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   Introduction

     Lightweighting has been regarded as a key strategy in
the automotive industries to meet increasingly strict emis-
sion standards while achieving higher safety performance
(Ref. 1). Lightweighting is mainly achieved by reducing the
thickness of the sheet steels used to produce automotive

parts for the body-in-white (BIW). By using higher
strength steels, part strength may be retained while mate-
rial thickness is reduced. Press-hardening steel (PHS) has
emerged as a suitable candidate for lightweighting applica-
tions, where its fully martensitic structure provides ex-
tremely high strength and a similar level of passenger pro-
tection, allowing thinner steel gauges to be used (Refs. 2,
3).
     A PHS undergoes a press-hardening process, where it is
formed at a high temperature to achieve the final marten-
sitic structure. During press hardening, a PHS sheet is first
heated above the austenitization temperature and held for a
set time to ensure full austenitization. While hot, the PHS is
transferred into a water-cooled forming die for the in-die
quenching process. In-die quenching forms and cools the
PHS sheet, allowing high formability during this process and
a high cooling rate to transform austenite into the desired
martensitic microstructure (Refs. 2, 3). During press hard-
ening, surface coatings are necessary to protect the steel
from severe oxidation and decarburization. Zinc-based coat-
ings provide effective protection during press hardening as
well as further in-service corrosion protection (Refs. 4–6).
During heat treatment, long holding time at the austenitiza-
tion temperature results in Zn-Fe interdiffusion between
the coating and steel substrate, and oxides formation from
interaction with the ambient atmosphere of the furnace.
The interdiffusion and the oxidation depend both on the
temperature and time of the heat-treatment stage of press
hardening (Ref. 7). Considering that, heat-treatment time
and temperature are varied due to sheet thickness and man-
ufacturing requirements to ensure a full austenitization of
the materials, the final thickness, and Fe-Zn composition of
the diffusion layer may vary depending on the specific heat-
treatment conditions used (Refs. 8, 9).
     Variation in the diffusion layer affects the resistivity of
the material and consequently changes its resistance spot
welding (RSW) behavior. This poses concerns with respect
to the robustness of the RSW process when joining GA-
coated PHS. Therefore, it is important to understand the
Zn diffusion layer effects on RSW to ensure process ro-
bustness. The current study investigated the relationship
of heat-treatment conditions to the diffusion layer growth,
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treatment time shifted the process window toward lower cur-
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and their effect on the RSW process window of Zn-coated
PHS and its subsequent effect on mechanical properties.

Material and Experimental Procedure

Material Preparation

     In this study, 2-mm-thick GA-coated 22MnB5 steel sheets
(Table 1) with two different total coating weights of 100 and
120 g/m² were used. The as-received sheets were heat treated
in an open-air environment at 860°C for 4, 7, and 10 min. Af-
ter the heating stage, the sheets were rapidly transferred (< 5
s) into a water-chilled quenching die set with a surface temper-
ature less than 50°C to achieve high cooling rate and final
martensitic microstructure. The processed sheets were laser
cut into 25  25 mm (1  1 in.) coupons for welds that were to
be analyzed metallographically, and 25  100 mm (1  4 in.)
strips for welds to be mechanically tested in tensile shear. Be-
fore welding, all coupons were sandblasted to remove the top
oxide layer created during press hardening. The metallograph-
ic examination confirmed sandblasting did not disrupt the in-
tegrity of the diffusion layer (Ref. 10).

Resistance Spot Welding (RSW)

     Resistance spot welding was performed using medium-
frequency direct current welding equipment with a Rexroth
weld controller operating under the constant current mode.
Welding parameters were chosen based on the AWS D8.9
Standard (Ref. 11) (Table 2). While the AWS D8.9 Standard is
based on alternating current power supply, its specified pa-
rameter can also be applicable in the case of direct current
welding machines. Due to machine set-up limitations, an
electrode face diameter of 6 mm (1⁄4 in.) and electrode force of
5.4 kN (1200 lbf) was used instead of the 8 mm (5⁄16 in.) diam-
eter and 7.2 kN (1600 lbf) force required by the AWS D8.9
Standard (Ref. 11). Welding time was converted and rounded
from the 60-Hz cycles to milliseconds (ms) used by the weld
controller. The weld schedule consists of three welding pulses
of 167 ms separated by two cooling pulses of 33 ms (Table 2).

A

B

Fig. 1 — EPMA scan in the surface layer of a treated and sand-
blasted cross section showing distributions of Zn content.

Fig. 2 — A — The diffusion layer thickness; B — EPMA Zn con-
tent at different heat-treatment conditions.

