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Introduction

     Automotive industries are major consumers of hot-
stamped steels, which exhibit good formability during pro-
duction and ultrahigh-strength levels more than 700 MPa
(101.5 ksi) in performance. Hot-stamped steels, also known
as press-hardened steels (PHSs), have been known for years
as the best choice for crash components in vehicles. Mechan-
ical properties of a PHS strongly depend on several factors,
including the chemical composition of the material and the
hot-stamping process variables (Refs. 1, 2). Common PHS
grades contain low to medium contents of carbon (0.06 to
0.3 wt-%) and boron (up to 60 ppm) (Ref. 3) that promotes
hardenability of the steel during hot stamping. The process

consists of heating the sheet metal to an austenitizing tem-
perature where the material has maximum formability and a
direct die-quenching utilizing chilled-forming dies (Ref. 4).
With high formability at an elevated temperature and high
strength after hot stamping, PHS has become a very good
candidate to be used in body-in-white (BIW) structures of
vehicles, especially in safety components. It is shown that ul-
trahigh-strength PHSs are well suited for anti-intrusion ap-
plications (e.g., B-pillars) in which the tensile strength of
thin sheets can be as high as 1.5 GPa (217.6 ksi) (Ref. 5). On
the other hand, there are certain PHS grades with a great
combination of strength and ductility that are usable in en-
ergy-absorbing components (e.g., crash rails) (Ref. 6).
     Press-hardened steels have attracted much interest from
an industrial standpoint due to their excellent mechanical
properties and affordable fabrication processes. However,
the quality of joints plays a key role when a structural com-
ponent should meet strict safety requirements. Resistance
spot welding (RSW) is the most commonly used joining
technique in assembling BIW structures due to its high pro-
ductivity, cost efficiency, and flexibility (Ref. 7); yet, the
process needs careful parameter optimization to obtain
maximum strength and avoid defects.
     It is usually believed that the strength of the joint in-
creases continuously with increasing welding time and cur-
rent; however, Pouranvari et al. (Ref. 8) showed as the
nugget size increases, it is more likely to obtain defective
joints with voids and/or expulsion. Early interfacial failure
of spot welds in advanced high-strength steels (AHSSs) at
relatively low-strength levels is found to be attributed to the
formation of voids during welding at a high current (Ref. 9).
According to Aslanlar et al. (Ref. 10), an excessive amount of
heat is the reason for void and hot crack formation inside
the weld nugget, which decreases the shear-tension strength
of the joint in micro-alloyed automotive steels. Similar re-
sults were found by Zhang (Ref. 11) and Pouranvari (Ref. 8)
for the spot welds that were characterized with expulsion at
high welding current and time in AHSS. A change in stress
concentration location and excessive indentation due to ma-
terial loss in the nugget are reported to be the causes of the
detrimental effect of expulsion on the mechanical proper-
ties of spot welds in different AHSS grades (Refs. 8, 12).
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     As mentioned, there are many studies showing the dete-
riorative effect of defects, especially expulsion, on the quali-
ty and mechanical properties of spot welds from a micro-
mechanism point of view. However, there is no tool for pre-
dicting the weld quality numerically, optimizing the parame-
ters, and calculating the magnitude of strength loss due to
expulsion. In this work, computer simulation data was used
to develop a 3D processing map for resistance spot welding
of two PHS grades. Also, a numerical approach was utilized
to develop shear-tension strength with respect to the weld-
ing parameters and occurrence of expulsion.

Experimental Procedure

Material

     Two Al-Si-coated PHSs known as Usibor® 1500 (PHS1500)
and Ductibor® 500 (PHS600) with a nominal thickness of 1.2
mm (0.047 in.) were used. The PHS1500 had 0.23 wt-% C,

Fig. 1 — Lap shear sample geometry based on AWS D8.9,
Recommended Practices for Test Methods for Evaluating
the Resistance Spot Welding Behavior of Automotive Sheet
Steel Materials.

Fig. 2 — The correlation between experimental measure-
ments and predicted nugget size data points for 48 randomly
selected welding settings for PHS1500 and PHS600.

