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ABSTRACT. Dual-phase steels are com-
mercially available with hot-dipped gal-
vanneal (HDGA) or hot-dipped galvanize
(HDGI) coatings. An investigation was
undertaken to examine whether differ-
ences exist in the resistance spot welding
behavior of 780 MPa dual-phase steel with
HDGA coating compared to the one
coated with HDGI coating. The resistance
spot welding evaluations consisted of de-
termining the welding current ranges for
the steels with HDGA and HDGI coatings
by determining the current required to ob-
tain the minimum weld size and the cur-
rent required to cause expulsion of weld
metal. Shear-tension and cross-tension
tests were performed on spot welds made
on steels with both HDGA and HDGI
coatings. Weld cross sections from both
types of coatings were examined for weld
quality. Weld microhardness profiles were
determined to examine hardness varia-
tions across the welds. Cross sections of
HDGA and HDGI coatings as well as the
electrode tips after welding were exam-
ined using a scanning electron micro-
scope. Composition profiles across the
coating depths were analyzed using a
glow-discharge optical emission spec-
trometer to understand the role of coating
in resistance spot welding. Contact resis-
tance was measured to examine its contri-
bution to the current required for welding.
The results indicated that 780 MPa dual-
phase steel showed similar overall welding
behavior with HDGA and HDGI coat-
ings. Further, weld shear and cross-
tension strengths were independent of the
type of coating. The results of the study
are presented along with a discussion of
the structure and the role of coatings in
welding. A brief discussion of the physical
metallurgy of 780 MPa dual-phase steel is

presented to explain weld microstructural
evolution. 

Introduction

Dual-phase steels are finding increased
use in automotive bodies due to a combina-
tion of high strength and high ductility;
hence, they possess excellent formability
(Ref. 1). Dual-phase steel possesses a
unique microstructure consisting of ferrite
and martensite that offers high strength to
these steels coupled with high formability.
Due to these features, automotive compa-
nies are finding that the use of these steels
can enable them to not only reduce overall
weight of an automobile but, at the same
time, offer improved crash protection to the
vehicle occupants. Dual-phase steels are
commercially available at present in 500,
590, 780, and 980 MPa minimum tensile
strength levels. These steels are available
with either a hot-dipped galvanized
(HDGI) coating or a hot-dipped galvan-
nealed (HDGA) coating.

Two types of coatings are generally ap-
plied to steel sheets used in the automo-
tive industry, namely galvanize and gal-
vanneal coatings. Galvanize coatings
contain essentially pure zinc with about
0.3 to 0.6 wt-% aluminum. The term “gal-
vanize” comes from the galvanic protec-

tion that zinc provides to steel substrate
when exposed to a corroding medium. A
galvanneal coating is obtained by addi-
tional heating of the zinc-coated steel at
450–590°C (840–1100°F) immediately
after the steel exits the molten zinc bath.
This additional heating allows iron from
the substrate to diffuse into the coating.
Due to the diffusion of iron and alloying
with zinc, the final coating contains
around 90% zinc and 10% iron. Due to the
alloying of zinc in the coating with diffused
iron, there is no free zinc present in the
galvanneal coating. HDGA coatings con-
tain less aluminum than HDGI coatings,
about 0.15 to 0.4 wt-%.

One of the methods by which the coat-
ings are applied to the steel sheet surface
is through a process called hot dipping. In
this process, continuous coils of steel sheet
are pulled at a controlled speed through a
bath containing molten zinc. The zinc re-
acts with the steel and forms a bond. The
excess liquid metal sticking on the sheet
surface as it exits the bath is wiped off
using a gas wiping process and controlled
coating weight or thickness per unit area
is achieved. 

It is reported in the literature that in re-
sistance spot welding of steels with HDGA
and HDGI coatings, different electrode
life behaviors were seen. For example,
Howe and Chen stated that steels with
HDGA coatings showed superior elec-
trode lives compared to steels with HDGI
coatings (Ref. 2). It is reported that the
aluminum content of the coating is the
most significant factor affecting electrode
life (endurance limit) of HDGI coated
sheet steels (Refs. 2–7). Studies of the
electrode wear mechanisms in HDGI
coatings have shown several possible
mechanisms for this accelerated electrode
wear. 