Table 1 — Chemical Composition (wt-%) of the Experimental 22MNB5 Press-Hardening Steel

      C                Mn                 Si                  P                       S                        Al                    Cr                     Ti                        B                   Fe

    0.23             1.19                0.25             0.016                 0.002                   0.05                 0.20                 0.03                   0.003               Bal.

Table 2 — Modified Welding Schedule Adapted from AWS Standard D8.9 (Ref. 11)

            Sheet Thickness              Electrode Diameter                  Force                   Cooling             Weld Sequence (ms)            Hold Time (ms)

                2 mm (1⁄16 in.)                       6 mm (1⁄4 in.)               5.4 kN (1200 lbf)          6 L/min                167-33-167-33-167                        167
                                                                                                                           (1.6 gal/min)
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The dynamic resistance measurements were calculated using
real-time voltage and current value acquired using the weld
control timer. Interrupted tests were performed by reducing
welding time to study the evolution of the contact surface
and the effects of the diffusion layer on welding behavior.
Weld size was measured by peel test and cross-sectional met-
allographic examination to measure the nugget size.

Microstructure Characterization and 
Mechanical Testing

     To evaluate the microstructure and nugget size, welds were
cross sectioned, mounted, polished, and etched using 5% nital.
The microstructure was investigated using an Olympus optical
microscope and Zeiss Leo 1530 field emission scanning elec-

Fig. 3 — A — Interrupted tests correspond to the dynamic resistance curve; B—F — its interfacial condition.
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Fig. 4 — A — Dynamic resistance measurement for different heat-treatment conditions; B — the peak resistance (black) and
the time when the peak resistance was reached (red) for different heat-treatment times.

A B

tron microscopy (FE-SEM). To characterize the coating evolu-
tion after the heat-treatment process, electron probe microan-
alyzer (EPMA) characterization was performed on the diffu-
sion layer to identify element mapping. Hardness testing was
performed using a Clemex-JS2000 Vickers indenter with digi-
tal stage control. Indentations were made using a load of 300 g
(0.67 lbf) and a dwell time of 15 s. Shear tension testing was
performed using an Instron tensile frame with a cross-head
speed of 5 mm/min.

Results and Discussion

Fe-Zn Diffusion Layer Evolution

     After heat treatment, the  and Γ-Γ1 phases of the as-
received GA coating (Ref. 12) evolved into a Fe-Zn diffusion
layer (uniform solid solution of Zn in alpha-Fe), as shown in
Fig. 1.
     The diffusion layer thickness increased with increasing
heat-treatment time and GA-coating weight (see Fig. 2). As
heat-treatment time increased, the Zn had more time to dif-
fuse deeper into the steel matrix, forming a thicker diffusion
layer. However, it should be noted the thickness increase was
not linear with respect to heat-treatment time. Larger growth
of the diffusion layer was observed between samples treated
for 4 and 7 min compared to the growth between samples heat
treated for 7 and 10 min. The observed progression of the dif-
fusion layer with respect to time confirms this was a diffusion
driven process, as diffusion distance increased as a function of
the square root of time (Ref. 7). In addition to the diffusion ki-
netics, the effective time over which the diffusion occurred
was not the whole heat-treatment time. After entering the fur-
nace, the sample needed time to heat to a temperature where
significant diffusion began, further showing why a larger dif-
ference was observed at a shorter heat-treatment time. Simi-
larly, additional Zn was available for diffusion when increasing
the coating weight, resulting in a thicker diffusion layer.
     It was also observed, as shown in Fig. 2B, that the concen-
tration of Zn in the diffusion layer decreased with increasing
heat-treatment time. With the increase in diffusion depth at
longer heat-treatment time, Zn was naturally dispersed in the
diffusion layer, causing a decrease in Zn concentration. Fur-
thermore, the total Zn content of the layer decreased as a re-
sult of the growth of a ZnO layer that formed during heat

treating. The formations of the ZnO layer reduced the avail-
ability of Zn in the diffusion layer, further reducing the con-
centration of Zn in prolonged heat-treated samples. It should
be noted that the ZnO layer will not contribute to the welding
behavior, as the oxide layer was removed by sandblasting prior
to welding in the present study.