Table 1 — The Chemical, Electrical, and Thermomechanical Properties of PHS1500 and PHS600 Used for SORPAS® Simulation (Refs. 13, 17, 22)

                                                     PHS1500                                                                         PHS600                                                   Al-Si Coating
    T (°C)           k               C                  ρ                D              α                    k           C            ρ             D               α                  k              C              ρ
      25           26.1         445.5           0.368          7814           11.1                  48.7       446       0.207        7779          9.39             226        880.9       0.037
      125          26.7         478.3            0.422          7792          11.4                 48.2       457       0.223       7742          11.29              227         920.3       0.053
     225         27.5         519.2            0.496          7731           12.2                 47.7        477       0.252       7705         13.32             230         959.6       0.064
     325         28.4         548.5            0.561           7762          13.7                 47.1        498       0.285       7688         14.98             235         998.9       0.072
     425         29.6        485.9            0.679          7808          16.5                46.4       521       0.322       7653         15.38              241         1038.2       0.078
     525         30.5         514.7             0.811           7763          16.8                45.7       546       0.363       7596         15.07             248         1077.5       0.083
     625          31.0         535.8           0.953          7718           17.0                 45.1        574       0.408       7559          13.91              259         1116.8        0.089
     725           31.1          556.9            1.069          7672          17.3                44.3       602       0.457       7545         12.08              —             —             —
     825          31.1          578.0             1.108           7627          17.5                43.4       632        0.511         7537          11.81                —             —             —
     925         30.9         599.1             1.154           7572          17.8                42.2       665       0.568       7556         13.75               —             —             —
     1025         30.7         600.0             1.173           7534          18.2                  41         703       0.629       7486         15.43               —             —             —
     1125         30.5         600.0            1.208           7491          18.5                39.6       748       0.694       7447          9.39               —             —             —
     1225         30.2         600.0            1.227           7443          18.9                38.2       804       0.764       7395          11.29               —             —             —
     1325         29.9        600.0            1.250          7402          19.3                36.3       876       0.837        7351          13.32               —             —             —

k: Thermal conductivity (W/m°C)     C: Heat capacity (J/kg°C)    ρ: Resistivity (µΩm)    D: Density (kg/m3)     α: Thermal expansion coefficient (10-6/°C)

                 Solidus  Liquidus Carbon Eq.    Ac1      Ac3        Martensite          Martensite     Initial Hardness         Critical Cooling         Latent Heat of
                    (°C)         (°C)         (wt.%)       (°C)      (°C)          Start (°C)            Finish (°C)               (HV)                     Rate (°C/s)              Fusion (J/g)
 PHS1500      1426        1527          0.51         733     858              411                      232                      487                            27                               220
 PHS600      1484        1524         0.33        726     869             507                     302                      230                           250                              270

                     
Material model: Norton-Hoff (, , T ) = C(T).()n(T) .M(T)                                  Mechanical properties at 0.01 s–1 – 25°C                PHS1500            PHS600
                           PHS1500                                      PHS600                          Yield strength (MPa)                                                 1140                    450
  C(T)       –3 x 10–4 T2 – 1.4705T + 2614.7     –3 x 10–5 T2 – 0.6857T + 1037.7       Ultimate tensile strength (MPa)                               1630                    673
  n(T)       7 x 10 –5 T + 0.13                            7 x 10–5 T + 0.1398                         Total elongation (%)                                                   13                       37
 m(T)       1 x 10–4 T + 0.0205                       1 x 10–4 T + 0.0183                          

. .
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1.20 wt-% Mn, 0.25 wt-% Si, and 30 ppm B. The PHS600 con-
sisted of 0.07 wt-% C, 1.60 wt-% Mn, 0.5 wt-% Si, and less
than 10 ppm B. The nominal coating weight had a range of
about 70 to 90 g/m2 (0.014 to 0.018 lb/ft2) per side as meas-
ured by the triple spot test for both steels in the as-received
condition. The materials were hot stamped after a 6-min heat-
ing at 930°C (1706°F) using a fully automated press under a
clamping force of 60 T for 10 s. The ultimate strength of
PHS1500 is about 1600 MPa at 5% uniform elongation, which
makes it a good choice for anti-intrusion applications. On the
other hand, the ultimate strength of PHS600 is about 640
MPa at 18% uniform elongation (34% total elongation), which
shows great energy-absorbing capacity (Ref. 13).

