (AHSS)
are used extensively within the automotive
industry for structural applications. The
primary reasons for selecting AHSS mate-
rials are to reduce vehicle weight and to
improve energy management during a
crash event. Advanced high-strength
steels such as the dual-phase (DP) and the
transformation induced plasticity (TRIP)
steels have good formability and crash-
worthiness characteristics because of the
combination of high strength and ductility.
Integration of AHSS materials in the
body-in-white structure presents chal-
lenges related to joining. Resistance spot
welding is the primary joining process for
the automotive body structure due to its
efficiency and economic feasibility. Thus,
improvements to the performance and
durability, i.e., fatigue strength, of AHSS
spot weld joints will improve vehicle 
durability.

A comprehensive database of fatigue
performance of spot welded steels ranging

from interstitial-free (IF) steels to conven-
tional advanced high-stregth steels, to very
high-strength boron steels was compiled
(Ref. 1). The study found that spot weld fa-
tigue behavior is controlled mainly by geo-
metric factors such as sheet thickness and
weld diameter. Despite the significant dif-
ference in tensile properties and composi-
tion between various types of steels, their
spot welded joints showed very similar fa-
tigue performance between 10,000 and
1,000,000 cycles, primarily due to recrystal-
lization near the weld region (Refs. 1, 2).
Another study found a significant statistical
spread in the high cycle fatigue life observed
for TRIP590 and DP600 spot-welded lap-
shear joints (Ref. 3). As shown in Fig. 1, this
spread is over an order of magnitude in cy-
cles to failure at 600-lb load. This variation
in high cycle fatigue life requires that de-

signers use increased sheet thickness, which
counters the intent of the use of AHSS for
lightweighting. The observed variation in
high cycle fatigue life could not be attrib-
uted to the presence or absence of weld sur-
face cracks, faying interface cracks, or ex-
pulsion events (Ref. 3).

A recent experimental study that re-
stricted attention to welding cycle param-
eters has shown that significant improve-
ment in fatigue strength can be obtained
by changing the weld schedule (Ref. 4). An
integrated computational modeling tech-
nique, which incorporated the microstruc-
tural zone and residual stress information
from the resistance welding simulation
into the mechanical model, has also been
used to understand the effect of the spot
welding process on the performance of the
weld (Ref. 5). However, both these studies
did not carry out a systematic investigation
to identify the process parameters that af-
fect the distribution of weld microstruc-
tural zones that in turn affect its mechan-
ical performance, especially in fatigue.

Microstructural Aspects
of Fatigue Failure

A schematic of the common lap shear
configuration of a spot weld joint is shown
in Fig. 1 along with the weld microstruc-
tural zones in the cross-section A-A that is
aligned with the loading axis. The mi-
crostructure and hardness of significant
weld regions in spot welds of AHSS, such
as DP600, have been widely investigated
(Refs. 6, 7). These regions include the base
material, transformed fine-grained heat-
affected zone (FGHAZ), transformed
coarse-grained heat-affected zone
(CGHAZ), and weld nugget. A micro-
graph demarcating these weld microstruc-
tural regions in the cross-section A-A of a
DP600 AHSS spot weld is shown in Fig. 1.
The hardness in the microstructural zones
increases moving from the base material
(HV 225) across the FGHAZ (HV 358)
and into the CGHAZ and weld nugget
(HV for both ~430). Investigations of fa-
tigue failure in lap-shear spot welds of

153-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Improving Fatigue Performance of Spot
Welds in Advanced High-Strength Steels

Identification of microstructural enablers and an optimization strategy for the spot
welding process were developed to improve fatigue performance of spot welds in

advanced high-strength steels

BY S. K. VANIMISETTI AND D. R. SIGLER

S. K. VANIMISETTI (sampath.vanimisetti@
gm.com) is with Vehicle Engineering, GM Tech
Center India, Bangalore, India. D. R. SIGLER is
with Manufacturing Systems Research Lab, GM
R&D Center, Warren, Mich.

KEYWORDS

Resistance Spot Welding
Advanced High-Strength Steels
Microstructure
Fatigue Life
Optimization