Dynamic and Resistive Measurement,
Correlation

     There are two components that make up dynamic resist-
ance during spot welding: contact resistance at the faying
surface and bulk resistance through the material (Ref. 13).
Contact resistance is mainly governed by contact surface
conditions, while bulk resistance is governed by the material
properties and temperature (Ref. 13). Using the interrupted
test, different stages of the RSW process can be linked to
features in the dynamic resistance curve, which are labeled
with time stamps from b to f — Fig. 3.
     Since the instantaneous resistance measurement was
based on electric current and voltage measurement, resist-
ance readings sampled before time stamp b were affected by
the current change and were not representative of the actual
sample condition. At point b in the cycle, asperity softening
began as temperature at the interface started to increase —

Fig. 5 — Resistance spot weld lobe indicating the range of
acceptable welding current and total time of the three weld-
ing pulses (in green) and expulsion/undersize nugget region
(in red) for different heat-treatment conditions.
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Fig. 3B. The change in dynamic resistance was primarily due
to the reduction in contacting surface asperities and heating
of the bulk material. When heated, asperities on the contact
surface soften, flattened by the electrode and contributing
to a decrease in dynamic resistance (Ref. 13). However, in-
creasing temperature increased the bulk resistance, resulting
in a continued overall increase in dynamic resistance. At
point c, asperity softening was completed (Fig. 3C), which
resulted in a change of slope as shown in Fig. 3A. Immedi-
ately before reaching point d, the faying surface started to
melt — Fig. 3D. Due to the presence of Zn, the diffusion lay-
er had a lower melting temperature compared to the steel
substrate (Ref. 14), which resulted in the earlier melting.

Presence of liquid phase reduced dynamic resistance at time
d, resulting in the resistance peak. In addition to the melt-
ing, the electrode force further spread the liquid across the
faying surface, effectively increasing the contact surface —
Fig. 3D. Time point d was also referred to as the peak resist-
ance time, as it was the time required for the weld to reach
its resistance peak. After the diffusion layer starts to melt at
point d, steel substrate melting occurs at the interface,
forming the molten nugget. As the area of molten surface
increased, dynamic resistance further decreased — Fig. 3E.
Beyond time point f, dynamic resistance reduced as the
nugget grew (Fig. 3F), until either the welding cycle was
completed or expulsion occurred. The occurrence of expul-

Fig. 7 — A — Macroscopic cross-sectional view of the button pull-out failure with the red arrows indicating the failure initiation points; 
B — fracture surface under SEM; C — ductile failure at the crack initiation; D — failure transition into the brittle mode as it propagates.
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D

Fig. 6 — A — A representative load-displacement curve; B — comparison of the maximum load based on the nugget size obtained
under the same welding parameters.

A B
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sion was due to excessive amounts of heat introduced into
the system. When the weld nugget grew beyond the elec-
trode’s capability to retain it, liquid metal was ejected from
the nugget pool. Ejected metal forms a shunting pass
around the nugget area, preventing further growth of the
nugget. Since nugget growth was stopped, minimal changes
to the dynamic curve were observed post expulsion.
     With an understanding of the correlation between dynamic
resistance and surface condition, the dynamic resistance curve
can be used to compare the difference between welding behav-
ior in the different heat-treatment conditions, as shown in Fig.
4. Higher initial and peak resistances were observed in sam-
ples with a longer heat-treatment time — Fig. 4. Higher resist-
ance indicates there will be more heat-generation due to Joule
heating, which accelerates melting at the contact surface. As
shown in Fig. 3, nugget formation starts right after the peak
resistance was reached. Therefore, the earlier peak resistance
observed with longer heat treatment time indicated an earlier
nugget formation. It is worth noting a similar peak resistance
was measured for the heat-treatment time of 7 and 10 min —
Fig. 4B. This similarity came from the minimal difference in
the diffusion layer thickness and Zn-Fe composition between
the two heat-treatment times — Fig. 2. Once the nugget
growth started, the dynamic resistance between different dif-
fusion layer conditions became similar because the diffusion
layer was consumed by the nugget and could no longer con-
tribute to the resistivity increase.

Change in Weld Size and Weld Lobe

     The processing window in RSW can be described using the
weld lobe. The minimum nugget curves (Fig. 5) indicated the
required parameters to achieve the minimum nugget diameter
d = t*√(t), where c is a constant and t is the sheet thickness.
While AWS D8.9 (Ref. 11) requires the c value of 4.0, other
studies have suggested 4.0 is not enough for higher strength
materials such as PHS (Ref. 15). Hence, the c value of 4.5 was
used in this study due to the high strength of PHS. The expul-
sion curve indicates the parameters where three consecutive
expulsions were observed, which is considered the maximum
current — Fig. 5.
     Weld lobe curve width and locations were both affected by
different heat treatment, as shown in Fig. 5. It was observed
that material heat treated for longer times had weld lobes that