Welding Process and Simulation

     All welding operations were performed using a 144/180-
kVA medium-frequency direct current resistance spot welding
machine with a pneumatic gun. The range of parameters was
selected from recent literature on hot-stamped 22MnB5 and
similar steels reported by Ighodaro et al. (Ref. 14) and Saha et
al. (Ref. 15). In this work, the current changed between 4 and
10 kA with 1-kA sampling intervals. Time variations between
100 and 700 ms with 100-ms intervals and 2.5 (562) to 4.5 kN
(1012 lbf) of force with 0.5-kN (112 lbf) steps were studied.
Welding was carried out using RWMA Group A, Class II,
domed-flat nose electrodes with a face and body diameter of 6
and 16 mm, respectively. It is worth noting that for all the
welds, a constant 8 kA pre-pulse of 33 ms, 1500 ms holding
time, 300 ms squeeze time, and cooling water flow rate of 4
L/min were used. For measurements, spot welds were cut
along the centerline using a 0.5-mm-thick SiC cutting disk,
and nugget size was measured from the cross-section area.
     The RSW process was simulated according to welding pa-
rameters using the SWANTEC SORPAS® 2D v.12.30 soft-
ware. The software uses material and coating properties,
such as resistivity, thermal conductivity, and heat capacity,
as well as critical temperatures and latent heat of fusion, to
calculate generated heat and temperature gradients and pre-
dict nugget size. To account for mechanical properties of
materials, temperature-dependent flow behaviors were de-
fined for the software using Norton-Hoff constitutive equa-
tions (Ref. 16). The chemical, electrical, and thermomechan-

ical properties for the hot-stamped PHS1500, PHS600, and
Al-Si coating (after hot stamping) are listed in Table 1. Most
of the properties were obtained from built-in material li-
braries (Ref. 17) that were updated according to the recent
material information from studies by Ighodaro (Ref. 18),
Min et al. (Ref. 19), Eshraghi et al. (Ref. 20), and Gao et al.
(Ref. 21) as well as experimental measurements and theo-
retical calculations (Ref. 22). SORPAS also uses final nugget
geometry and an anticipated hardness distribution profile
to predict strength based on ISO 14273:2016 for destructive
spot weld testing (Ref. 23). It is worth noting that the soft-
ware predictions were calibrated by a weld strength factor of
0.96 and 0.84 for PHS1500 and PHS600, respectively, to
match the experimental measurements.

Mechanical Properties Evaluation

     Lap shear tests were performed, and force-displacement
data were sampled over the testing event to validate the
strength predictions. Coupons for the lap shear samples
were prepared in accordance with the American Welding So-
ciety (AWS) D8.9, Recommended Practices for Test Methods for
Evaluating the Resistance Spot Welding Behavior of Automotive
Sheet Steel Materials, (125  40 mm  4.9  1.57 in.) shown
in Fig. 1. The lap shear tests then performed at a constant
cross-head speed of 10 mm/min (0.4 in./min) using a 100-
kN (22481-lbf) load cell on a 105 MTS universal tester.

Results and Discussion

Process Simulation and Data Validation

     Figure 2 shows a good agreement between prediction and
experimentally measured nugget sizes. However, there is a
small deviation in predictions when the formed nugget is too
large or small. The “large” and “small” nugget size refer to the
critical conditions that result in oversized and partially formed
nuggets, respectively. According to Jou (Ref. 24), the occur-
rence of expulsion or formation of voids are the main reason
for molten metal depletion and a relatively smaller measured
nugget size, respectively. There are also few data points in Fig.
2 representing welding current/time that are too low to even

Fig. 3 — The predicted and measured shear-tension strengths at different currents, times, and electrode forces: A — PHS1500; B —
PHS600.
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form a small nugget. The quality of the weld nugget prediction
was also determined by calculating the correlation coefficient
(R2) and mean absolute percentage error (MAPE) for the avail-
able data points using the following equations (Ref. 25):

where Ei and Pi are experimental and predicted nugget sizes,
andE andP are the average of experimental and predicted
nugget size values within the studied conditions, respectively.
In this case, R2  0.96 and MAPE  6.6% , which demonstrate a
successful nugget size modeling. Therefore, the simulation re-
sults can be used to represent the variation in nugget size over
the studied range of welding conditions.