ABSTRACT

Significant variations in fatigue performance of spot welded advanced high-
strength steels suggest that improvements may be achieved through optimization of
the spot welding process. Microstructural analyses performed on fatigue tested
welds found that fatigue life correlates well with the location and orientation of the
fine-grained heat-affected zone (FGHAZ).  In welds with high FGHAZ angles, the
fatigue crack is deflected either toward the sheet surface along the FGHAZ or into
the harder coarse-grained HAZ and nugget, where crack growth is either retarded
or arrested. Modeling confirmed that stress intensity at the tip of the fatigue crack
is lower for steeper crack orientations, which slows crack growth and improves fa-
tigue life. A “virtual” optimization methodology employing design of experiments
was developed to tailor the weld microstructure for improved fatigue life. The mod-
ified welding process demonstrated steeper FGHAZ angles, which should signifi-
cantly improve the fatigue life of the spot weld.
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AHSS using careful sectioning (Ref. 8)
and the potential drop method (Ref. 4)
have shown the existence of three stages of
fatigue failure, namely, crack initiation,
crack growth, and sheet failure. Fatigue
crack initiation occurs at the notch root lo-
cations that are aligned with the loading
axis (see points A and C in Fig. 1), and it
accounts for 30–50% of the total fatigue
life. The fatigue crack then propagates to-
ward the outer sheet surface along the
FGHAZ, which provides a path for easier
crack growth (Refs. 4, 6, 7, 9–16).

This study was undertaken to identify
significant microstructural features that
govern the fatigue life of spot welds and
their relation to key process parameters.
Understanding this relation would facilitate
the optimization of the welding process for
improving the fatigue performance of spot-
welded AHSS. A validated finite element

model of the spot welding process was de-
veloped using a commercial resistance spot
welding tool SORPAS® (Refs. 17–19). Sub-
sequently, this computer model was used
along with a design of experiments frame-
work in MINITAB® (Ref. 20) in order to op-
timize the welding process. The optimized
candidate electrode designs and weld
schedules were used to fabricate weld spec-
imens for microstructural analysis to deter-
mine whether the preferred spatial distri-
bution of the microstructure was achieved.

Experimental and Modeling
Procedures

Experimental Procedure

Weld specimens and fatigue perform-
ance data from a previous study (Ref. 3)
of spot-welded 1.6-mm galvannealed

TRIP590 and 1.6-mm hot dip galvanized
(HDG) DP600 were chosen. The chemi-
cal compositions of the materials and the
details of spot welding equipment are
given in the above reference (Ref. 3). The
conventional multipulse weld schedule
for 1.6-mm AHSS is listed in Table 1.

Metallographic examination of weld
cross-section A-A (Fig. 1) was performed
using optical microscopy. An etching pro-
cedure based on recommendations for
low-alloy steels (Ref. 21) was used to re-
veal the microstructure. Microstructural
parameters such as the nugget size, HAZ
width, and FGHAZ orientation were
measured from a high-resolution image of
the microstructure using image analysis
software, ImagePro® (Ref. 22). The pro-
cedure used to determine orientation of
the FGHAZ is illustrated in Fig. 2. The an-
gles between the extreme boundaries of
the FGHAZ (inclined yellow lines), i.e.,
the CGHAZ-FGHAZ and FGHAZ-base
material transition regions, and the faying
interface (horizontal yellow line) are
measured. The FGHAZ angle is defined
as the average of these two measurements.
This measurement method uses the incli-
nation of well-defined FGHAZ bound-
aries to compute the average FGHAZ in-
clination, as shown in Fig. 2. Since the
SORPAS® models are well calibrated and
accurate, the location and inclination of
the FGHAZ boundaries are consistent be-
tween experimental and simulation. For
the validation exercise performed during
the study, the boundary of the FGHAZ
orientation in experiments and simulation
was well defined and the image analysis
using ImagePro gave repeatable readings.

Electron backscattered diffraction
(EBSD) analysis was performed on sev-
eral samples. Sample surfaces were pre-
pared by mechanical polishing followed
by electropolishing. Inverse pole figure
(IPF) maps were generated from the
EBSD analysis. The EBSD scanning was
conducted at a step size of 0.2 μm or
lower using a field emission Zeiss scan-
ning electron microscope with an HKL
camera. The grain boundaries were iden-
tified with > 5-deg misorientation. The
IPF maps were used to generate maps of
grain morphology in the vicinity of the
notch root.
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Fig. 1 — Schematics of the following: A — A lap shear spot weld joint; B — optical micrograph of sec-
tion A-A along the load axis in a 1.6-mm DP600 spot weld. The labeled microstructural zones are weld
nugget, coarse-grained heat-affected zone (CGHAZ), fine-grained heat-affected zone (FGHAZ), and the
unaffected base material. Here, ts is the sheet thickness and Dn is the weld nugget size.

Fig. 2 — Influence of microstructural zones on the fatigue crack growth in A — DP600; B —  TRIP590
spot welds.

Table 1 — Conventional Welding Process Parameters*

Electrode Design Weld Force (kN) Weld Time (ms) Weld Current (kA) Cool Time (ms) Pulses (no.) Hold Time (ms)

MWZ-6006: 4.8-mm FD, 4.2 130 7 to 11 40 3 1000
flat FR

* Coolant water flow rate was 1.0 gal/min at a nominal temperature of 23°C.  Electrodes were made of Cu-Zr, C15000 alloy.  Legend: FD – face diameter, FR – face
radius of curvature.