The effect of the coating type on the
spot welding behavior of various alu-
minum-killed drawing quality steels has
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been reported previously. The coating
types examined were HDGA and HDGI
and electrogalvanized coatings (Refs. 8,
9). It was shown that the HDGA coating
had a wider current lobe than the HDGI

coating (Ref. 9).
However, Eagar and
Gedeon concluded
that HDGI material
with a very thin Fe-Zn
alloy layer have a
wider acceptable cur-
rent range (Ref. 10).
They attributed the
smaller weld lobe for
the HDGA coating to
its discontinuous
structure and mor-
phology. The effects
of the coatings on
weld lobes or weld
strength for the new
advanced high-
strength steels, such
as the dual-phase
steels, have not previ-
ously been reported.
Because of the higher
alloying content of
the dual-phase steels
compared to low-
strength steels (300
MPa), their bulk re-

sistivity is expected to be higher. As a re-
sult, these steels require different welding
parameters compared to low-strength
steels. Therefore, an examination was un-
dertaken to study the effect of HDGI and

HDGA coatings on current ranges and
weld tensile strengths for a 780 MPa dual-
phase steel. 

Materials And Experimental
Procedure

In the present study, two different coils
of 780 MPa dual-phase steel, one coated
with HDGI and the other coated with
HDGA, were used. Both coils came from
the same heat of steel that was melted, hot
and cold rolled at United States Steel
Corp. — Gary Works and coated subse-
quently at PRO-TEC Coating Co., Leip-
sic, Ohio. Both of the dual-phase steel
coils were 1.6 mm thick. All weld testing
was carried out on samples in the as-re-
ceived condition without any cleaning of
the mill oil used prior to shipping the coils.
Nominally, the steel contains about 0.10 to
0.14 wt-% carbon and is generally alloyed
with various amounts of manganese,
chromium, and molybdenum to achieve
the required tensile strength. The nominal
coating weights for the coils used were
70/70 g/m2 (70 g/m2 on each side) for the
HDGI and 42/42 g/m2 for the HDGA
coating. These coating weights are typical

Table 1 — Welding Equipment Details

Welding machine manufacturer Taylor Winfield Corp.
Welding machine type Pedestal type, alternating current
Welding machine transformer 100 kVA
Welding controller TruAmp IV (constant current type)
Electrode coolant water temperature 21°C
Tip cooling 3.7 L/min (1 gal/min)

Fig. 1 — Sketch showing the setup used for making the surface resistance
measurements. The hatched regions on the sheets represent the coating on
the sheet samples.

Fig. 2 — Plot of welding current ranges for HDGA and HDGI coated steels.

Fig. 3 — Weld microhardness traverses for HDGI and HDGA coated steels
and a cross-sectional view of a weld with HDGI coating showing the hard-
ness indentations.

Table 2 —  Weld Schedules Used for Current
Range Test and Weld Tensile Sample Prepara-
tion

Electrode material RWMA Class II
(Cu-Cr)

Electrode face diameter, mm 7.0
Electrode tip geometry Truncated Cone
Electrode force, kN 6.2
Squeeze time, cycles 80
Weld time, cycles 18
Hold time, Cycles 10
Preheating None
Postheating None
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of current commercial automotive use.
Due to powdering that galvanneal coat-
ings can exhibit, coating weights are gen-
erally restricted, and 42/42 g/m2 is consid-
ered typical in automotive applications.

Two different tests were done to evalu-
ate the effect of the coatings on the welding
behavior of the steels. These were the de-
termination of the welding current range
and weld shear and cross-tension strength.
The tests were conducted first on samples
from the HDGA coated steel and then re-

peated on the HDGI coated steel. A brief
explanation of the tests and the methods
follow. The details of the welding equip-
ment used in this study are provided in Table
1. All of the weld testing was conducted with
a pedestal-type Taylor Winfield welding ma-
chine using alternating current. The weld
schedules used for the current range tests
and for making the weld tensile test samples
are shown in Table 2.