Mechanical Properties

     In addition to nugget size, the shear-tension strength of
the spot welds was also predicted within the studied welding
conditions as a function of time, current, and electrode force.
The predictions were then compared to the experimental data
points obtained from the randomly selected conditions — Fig.
3. Individual data points for each set of current and time show

the effect of electrode force within the range of 2.5 to 4.5 kN
at 0.5-kN intervals. Overall, there is a good agreement be-
tween the predicted values and the measured shear-strength
data points. However, the measured strengths deviate from
prediction for the welding conditions with relatively high
welding current and time possibly due to occurrence of expul-
sion. It is worth mentioning that the depth of indentation
caused by the electrodes on the top and bottom surfaces of the
spot welds was measured from a cross section of randomly se-
lected spot welds. Results showed that the indentation ratio
(indentation depth divided by material thickness) increased
slightly with increasing time, current, and electrode force (for
a particular nugget diameter). For standard spot welds, the in-
dentation ratio was smaller than 16%. However, it was be-
tween 20 and 38% when expulsion occurred. This is in agree-
ment with the range reported by Liang et al. (Ref. 26). It was
found that the indentation ratio was larger than 30% for spot
welds with expulsion that was made under higher electrode
force (4 or 4.5 kN). From a material point of view, PHS1500
showed a smaller indentation ratio for standard welds com-
pared to PHS600 (at the same nugget size); however, it was
more sensitive to electrode force when expulsion occurred,
which may affect the mechanical properties of spot welds.

Shear-Tension Strength Modeling

     The software prediction does not account for strength loss
due to expulsion; therefore, it is assumed that the predicted
values are only valid over nonexpulsion conditions, and in-
stead, experimental results can be used to accounting for the
effect of expulsion — Fig. 3. To combine the experimental and
prediction data as well as obtain a comprehensive model for
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n
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Fig. 4 — Nonlinear surface regression results for shear-tension strength modeling of spot welds: A — PHS1500; B — PHS600.

Fig. 5 — Nonlinear surface regression models for shear-tension strength error values: A — PHS1500; B — PHS600.
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the effect of expulsion on shear-tension strength for the
PHS1500 and PHS600, a three-step modeling approach was
applied. In the first step, the effect of expulsion is neglected
over the whole welding window (shown as red points in Fig. 3)
to develop a general model that is able to predict strength for
nonexpulsion conditions and returns a hypothetical value over
the expulsion conditions. In the second step, the experimental
data points obtained from the lap shear tests (only those with
expulsion) are treated independently to achieve a phenomeno-
logical model explaining the variations in strength in the pres-
ence of expulsion. In the final step, the expulsion factor is cal-
culated and modeled based on the difference in the general
and experimental strength models.

Step 1: General Shear-Tension Strength Model

     For the general model, nonlinear regression was employed
to find and calibrate a model that can fit the validated data
points for the shear-tension (software-predicted strength val-
ues as shown in Fig. 3). Among the different possible phenom-
enological models and constitutive equations that can be used
to explain the variations in strength, e.g., extreme value, poly-
nomial, exponential, etc., a 2D parabolic function can be used
to model the shear-strength data points for PHS1500 and
PHS600 — Fig. 4. Statistics show that by using a nonlinear
least square (NLS) regression method, the correlation coeffi-

cient is around 0.97 for both models and the calculated MAPE
is less than 15%. Therefore, the general strength models can
be described as the following:

S(T,C)  z3  a3T  b3C  c3T2  d3C2  f3TC (3)

     The calibrated equation constants for Equation 3 are
shown in Fig. 4. The general strength models have some er-
ror values (SError) that can be defined as

SError  ST,C,F S(T,C) (4)

in which ST,C,F is the validated (measured and/or predicted)
shear-tension strength value for each individual current, time,
and force, and S(T,C) is the shear-tension strength obtained
from Equation 3 for the corresponding set of welding current
and time.
     To include the effect of electrode force on the strength of
spot welds, the errors are plotted against force and current as
shown in Fig. 5. Then, the variation of strength errors can be
explained and modeled by applying NLS regression and locat-
ing a surface function that passes through the data points. The
resulting error function, then, can be added to the general
model for the shear-tension strength of spot welds, i.e., Equa-
tion 3; therefore,

S(T,C,F)  S(T,C)  S(F,C) (5)

where S(T,C) is the general model (Equation 3) and S(F,C)
is the explainable error function. Based on the calculations,
the best fit was obtained by using an NLS approach, indicat-
ing a quadratic polynomial function for both PHS1500 and
PHS600. S(F,C) can be shown as

S(F,C)  z4  a4F  b4C  c4F2  d4C2  f4FC (6)

where S(F,C) is a function of electrode force and current,
and the corresponding calibrated constants for both
PHS1500 and PHS600 are also listed in Fig. 5.