A B

A B
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Finite Element Modeling Procedure

Modeling of Spot Weld Fatigue Failure

In order to assess the fatigue perform-
ance of the weld, the stress intensity factors
and the crack propagation rates at the spot
weld notch root have to be estimated. There
are many theoretical approaches to esti-
mate stress intensities at the notch root
(Refs. 12, 23–25). However, theoretical
methods do not account for aspects such as
weld indentation, process-induced weld
cracks, and crack growth. Recently, Wang et
al. (Ref. 26) utilized computational meth-
ods such as finite element (FE) modeling to
study the fracture mechanics of spot welds
accounting for kinked crack morphologies,
i.e., notch root with existing process-
induced weld crack. The FE modeling
method can also account for details such as
weld indentation, crack growth, and notch
root radius. In this study, the approach pre-
sented in Ref. 26 is adapted to study the
change in stress intensity factor at the tip of
a finitely long fatigue crack emanating from
the notch root. Such a method allows track-
ing of the stress intensities as the crack
propagates along various paths inclined
with the faying interface. A finite element
(FE) model of the tensile lap-shear spot
weld based on Ref. 26 was developed to es-
timate the stress intensity factors at the tip
of a fatigue crack growing from the notch
root, inclined at various angles with respect
to the faying interface. The modeling
method, boundary conditions, and loading
are as described for lap-shear specimens in
Ref. 26. A more detailed description of the
modeling method is beyond the scope of
this study and can be found elsewhere (Ref.
27). The symmetric half of a spot welded
stack was modeled by considering design
parameters such as sheet thickness, nugget
size, and electrode indentation depth. The
solid model was then discretized using a
combination of 20-noded 3D isoparametric
brick elements with full and reduced order
integration. Boundary and contact condi-
tions replicating the lap-shear test were im-
posed on the FE mesh. A special focused
mesh at the notch root and the tip of the fa-
tigue crack was used to estimate the stress
intensity factors, KI, KII, and KIII using the
interaction integral and the domain integral
method available in Abaqus®/Standard
(Ref. 28).

Modeling of Resistance Spot Welding

The computer simulation of the resist-
ance spot welding process was carried out
using commercial software SORPAS®

(Ref. 17). It utilizes the finite element
technique to solve a sequentially coupled,
transient electrical-thermal-mechanical
multiphysics model. Input data to the sim-
ulation include parameters such as weld

force, current waveform, weld time, pulsa-
tions; electrode geometry and cooling;
along with sheet gauges, alloys, coatings,
and stack configuration. The software can
also incorporate user-specified electrode
designs in the simulations. The tempera-
ture-dependent electrical, mechanical,
and metallurgical properties of various
sheet, coating, and electrode materials

along with calibrated values for the elec-
trode/sheet and sheet/sheet contact-inter-
face resistances are available in the built-
in database. In the simulations, the off and
idle times were kept long enough to attain
thermal and phase-transformation equi-
librium for accurate prediction of the mi-
crostructural zones.

The spot welding process is simulated
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Fig. 3 — Comparison of weld microstructure observed from the experiments and those predicted from
SORPAS® simulations using peak temperature and cooling rate distribution for the following: A — MWZ-
6006 electrode, single-pulse, 200-ms 11-kA schedule; B — MWZ-6006 electrode, 3-pulse, 130-ms 9-kA
schedule; C — 25-mm radiused electrode, single-pulse, 200-ms 9-kA schedule; D — 25-mm radiused elec-
trode, 3-pulse, 130-ms 11-kA schedule.

A B

C D

Table 2 — Microstructural Zones in Steel Welds and Associated Peak Temperature Ranges
(Ref. 24)

Microstructural Zones Peak Temperature Range (°C)

Fusion zone Tpk > Tm (1550) 
Coarse-grain HAZ 1100 < Tpk < 1300 
Fine-grain HAZ (austenite) Ac3 (900) < Tpk < 1100 
Intercritical  HAZ (partial austenite) Ac1 (730) < Tpk < Ac3 (900) 
Tempered region Tpk < Ac1 (730) 

Fig. 4 — Schematic depicting the cause-and-effect relationship between the fatigue performance of the
spot weld and key welding process variables that affect the local distribution of the weld microstructure.
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over an idealized axisymmetric section of
the electrode-sheet stack, which is dis-
cretized using 4-noded finite elements,
and appropriate electrical, thermal, and
mechanical boundary conditions are ap-
plied. Details of the finite element mesh,
domain settings, and boundary conditions
for the model can be found elsewhere
(Ref. 17). The finite element model avail-
able in SORPAS® has been successfully
applied to study the resistance spot weld-
ing of steels, including AHSS (Refs. 18,
19). The studies have shown that the soft-
ware is able to accurately determine the
variation in temperature within the weld.