The current range is the difference be-
tween the welding current required to pro-

duce a minimum button size (Imin) and the
current that causes expulsion of weld
metal (Imax). In this study the minimum
button size was defined as 4√t, where t is
the nominal sheet thickness. The use of
4√t as the minimum button diameter,
where t is the nominal sheet thickness, is
generally used to define the useful current
range in the automotive and steel indus-
tries. The current range is useful because
it provides the range of welding currents
over which welds of acceptable size can be
produced.

Prior to determining the current range,
the electrode tips were conditioned by
making 250 welds on flat panels. Current
ranges were then determined by first de-
termining the lowest welding current that
produced the minimum acceptable button
size. Then, the current was gradually in-
creased until weld metal expulsion re-
sulted. The procedure to determine cur-
rent range is described in detail in Ref. 11. 

Weld shear-tension and cross-tension
tests were conducted per Ref. 11. The cur-

Fig. 4 — Scanning electron microscope sectional views of HDGI (top) and
HDGA coatings (bottom). Various constituents in the coatings are marked
in the micrographs.

Fig. 5 — Concentration depth profiles from the coating surface obtained by
GDS for HDGI coating (above) and HDGA coating (below). 

Table 3 — Weld Shear and Cross-Tension Test Results

Coating Welding Current, Average Average
kAmps Shear-Tension Strength, Cross-Tension Strength, 

Newtons Newtons

HDGA 10.3 23800 10200
(6.9-mm button) (6.6-mm button)

Full-Button Pullouts Full-Button Pullouts

HDGI 11.7 25600 12300
(7.0-mm nuggets) (6.3 mm Button)

Interfacial Fractures Full-Button Pullouts
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rent required to produce a button size
equal to or 90% of the face diameter of the
electrode tip used was determined. This
was done using the highest current possi-
ble without causing expulsion in the sam-
ples. If expulsion occurs, the loss of weld
metal can adversely affect the tensile
strength. The welding current required to
produce the tensile samples was deter-
mined separately for HDGA and HDGI
coated steels. 

The welding conditions chosen for this
test are typical for the thickness of the ma-
terial being welded and are considered to
be within the capability of the welding
equipment currently used in the automo-
tive assembly plants. A weld time of 18 cy-
cles was used both for the current range
determination and to prepare weld shear-
tension and cross-tension test samples.
These two tests were done using a hold
time of 10 cycles. 

The electrode details were the same for
both the tests done. An electrode force of
6.2 kN (1400 lbf) was used and was chosen
based on an internal weld schedule opti-
mization study done earlier. 

Microhardness traverses were deter-
mined at room temperature using a Vick-
ers hardness tester. A force of 1000 g (9.8
N) was used for the microhardness mea-
surements. The hardness indentations
were spaced 0.4 mm apart. The micro-
hardness traverses were done on a diago-
nal to cover as much area in the weld and
heat-affected zones as possible. Weld mi-
crostructures were examined using both
an optical microscope and a scanning elec-
tron microscope (SEM). After completion
of the current range determination, both
the top and bottom electrodes were exam-
ined using a SEM.

Cross sections of HDGI and HDGA
coated samples were prepared and exam-
ined using a SEM. Composition depth
profiles of the coatings were obtained
using a Leco GDS-750A glow-discharge
optical emission spectrometer (GDS or
GDOES). The principle used in GDS is
that an electric discharge is created in a

low-pressure argon atmosphere. By apply-
ing a voltage, argon atoms are ionized and
accelerated toward the sample surface to
create an ionic bombardment. This ionic
bombardment causes the sample to eject
atoms (sputter). The ejected atoms collide
with ions and create a mechanical energy,
which excites the atoms. When the excited
atoms return to the ground state, they
emit light at a characteristic wavelength.
The light emitted by the sample is ampli-
fied and passed into a spectrometer. The
spectrometer then quantifies the spectral
lines based on the wavelength and inten-
sity. Matrix-matched standards are used to
calibrate GDS depth profiles and intensity
readings. The nonthermal nature of the
process makes analysis of even low melt-
ing elements easy.

The samples used for the GDS analysis
were 2 cm in diameter. The sputter typi-
cally produces an analysis area of 4 mm2.
Concentration depth profiles were per-
formed continuously from one tenth of a
nanometer to more than several microm-
eters in depth, thus covering the areas
from the coating surface to the coating-
steel substrate interface. Depending on
the element analyzed, the precision in-
volved in the analyses is ±10 parts per mil-
lion (ppm). 