Step 2: Expulsion-Compensated Strength Model 
Development

     For obtaining a quantitative description for the effect of ex-

Fig. 6 — The variation of predicted (Equation 5) and experimentally measured shear-tension strength model over the expulsion
conditions: A — PHS1500; B — PHS600.

Fig. 7 — The average absolute error of the shear-tension
strength model over the expulsion conditions as a function of
electrode forces.

A B

Mohamadizadeh (2018119).qxp_Layout 1  7/11/19  4:29 PM  Page 245



WELDING RESEARCH

WELDING JOURNAL / AUGUST 2019, VOL. 98246-s

pulsion on shear-tension strength of the present hot-stamping
steels, multiple lap shear tests were performed for particular
sets of welding conditions in which expulsion is almost in-
evitable. The measured shear-tension strength of the spot
welds and the predicted strength values obtained from the
strength model (Equation 5) are plotted over the expulsion
conditions in Fig. 6. As it was expected, the measured shear-
tension strengths are much lower than the values predicted by
the models since Equation 5 does not account for expulsion.
     To obtain a numerical expression for the effect of expulsion
on the shear-tension strength of spot welds over the expulsion
conditions, the nonlinear ordinary least squares (OLS) regres-
sion method was used to model the variation of strength and
calibrate the model constants with regard to the measured
strengths. Figure 6A shows that the variation of strength in
PHS1500 can be described by a nonlinear extreme value func-
tion as follows:

Sexp
PHS1500(T,C)  z5  a5C  b5C2  c5 exp{1  exp[d5  T/f5] 

T  d5/f5} (7)

where Sexp
PHS1500(T,C) is the shear-tension strength affected by

the occurrence of expulsion in PHS1500. Similarly, a 2D
quadratic polynomial surface was fitted over the measured
data in Fig. 6B that gives the shear-tension strengths in the
case of PHS600, i.e., over the expulsion conditions.

Sexp
PHS600(T,C)  z6  a6T  b6C  c6T2  d6C2  f6TC (8)

     The calibrated parameters for Equations 7 and 8 can be
found in Fig. 6. Similar to Step 1, a linear relationship be-
tween average explainable error and force can be used to ac-
count for the effect of the force on the strength of the spot
welds — Fig. 7:

Errexp
PHS1500  0.606F  2.144 (9)

Errexp
PHS600  0.400F  1.403 (10)

where F is the electrode force in kN. Therefore, the expulsion
compensated shear-tension strength of the spot welds can be
predicted as a function of time, current, and electrode force by
adding the error function value (from Equations 9 or 10) to
the expulsion compensated strength values (from Equations 7
or 8) for PHS1500 or PHS600, respectively. The general form
of the expulsion compensated model is as follows:

Sexp(T,C,F)  Sexp(T,C)  Errexp(F) (11)

Step 3: Expulsion Factor Calculation

     Having the general strength model and the expulsion-
compensated model for PHS1500 and PHS600, the expul-
sion factor (EF) can be calculated by which strength loss is
quantitatively determined in the case of expulsion occur-
rence. The EF is defined as the difference between the gen-
eral strength model and the expulsion-compensated model.

Fig. 8 — The variation of expulsion factor (EF) as a function of time, current, and electrode force (error bars) over the expulsion
welding conditions: A — PHS1500; B — PHS600.

Fig. 9 — The 3D processing maps: A — PHS1500; B — PHS600.