In this work, the spatial and temporal vari-
ations of temperature fields obtained
from the SORPAS® finite element model
were postprocessed using an external al-
gorithm to determine the spatial distribu-
tion of various weld microstructural zones.

Identification of Weld Microstructural Zones
from Simulations

The spatial maps of peak temperature
(Tpk) and T85 cooling rate, i.e., the time
taken for the sheet material to cool be-
tween 800° and 500°C during the welding
process, were obtained from the simula-

tions. Since the cooling rates experienced
during the spot welding process are as high
as 6000°C/s for 1.6-mm DP600 sheet ma-
terial (Refs. 6, 19), only Tpk is sufficient to
determine the local microstructural phase
as determined by the CCT diagrams for
the sheet material (Ref. 29). A macro-
enabled visualization software, TEC-
PLOT® (Ref. 30), was used to process the
spatial maps of Tpk and T85 cooling rates
to generate a grayscale contour image with
levels demarcated by the peak tempera-
ture listed in Table 2. This grayscale image
was processed by an image analysis soft-
ware, ImagePro® (Ref. 22), which isolated
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Fig. 5 — Influence of FGHAZ angle on the fatigue performance of A — DP600; B — TRIP590 spot welds.

Fig. 6 — Effect of fatigue crack orientation on A —  Mode mixity Me; B — equivalent stress intensity factor Keq.

Table 3 — Welding Process Parameters* Used for the Validation Study

Electrode Design Weld Force (kN) Weld Time (ms) Weld Current (kA) Cool Time (ms) Pulses (no.) Hold Time (ms)

MWZ-6006: 4.8-mm FD, flat FR 4.2 200 7 to 11 — 1 1000
MWZ-6006: 4.8-mm FD, flat FR 4.2 130 8 to 11 40 3 1000
Radiused: 12-mm FD, 25-mm FR 4.2 200 7 to 11 — 1 1000
Radiused: 12-mm FD, 25-mm FR 4.2 130 8 to 11 40 3 1000

* Coolant water flow rate was 1.0 gal/min at a nominal temperature of 23°C.  Electrodes were fabricated from Cu-Zr, C15000 alloy.  Legend: FD –
face diameter, FR – face radius of curvature.

A

A

B

B
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the boundaries of the contour levels cor-
responding to the nugget (Tpk > Tm) and
FGHAZ (900°C < Tpk < 1100°C) using
grayscale thresholding, and measured the
nugget size and spatial orientation of the
FGHAZ with reference to the faying 
interface.

This framework was validated using
variations in the process and electrode de-
sign (Table 3). The computed contour
lines depicting the peak temperature and
the color contour map indicating the T85
cooling rates are superimposed on the
weld microstructure in Fig. 3. Comparing
the microstructural zones identified using
the peak temperature ranges shown in
Table 2 with those observed from metal-
lography, it can be seen that the simulation
framework is able to consistently identify
key microstructural zones with reasonable
accuracy. The location, width, and orien-
tation of the FGHAZ as well as the weld
indent size estimated using the simulation
framework agrees well with those ob-
served from the experimental specimens.
However, the size of the weld nugget was
marginally overpredicted.

Design of Experiments

There are various factors that influence
the microstructure of a spot weld, which in
turn influences the fatigue performance of
the joint. A cause-and-effect diagram relat-
ing the various factors to weld microstruc-
ture, and in turn to fatigue strength, is
shown in Fig. 4. The factors can be broadly
classified into three categories; namely,
joint design parameters (sheet material,
stack configuration, etc.,), welding process
parameters (schedule, electrode, etc.), and
manufacturing variability (electrode mis-
alignment, ambient, surface contamination,
etc.). Based on prior experience and expert
opinion, the significant process variables
that are considered to affect the mi-
crostructure were narrowed to weld force,
weld current, weld time, downslope, and
hold time. Variability due to electrode mis-
alignment and other manufacturing noise
factors was ignored. A half-fraction facto-
rial screening DOE using the above five fac-
tors was set up to assess the main effects and
interactions, and eliminate the insignificant
variables. The total number of runs for the
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Fig. 7 — Main effect and interaction plots for FGHAZ angle and nugget diameter with respect to the
following: A, B — The welding process parameters; C, D — the electrode design parameters from the
screening and electrode design DOE.

A B C

D
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screening DOE was 16. Main process vari-
ables identified from the screening DOE
were combined with electrode geometry
variables, namely, face diameter and face
radius of curvature to perform an electrode
design optimization DOE to maximize
FGHAZ angle for a target range of 5–6 mm
nugget size. This DOE was set up using a
Taguchi Orthogonal Array Design (L16 -
4**2 2**2) with 4 factors and a total of 16

runs. A summary of the factor levels for
these two DOEs is presented in Table 4.