Contact resistance measurements were
made both on the HDGA and HDGI
coated samples using a surface resistance
analyzer made by C. B. Smith Co. of Plac-
erville, Calif. The setup for making the
contact resistance measurements is shown
in Fig. 1. Copper probes 12 mm in diame-
ter with a spherical radius of 100 mm were
used to obtain the measurements. The
contact area of the probes as measured
from carbon imprints was 20 mm2.
Coupons 1 in. by 4 in. were cut from the
as-received material. No cleaning was per-
formed on the coupons prior to making
the measurements. The test coupons were
held under the electrodes under an ap-
plied force. The resistance at the faying
surfaces was measured as a function of the
applied force, which was varied from

667–3780 N. Due to the limitation of the
equipment used, force beyond 3780 N
could not be obtained. The resistance
measured is the sum of the resistivities of
the two coatings that are in contact with
each other at the faying surface and the
surface resistance at the faying surface. In
the range of 0 to150 micro ohms, the pre-
cision involved in the measurements was
± 8 micro ohms.

After welding, the welding electrodes
used were examined in a SEM equipped
with an energy-dispersive x-ray spectrom-
eter (EDS). Electrode profiles were ex-
amined to check for any damage or mush-
rooming due to the high electrode force
used. The electrode tip surfaces were ex-
amined to check for any material transfer
as well as pitting or erosion. 

Results

The results of the tests to determine
welding current ranges for HDGA and
HDGI coated steels are shown in Fig. 2.
The minimum button diameter line in Fig.
2 is drawn at 5.1 mm and represents a weld
button size of 4√t, where t is the nominal
sheet thickness. From Fig. 2 it can be seen
that the HDGA coated steel welded at a
lower current compared to HDGI coated
steel (e.g., 8.7 kA vs. 10.7 kA to obtain the
minimum button size). In fact, the weld
current that produced expulsion in the
HDGA coated steel was only 100 A more
than the current that produced the mini-
mum button size in HDGI coated steel. It
should be noted that the current range of
1.6 kA obtained on the HDGI coated
steels is considered sufficiently wide for
automotive applications and should not be
an issue for consideration of its use.

The results of the weld shear-tension
and cross-tension tests are shown in Table
3. Also shown in Table 3 are the average
button sizes measured on the tensile test
samples after the tests and the nature of
the test sample failure mode. The tensile
strength shown in Table 3 represents the
load to failure and is based on an average

Fig. 6 — Top (left) and bottom (right) electrodes used for the current range de-
termination for HDGA coated steel.

Fig. 7 — Top (left) and bottom (right) electrodes used for the current range
determination for HDGI coated steel. 
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of five tests in each case. The microhard-
ness traverses for both the HDGI and
HDGA versions of the steel are shown in
Fig. 3. This figure shows that the hardness
traverses and average peak hardness were
similar for the welds with HDGI and
HDGA coatings.

Cross-sectional views of both HDGI
and HDGA coatings are shown in Fig. 4.
The HDGI coating is predominately pure
zinc and is intended to provide galvanic
protection to the steel substrate. The
HDGI coating bath contains anywhere
from 0.15 to 0.25% aluminum that reacts
with the steel substrate to produce a very
thin, flexible Fe-Al-Zn alloy layer at the in-
terface between the steel substrate and the
zinc coating. This is believed to provide for
a 100% coating coverage to the strip sur-
face and adhesion between the steel and
the galvanize coating. The thickness of the
Fe-Al-Zn alloy layer is controlled mainly
by the aluminum additions to the coating
bath, strip and coating bath temperatures
and galvanizing strip line speed. The bulk
HDGI coating typically contains from
about 0.30 to 0.60% Al. The cross-
sectional view of a HDGI coating etched
to reveal the intermetallic alloy inhibition
layer (Fe2Al5-xZnx) is shown in Fig. 4. The

overall HDGI coating thickness is around
11 microns.