A B
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To calculate the EF values over the expulsion conditions, the
general strength model (Equation 5) was subtracted from
the expulsion compensated model (Equation 11). Therefore,
the EF can be described as

EF  Sexp(T,C,F)  S(T,C,F) (12)

     The variation of the EF is plotted against time and current
as shown in Fig. 8. The error bars represent the effect of elec-
trode force on the EF. Considering that the maximum stan-
dard deviation for the effect of electrode force on the EF is
0.66 kN, the effect of electrode force on the EF can be neglect-
ed for simplification. For obtaining a numerical explanation
for the relationship between welding parameters and the EF,
an orthogonal distance regression (ODR) method proposed by
Boggs et al. (Ref. 27) was used to find a surface fit with mini-
mum error since the data points were a little scattered in some
cases. Orthogonal distance regression is a time-consuming ap-
proach employing numerous optimizing parameters and vari-
ables; however, it was shown by Cao et al. (Ref. 28) to be less
sensitive to the noise and distribution of data with minimum
error.
     According to Fig. 8, a 2D quadratic polynomial surface
function for PHS1500 and PHS600 are the most accurate
models for predicting the EF values over the expulsion con-
ditions. The general form of the models for the EF is

EF(T,C)  z7  a7T  b7C  c7T2  d7C2  f7TC (13)

in which the calibrated parameters for PHS1500 and PHS600
can be found in Fig. 8. Based on the developed models, EF
holds a negative value indicating the strength loss due to oc-
currence of expulsion. For nonexpulsion welding conditions,
EF equals to zero, and a larger absolute value of EF is propor-
tional to a greater impact on the shear-tension strength of the
spot welds. As shown in Fig. 8, expulsion can lead to a 10-kN
strength loss in hot-stamped PHS1500 (45%) and reduces the
strength by 3.5 kN in the hot-stamped PHS600 (23%) at the
most extreme conditions. The final form of the strength mod-
el is expressed by using both Equations 5 and 13 at the same
time over the studied range of welding conditions as follows:

Sfinal(T,C,F)  S(T,C,F)  EF (14)

where S(T,C,F) is calculated from Equation 5 and EF is the
expulsion factor obtained from Equation 13. There, total ab-
solute error for the final strength model is around 0.7 kN
for both PHS1500 and PHS600. 

3D Processing Maps

     Processing maps are useful tools to visualize the variation
of properties as function of process parameters (Ref. 29).
However, they are usually limited to two-dimensional plots
that can only visualize the concurrent effect of two independ-
ent process variables. Based on the developed models, 3D pro-
cessing maps were developed for PHS1500 and PHS600 over a
wide range of welding parameters with respect to the effect of
expulsion on the quality of the spot welds. Comparing Fig. 9A
and B shows that expulsion has a greater detrimental effect on
the shear-tension strength of the spot weld in PHS1500 than
PHS600. It is found that the shear-tension strength of spot
welds in PHS1500 decreases by a minimum of 15% after the
onset of expulsion at 8 kA- 300 ms-2.5 kN (562 lbf) and a
maximum strength loss by 45% at extreme welding condition,
i.e., welding at 10 kA-700 ms-4.5 kN (1012 lbf). On the other
hand, the minimum strength loss in PHS600 corresponds to
welding at 10 kA-200 ms-2.5 kN that is only decreased by
7.5% due to expulsion. Similar to PHS1500, the extent of

Fig. 10 — Optical micrographs of the spot welds after failure,
showing the location of failure: A — PHS600 (no expulsion); 
B — PHS600 (expulsion); C — PHS1500 (no expulsion); D —
PHS1500 (expulsion).

Fig. 11 — Hardness traverse for spot welds with and without
expulsion.