Results and Discussion

Spot Weld Microstructure and Fatigue
Failure

Tested fatigue samples from a previous
study (Ref. 3) on spot welded lap-shear

joints of 1.6-mm-thick DP600 and
TRIP590 sheet materials were taken and
cross-sectioned for metallographic exami-
nation. Figure 2 shows sections for DP600
and TRIP590 welds that failed in high
cycle fatigue at a 600-lb load. The fatigue
crack has clearly grown from the faying in-
terface through the FGHAZ to the outer
surface of the sheet resulting in failure. An
IPF map was generated from an EBSD
analysis of the TRIP590 sample (see inset
in Fig. 2B) in order to verify the observa-
tion from optical micrographs. The size
and orientation of the grains can be as-
sessed using the IPF map color legend,
shown under the inset in Fig. 2B. Both op-
tical micrographs and IPF maps consis-
tently identified the spatial variation in the
grain structure from the base material to
the nugget. The high cycle fatigue failure
is contained within the fine grain structure
in the FGHAZ region for a significant
portion of the crack growth stage.

A cursory examination of the mi-
crostructures suggested that a correlation
might exist between FGHAZ orientation
and fatigue life. To verify this, more detailed
measurements of the FGHAZ were carried
out on all selected weld sections from the
previous study (Ref. 3). Both the DP600 and
TRIP590 materials tested at high load
(1200 lb) and at low load (600 lb) indicated
that samples with the lower FGHAZ angle
of ~60 deg had shorter life, by almost an
order of magnitude compared to samples
with a higher FGHAZ angle of ~80 deg.
This observation seems to explain the vari-
ation in fatigue performance of spot welded
joints, which could not be attributed to ei-
ther expulsion or weld surface cracks based
on previous investigation (Ref. 3).

Interestingly, the measurements also
revealed that the FGHAZ angle in the gal-
vanized DP600 material was consistently
higher by ~8 deg than that in the galvan-
nealed TRIP590 material. The reason for
this difference could be due to the coat-
ings on the sheet surface, the bulk resist-
ance of the steel, or a combination of the
two. The galvannealed TRIP590 material
has a higher surface resistance due to the

MAY 2014, VOL. 93158-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Table 4 — Welding Process and Radiused Electrode Design Parameters* for the DOE Studies

Hold Time Weld Current Downslope Time Hold Force Weld Time Face Diameter Face Radius of Curvature 
(TH) (WC) (TD) (HF) (TW) (FD) (FR)

ms kA ms kN kA mm mm
100–500 8–11 0–100 3–5 100–500 4.8, 7 Flat, 60, 80, 100

* Coolant water flow rate was 1.0 gal/min at a nominal temperature of 23°C.  Electrodes were fabricated from Cu-Zr, C15000 alloy. For screening
DOE, the electrode design paramers FD and FR were 6 and 40 mm, respectively. For electrode design DOE, parameters TH, WC, and TD were set
at 500 ms, 10 kA, and 0 ms, respectively. Note: HF and TW are common parameters between the two DOEs.

Fig. 8 — A — A map of nugget diameter and FGHAZ orientation showing data from simulation and mi-
crostructures of test welds. Microstructures of welds with a nominal nugget diameter of 5.5 mm for B —
conventional electrode and multipulse schedule and C — optimized electrode and weld schedule, show-
ing improvements in FGHAZ angle.

A

C

B

B C

Screening DOE

Electrode Design DOE
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applied Zn-Fe coating and higher bulk
electrical resistance as well as decreased
thermal conductivity due to the richer
chemistry, which result in higher levels of
heat produced at the faying interface than
for the galvanized DP600 material,
thereby accelerating nugget formation
and lateral growth at that interface. Rapid
lateral growth of the nugget at the faying
interface would tend to reduce the
FGHAZ angle. In contrast, the presence
of a galvanized coating on the DP600 ma-
terial would result in reduced contact re-
sistance at all interfaces as the Zn coating
melts. Heating through the bulk material
would play a more important role, which
would create a more uniform heat profile
through the sheet material and tend to re-
sult in a more vertical FGHAZ angle.

The profound effect of FGHAZ angle
on fatigue life becomes apparent by plot-
ting FGHAZ angle against cycles to fail-
ure as shown in Fig. 5. Samples with
FGHAZ angle measurements are indi-
cated by filled symbols, whereas those
without are shown using hollow symbols.
The FGHAZ angles were segregated into
five distinct ranges, namely, very low an-
gles (<65 deg), low angles (65–70 deg),
medium angles (70–75 deg), high angles
(75–80 deg), and very high angles (>80
deg). It is apparent from Fig. 5A, B that
the FGHAZ angle correlates directly with
fatigue life at all load levels, i.e., higher
FGHAZ angles correlate with extended
life. This effect is more pronounced for
high cycle fatigue at 600-lb load, which
shows almost an order of magnitude in-
crease in the fatigue life as the FGHAZ
orientation increases from low to high
angles.