were shifted to the left of materials heat treated for shorter
times. When the weld lobe was farther left, it indicated less
current was required to achieve the minimum nugget size.
Similarly, this increase in resistance lowered the expulsion cur-
rent limit. This observation agreed with the dynamic resist-
ance results, showing longer heat-treated samples had higher
resistance and reached their peak resistance earlier in the weld
cycle — Fig. 4B. The lobe shifting is less severe at a longer
welding time. As heat generation from contact resistance was
greatly reduced after the nugget growth started, longer weld-
ing time reduced the impact of surface conditions as a propor-
tion of heat generated from bulk heating increased. The width
of the weld lobe also increased by 0.5 kA when heat treatment
was increased from 4 to 10 min; however, it should be noted
all the conditions had a lobe width above 2 kA at the suggested
total welding time of 500 ms — Fig. 5. To take into considera-
tion the change in diffusion layer because of varied heat-treat-
ment condition, a combined lobe with the extreme conditions
(highest minimum nugget and lowest expulsion limits) was
constructed. From the combined lobe, an effective operating
window above 1.5 kA was observed at a 500-ms welding time
when heat treating time was not controlled. This lobe width
was commonly reported for a robust RSW process in a manu-
facturing environment (Refs. 16, 17).

Difference in Mechanical Performance and
Hardness Measurement

     Under tensile shear loading, all loads exceeded 40 kN. A
representative load-displacement curve is shown in Fig. 6A
and all samples failed in button pull-out mode — Fig. 7A.
When welded using the same welding parameters, no differ-
ence in the maximum load was observed, despite the differ-
ence in nugget size due to the different heat-treating schedule
and zinc thickness — Fig. 6B. To investigate this, a detailed
analysis of the fracture surface after tensile testing was per-
formed. It was found fracture initiated in the heat-affected
zone (HAZ) and outside of the nugget area — Fig. 7A. The
fracture surface was further characterized using SEM — Fig.
7B. A closer inspection of the crack initiation area (Fig. 7C) re-
vealed fracture occurred in a ductile fashion. As the crack prop-
agated during loading, the failure mode became increasingly
brittle with signs of cleavage cracking as the load direction is
constantly changing — Fig. 7D. This initial ductile fracture in-

Fig. 8 — A — Hardness profile showing the fusion zone, HAZ, and the base material; B — hardness drop in the HAZ region compared
to the base material strength and the HAZ width in different heat-treatment conditions.

A B
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dicates microstructural changes in the HAZ are indeed the
fracture initiation point. Further analysis of the HAZ can help
understanding why increasing nugget size did not increase the
joint strength.
     The hardness profiles across the welds were measured to
understand how heat-treatment conditions affect the HAZ
when welded with consistent parameters — Fig. 8A. The fu-
sion zone and base metal both had a high hardness due to
their martensitic structure. However, significant softening was
observed over the HAZ, which is associated with tempering of
martensite that consequently affects the strength of the joint
(Refs. 18, 19). Figure 8B shows that with increasing heat-treat-
ment time, both the width of HAZ and degree of softening in-
creased, resulting in a higher loss in strength at a longer heat-
treatment time. Therefore, higher heat introduced to the weld
should have reduced the mechanical strength of the joints.
However, with higher resistance at the higher heat-treatment
time, increased heat input also created a larger nugget, which
increased the joint strength. The effect of increasing nugget
size was compensated by the decrease in HAZ strength, ex-
plaining the similar tensile shear strength obtained from the
different heat-treatment conditions — Fig. 6B.

Conclusions

     Changing the heat-treatment condition of press-hardening
varied both the thickness and chemical composition of the Zn-
Fe diffusion layer at the sample surface. The processing win-
dow for these different conditions had been measured and
their mechanical performance compared using a conventional
welding schedule with the following conclusions:
     1) Prolonged heat-treating time and higher initial coating
weight both increased the thickness of the diffusion layer. The
Zn content increased with higher initial coating weight and re-
duced with prolonged heat-treatment. Longer heat-treatment
time shifted the weld lobe curve toward lower welding current.
     2) Weld lobe shift resulted from the change in resistance
profile. Under the constant current mode, higher dynamic re-
sistance measured in prolonged heat-treatment conditions led
to higher heat-generation during welding and larger final
nugget diameters.
     3) An individual weld lobe of at least 2 kA was observed for
resistance spot welding of press-hardened steel heat-treated
between 4 and 10 min at 860˚C. With increasing heat-treat-
ment time, the lobe curve shifts toward the left. A combined
overall weld lobe width of 1.5 kA was observed at 500-ms weld
time.
     4) Button pull-out failure was obtained when welding in the
acceptable range of the processing window where softened
HAZ being the failure initiation point. Consistent tensile shear
strength was observed in different conditions.
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