Fig. 12 — The shape of spot weld coupons after lap shear
testing: A — PHS600; B — PHS1500.
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strength loss in PHS600 is larger when welding time and/or
current increases; however, it is not larger than 23% in the
worst case, i.e., welding at 10 kA-700 ms-4.5 kN (1012 lbf).
The results are in contrast with the previous reports by Chao
(Ref. 30), Pouranvari et al. (Ref. 31), and Liang et al. (Ref. 32),
where the shear-tension strength of spot welds was found to
be unaffected by expulsion in interstitial-free, pearlitic-ferritic,
and low-carbon steels. Considering these grades of steel usual-
ly exhibit low to intermediate yield strength and high ductility,
the authors believe steels with high ductility and/or strain-
hardening capacity have a greater capability to compensate de-
formation (Ref. 33). The effect of expulsion on the failure be-
havior of spot welds has both microstructural and geometrical
reasons.
     Figure 10 shows the postfailure microstructure of two se-
lected spot welds for PHS600 and PHS1500 with and without
expulsion (standard weld at 7 kA–400 ms–3.5 kN and expul-
sion weld at 10 kA-700 ms-3.5 kN). Preliminary results
showed that the nugget size increased from 6.34 and 6.56 mm
for the standard welds to 7.04 and 6.94 mm for expulsion
welds for PHS600 and PHS1500, respectively. For the PHS600,
failure occurred at the base metal (BM) in the expulsion-free
joints — Fig. 10A. However, the spot welds failed at the fusion
zone (FZ) and heat-affected zone (HAZ) interface due to the
occurrence of expulsion — Fig. 10B. For the PHS1500, the lo-
cation of failure slightly shifted from the FZ/HAZ interface to-
ward the HAZ due to expulsion — Fig. 10C, D. Hardness pro-
files obtained from the spot welds (Fig. 11) showed a softened
zone at the FZ/HAZ interface for welds with expulsion where
failure occurred at a lower force — Fig. 10B, D. Measurements
show that the hardness dropped by 150 HV at the FZ/HAZ for
PHS1500. Sherepenko and Juttner (Ref. 34) recently reported
that the softened zone is formed in PHS1500 due to carbon
depletion during melting and solidification. According to Fig.
11, hardness at the FZ/HAZ interface dropped by 55 HV for
the PHS600, and that is adequate for stress localization and
failure at lower force. However, the relationship between the
softened zone formation and expulsion is still not clear.
     In addition to the change in hardness, expulsion may affect
the failure of spot welds by changing the geometry of the weld
notch. Figure 12 shows the shape of spot weld coupons after
lap shear testing, indicating an out-of-plane rotation for
PHS600 (Fig. 12A) due to its higher ductility (refer to mechan-
ical properties of PHS600 listed in Table 1). Therefore, the ap-
plied tension load (F) would have a normal component along
Y and a shear component along X in the rotated coordinate
system. Decomposition of force leads to lower stress concen-
tration along the metal chip formed by expulsion. On the oth-
er hand, PHS1500 is much stiffer than PHS600; therefore, it
resists the out-of-plane rotation during lap shear testing —
Fig. 12B. In this case, the normal force component is very
small and considered to be negligible. Therefore, shear stress
concentration can be relatively higher at the weld notch
(where the softened zone is also present), which provokes fail-
ure at lower strength levels at the vicinity of expulsion.
     In this study, the effect of material thickness was not inves-
tigated; however, it is very likely that thicker materials show
higher resistance to out-of-plane rotation and a more rapid
cooling rate, thus, higher sensitivity to expulsion. Considering
a constant thickness for the studied materials, it was observed
that expulsion significantly decreased the shear-tension

strength of spot welds in PHS1500 (up to 45%) due to the
softened zone formation at the FZ/HAZ interface. Although,
there still is no systematic study pointing out the effect of ex-
pulsion on the failure mechanisms of spot welds with regards
to the ultimate strength of base metals, further investigations
are not in the scope of the present work.

Conclusions
     The goal of this work was to develop constitutive models
for explaining the strength of spot welds, taking the concur-
rent effect of welding parameters and occurrence of expulsion
into account. From the strength models and 3D processing
maps obtained for two hot-stamping steels, the most notable
conclusions can be drawn:
     1. Although the nugget size was not affected significantly
by the occurrence of expulsion, it led to a dramatic strength
loss, especially in the case of hot-stamped PHS1500.
     2. A large strength loss of 10 kN was observed in the case of
PHS1500 (45%) compared with the theoretical (expected)
strength values due to the occurrence of expulsion. The extent
of strength loss was about 4 kN (23% at worst case), which is
attributed to higher ductility of softer PHS600 compared to
PHS1500.
     3. The developed modeling methodology was capable of
strength prediction based on the occurrence or nonoccurrence
of expulsion by introducing an independent expulsion factor
to the model. The model is applicable for other materials and
welding conditions.
     4. Occurrence of expulsion affects the failure location and
performance of spot welds for PHS1500 and PHS600 by for-
mation of the softened zone at the FZ/HAZ interface and also
by promoting stress localization at the weld notch, leading to
failure at lower strength.
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