Influence of FGHAZ Orientation on High Cycle
Fatigue Crack Propagation

As noted previously, fatigue crack
growth usually occurs along the FGHAZ,
which provides a path for easier crack
growth. Fatigue crack propagation usually
occurs along the FGHAZ at an angle of
about 74 deg with reference to the faying
interface (Ref. 13). A similar angle of
about 72 deg (see measurement shown in
white color in Fig. 2) was observed in this
study. To better understand the relation-
ship between FGHAZ angle and fatigue
failure, finite element analyses were car-
ried out to determine the stress intensity

factors (SIFs) at the tip of fatigue cracks
for cracks of various length orientated at
angle ‘α ’ with respect to the faying inter-
face. The short, medium, and long crack
lengths considered in the finite element
study are 1, 5, and 10% of the sheet thick-
ness, respectively. The critical fatigue
crack initiation and growth from points A
and C along the loading symmetry plane
(section A-A in Fig. 1) occurs predomi-
nantly under mixed-mode I and II loading
as the mode-III component vanishes to
zero on the symmetry plane. The mode-I
and mode-II SIFs (KI and KII) at the crack
tip were estimated using the finite element
simulations described in the previous sec-
tions. The equivalent SIF (Keq) was esti-
mated using the following equation 
(Refs. 31–33, 36),

In Equation 1, β is a material parame-
ter. Its value is often close to 1.0. The fa-
tigue crack initiation occurs in the direc-
tion (θ o) that satisfies the MTS-criterion
(Refs. 31–35). It can be written in terms of
the mode-mixity (Me = 2/ π tan–1{KII/KI}
(Ref. 32)) prevailing at the crack tip as

The mode-mixity Me varies between 0
for pure mode-I opening and 1 for mode-
II sliding. Under linear elastic conditions
and mixed mode-I and II loading at the
crack tip, which is representative of the
critical crack growth at the symmetry
plane during high cycle fatigue of lap-
shear specimens, the energy release rate
(J) can be directly proportional to Keq

2

(Refs. 34, 35). From Equation 2, it can be
seen that θo ~ 0 deg for Me → 0, i.e., the
crack will initiate and continue to grow in
the direction where Me is minimized.
Therefore, the fatigue crack is most likely
to propagate in the direction that mini-
mizes Me (MTS-criterion) and maximizes
Keq (J-criterion).

The results of the finite element mod-
eling study are presented in Fig. 6, which
shows the mode-mixity (Me) and cyclic
equivalent stress intensity factor
( Keq=(1–R) Keq

max, R is the fatigue load
ratio) computed from the finite element
simulations for various crack orientation
angles α . For all three crack lengths, Me is
minimized and Δ Keq is maximized at a
crack orientation of ~76 deg. Therefore,
the preferred direction of fatigue crack
propagation in lap-shear joints is ~76 deg.
This conclusion supports the experimental
observations, which indicate that samples
with average FGHAZ angles around the
preferred angle of ~76 deg for crack
growth, produced cracks that grew at an-
gles close to the preferred angle, while
being contained within the FGHAZ. In
contrast, for welds with medium to high
FGHAZ angles that result in extended fa-
tigue life, the cracks propagated along the
FGHAZ or deflected into the nugget. It
can be argued that this apparent improve-
ment in fatigue life is due to the increase
in the life spent in crack propagation (Np)
along the FGHAZ (Refs. 31, 33, 36),

In Equation 3, ts is the sheet thickness,
coefficient C and exponent m are param-
eters defining the material in which the fa-
tigue crack is propagating, and R is the fa-
tigue load ratio. From Equation 3, it is
evident that the cycles spent in propagat-
ing the fatigue crack across the sheet
thickness can be increased by reducing ei-
ther the equivalent stress intensity factor
(Keq) or the material constants (C and m).
From Fig. 6B, it can be seen that fatigue
cracks that propagate along FGHAZ ori-
ented at angles higher than ~76 deg expe-
rience lower Keq. Further, if the crack is
not deflected along the FGHAZ, it en-
counters the hard martensitic nugget,
which has significantly lower exponent (m
≈ 2.25) compared to the FGHAZ or base
materials (m ≈ 3.0) (Ref. 37). In any of the
above circumstances, the crack growth
rates are expected to be reduced, which in-
creases the cycles spent propagating the
fatigue crack.

Interestingly, microstructural analyses
of the DP600 and TRIP590 welds, which
were produced using a variety of single
pulse and multipulse weld schedules along
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Table 5 — Welding Process Parameters* for the Test Welds

Electrode Design Weld Force (kN) Weld Time (ms) Weld Current (kA) Cool Time (ms) Pulses (no.) Hold Time (ms)

Radiused: 7-mm FD, 3.0 100–400 11 — 1 1000
60, 80, and 100 mm FR

* Coolant water flow rate was 1.0 gal/min at a nominal temperature of 23°C.  Electrodes were made of Cu-Zr, C15000 alloy.  Legend: FD – face
diameter, FR – face radius of curvature.
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with a standard ball-nose electrode de-
sign, revealed that a majority of the welds
contained FGHAZ regions oriented close
to 76 deg to the faying interface. This ori-
entation of the FGHAZ is favorably
aligned for high crack growth rates and
provides a path of least resistance. Based
on the discussion presented previously, it
appears that the fatigue life of spot weld
joints in AHSS might be improved by op-
timizing the process to achieve FGHAZ
angles in the range of 80 and 120 deg. The
optimization framework described previ-
ously is now used to identify the weld
process and electrode design parameter
values that will enable the process to
achieve these FGHAZ angles.

Weld Process Modeling and Design of
Experiments

Screening DOE 

A preliminary screening DOE was run
to investigate responses for FGHAZ ori-
entation and weld nugget diameter, based
on variables of weld force (HF), hold time
(TH), weld current (WC), weld time
(TW), and downslope (TD). The levels
corresponding to these factors are listed in
Table 4. The main effects and interaction
plots for FGHAZ orientation and nugget
diameter are shown in Fig. 7A and B, re-
spectively. Figure 7A clearly indicates that
weld force and weld time are two major
process parameters that significantly af-
fect the FGHAZ angle, i.e., short time and
low force increase the FGHAZ angle. In-
teractions were observed between hold
force (HF) and weld current (WC) as well
as downslope (TD) and hold time (TH).
The interaction between hold force and
weld current is expected as the total heat
input into the sheet metal, which deter-
mines the shape and size of the weld
nugget is dependent on the two weld pa-
rameters. It is interesting to note from Fig.
7B that while the nugget size is signifi-
cantly affected by the same parameters as
FGHAZ orientation, i.e., weld time and
weld force, the trends are reversed. It is
therefore essential to identify the optimal
process window to mitigate this trade-off
and maximize the FGHAZ angle for the
target nugget size.

Electrode Weld Face Effects

The results of the screening DOE
showed that low weld force promotes
higher FGHAZ angles. This observation
suggests that the nature of mechanical
contact at the electrode/sheet interface
can be suitably modified to affect the spa-
tial distribution of the FGHAZ. It is ar-
gued that electrode design parameters
such as face radius of curvature and lateral
diameter, which have a strong influence

on the area or width of mechanical con-
tact, can be optimized to extend the HAZ
near the outer surface compared to that at
the faying interface. This is likely to result
in a high orientation angle for the
FGHAZ. Conventional electrodes for
welding steel are typically domed elec-
trodes that often have a weld face several
mm in diameter, either flat or gently ra-
diused, that contacts the sheet material. In
the remainder of this paper, electrodes
that have a weld face with a radius for con-
tacting the sheet material are termed “ra-
diused electrodes.” To understand the ef-
fect of the above electrode design
parameters on the FGHAZ orientation,
the contact size, electrical resistance, and
heat input at the electrode/sheet interface
are estimated. Since constant current is
imposed during the welding process, the
total heat input across the electrode/sheet
interface is a function of the interface re-
sistance. The total heat input (QE-S) due
to effective resistance ( ΩE-S) at the inter-
face can be represented using an equiva-
lent parallel circuit consisting of infinites-
imal interface elements, whose resistance
is inversely proportional to the local con-
tact pressure or normal stress σn acting on
the interface (Ref. 17).

In Equation 4, I is the current, tweld is the
weld time, a is the contact radius, and ti is
the thickness of the contact interface. Ψ is
a factor combining mechanical and electri-
cal properties of the electrode/sheet mate-
rials as well as the surface conditions. The
integral of the local normal stress in the de-
nominator of Equation 4 is the total contact
load as suggested by the Hertz contact the-
ory (Ref. 38), i.e., P = ∫σ n(r)2 r dr. There-
fore, for a given combination of materials
and processing conditions (constant weld
force, P) the total heat input at the interface
is the same for any radius of the electrode
face. However, the interface contact radius
a increases with the electrode face radius
when the contact load is held constant, since
a ∝ (PR)1/3 (Ref. 38). Another aspect of the
radiused electrode is that the pressure dis-
tribution at the periphery (r = a) of the con-
tact approaches zero σn ∝  {1–(r/a)2}1/2,
whereas that of the conventional electrode
containing a flat weld face approaches in-
finity σn ∝ {1–(r/a)2}–1/2 (Ref. 38). This
means that the interface resistance, and
hence the heat input, is distributed more to-
ward the periphery for the radiused elec-
trode as compared to the flat-faced conven-
tional electrode. The larger contact radius
and redistribution of heat toward the pe-
riphery makes the radiused electrode de-
sign an ideal candidate to widen the weld

shoulder at the sheet surface, and thereby
increase the FGHAZ angle.

Electrode Design DOE

To identify the optimal electrode face
diameter (FD) and radius of curvature
(FR) that maximize the FGHAZ angle,
another simulation-based optimization
DOE was performed. The process vari-
ables identified using the screening DOE,
namely, weld force (HF) and weld time
(TW), were also included. The factor lev-
els and other simulation settings for the
DOE are presented in Table 4. The main
effect and interaction plots for electrode
design DOE responses for FGHAZ ori-
entation and weld nugget size are shown in
Fig. 7C, D. The FGHAZ angle showed a
maximum at an intermediate face diame-
ter of 7 mm. The interaction between hold
force (HF) and weld time (TW) are ex-
pected as the total heat input into the
sheet that governs the size and distribu-
tion of weld microstructural zones is a di-
rect function of HT and TW. The radiused
electrode with face diameter 7 mm and
face radii of curvature 60, 80, and 100 mm
were selected for initial trials.

Weld Test Microstructural Results

Spot welds were produced using the
electrodes identified from the simulation-
based DOE using the optimized single
pulse weld schedule obtained from the
screening DOE. The process and elec-
trode design parameters are shown in
Table 5. The control sample of spot welds
was made using the conventional elec-
trode and multipulse weld schedule listed
in Table 1. The welds were sectioned and
the FGHAZ angle and nugget diameter
were measured using the microstructural
quantification techniques described previ-
ously. For the purpose of comparing the
electrode designs, the data are plotted on
a map showing FGHAZ angle vs. the
nugget diameter. A comparison of repre-
sentative maps for simulation based DOE
and the experimental test welds is shown
in Fig. 8A.

Although the FGHAZ angles meas-
ured from the modeling study matched
better with the validation test results, as
shown in Fig. 3, a difference of ~10 deg
between predicted and measured maps for
the conventional flat-faced electrode and
multipulse schedule was observed. This
can be attributed to the lower predicted
nugget sizes as the model cannot accu-
rately reproduce the weld deformation at
the faying interface. In contrast, the maps
from simulations and tests for radiused
electrode and optimized schedule are in
closer agreement, although the model
predicts a marginally higher FGHAZ
angle.
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For a nominal nugget size of 5.5 mm,
the welds made using the optimized ra-
diused weld electrode (7-mm FD, 60-mm
FR) showed a significant increase in the
FGHAZ angle of ~17 deg (23%) as com-
pared to the conventional welding process
and electrodes — Fig. 8B, C. This is
greater than the ~5-deg increase pre-
dicted by modeling results. The dataset
obtained from the electrode with an 80-
mm radius of curvature showed slightly
better results than the 60-mm radius of
curvature electrode, which is suggested by
the trends observed earlier from Fig. 7C.
The optimized electrode and schedule
also produced an hourglass-shaped
nugget and a narrower FGHAZ. It is ex-
pected that this increase in FGHAZ ori-
entation angle and narrower FGHAZ
width should significantly improve high
cycle fatigue life.

Conclusions

Careful microstructural examination
of numerous spot weld fatigue samples of
AHSS found that the spatial orientation of
the FGHAZ influenced the fatigue per-
formance of the weld, especially high cycle
fatigue. The FGHAZ that had high angles
relative to the faying interface or were lo-
cated well beyond the notch root im-
proved fatigue performance due to re-
tarded crack growth rates as a result of
either 1) the crack growing at nonpre-
ferred angles with reduced stress intensity
and enhanced mixity or 2) the crack de-
flecting into the weld nugget where it en-
counters the hard nugget structure. A de-
sign of experiment study utilizing finite
element simulations was used to optimize
both the weld process and electrode de-
sign to maximize the orientation angle of
the FGHAZ. The optimal electrode de-
sign showed a 23% increase in the
FGHAZ angle (for a nominal nugget size
of 5.5 mm) compared to a conventional
weld electrode and multipulse schedule. It
is expected that the high cycle fatigue per-
formance of spot welded joints made using
the optimal electrode design and weld
schedule will be improved, allowing fur-
ther reduction in material gauge for parts
that are limited by their fatigue strength.
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