Several of the properties of both
HDGI and HDGA, and hence their effect
on welding behavior, can be understood
by examining the distribution of various
elements from the surface of the coating
to the steel substrate. The GDS profiles
obtained for the two types of coatings
studied are shown in Fig. 5. Because the
amounts of various elements present
across the coatings are significantly differ-
ent, multiplication factors were used to
calculate the amounts present at any given
location. This was done to present a com-
prehensive view of the distribution of var-
ious elements across the depth of coatings
in one plot. To calculate the content of any
element in weight percent at any given
point along the depth of the coating, the
amount of that element read from the y-
axis should be multiplied by the factor
noted for that element in the legend. For
example, the amount of aluminum present
in the HDGA coating at a depth of 2 μm
is 0.30 wt-%. This was obtained by the
amount of aluminum present at 2 μm
(which is 30) with a multiplication factor
of 0.01 for aluminum. Similarly, the
amount of zinc at 4-μm depth in the

HDGI coating is calculated by reading its
content on the y-axis (which is 100), which
is multiplied by the multiplication factor
for zinc (which is 1), and this gives 100%
by weight percent.

The HDGA coating consists of a multi-
phase intermetallic Zn-Fe10 alloy structure
containing typically about 8 to 12% iron.
The HDGA coating is harder and brittle
compared to the HDGI coating. The
HDGA structure typically consists of
mainly delta1 (δ1) Fe-Zn alloy phase, a thin
brittle gamma (Γ) phase (Fe3Zn10) at the
steel-coating interface, which has higher
iron content. The coating may also contain
some zeta (ζ) phase (FeZn13) at the sur-
face. The surface of HDGA coatings is
characterized by Fe-Zn alloy crystals and
micro-craters. It is normal for HDGA coat-
ings to have microcracks as-produced, more
frequent and larger after temper rolling and
after stamping. The coating bath for HDGA
typically contains about 0.12 to 0.14% dis-
solved aluminum. The bulk coating aver-
ages about 0.15 to 0.40% aluminum. From
Fig. 4, the average HDGA coating thickness
is around 6 microns.

Figure 5 indicates that the HDGI coat-
ing is very rich in aluminum and shows
nearly 100% aluminum on the coating sur-

Fig. 8 — SEM view (top) and EDS spectrum from the white film on the fay-
ing surface of the electrode used for HDGI steel.

Fig. 9 — SEM view (top) and EDS spectrum from the faying surface of the
electrode used for welding of HDGA steel.
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face. The aluminum layer appeared to be
very thin and is probably around 10
nanometers. Due to its high affinity for
oxygen, the surface aluminum exists as
aluminum oxide. The aluminum content
then rapidly decreased to about 0.05 to
0.1% and did not show an increase until
the intermetallic alloy inhibition layer
(Fe2Al5-xZnx) is reached. The intermetallic
alloy layer (Fe2Al5-xZnx) is about 100 nm
thick. It averaged about 45% aluminum. 

Figures 6 and 7 show the electrode pro-
files. It appeared from these figures that
the electrodes did not show any detectable
mushrooming despite the use of a high
electrode force. From Figs. 8 and 9, which
show the SEM views of the electrode tip
surfaces, it can be seen that the electrode
used for welding of HDGI samples
showed a whitish-looking film on the elec-
trode tip surface. EDS analysis of the film
showed the presence of aluminum. This
indicates the transfer of the alumina from
the coating surface to that of the electrode
tip. Because the alumina layer is only a few
nanometers thick, the zinc and the copper
peaks in this spectrum are believed to be
from the background. During EDS analy-
sis, the electron beam broadens and for
thin material or films, a part of the spec-
trum is collected from the background. 

The results of the surface resistance tests
are shown in Fig. 10. The results showed
that there seems to be no detectable differ-
ence in the surface resistance between the
HDGA and the HDGI coatings. 

Discussion

Microstructural Evolution

To understand the welding behavior, it

is helpful to examine the microstructure of
the base material and how it is achieved.
Figure 11 shows a schematic representa-
tion of the heat treatment steps involved
in dual-phase steel production through a
continuous galvanizing line. The steel is
typically annealed intercritically to form
between 25 and 50% austenite and cooled
in such a manner to avoid the formation of
pearlite and bainite (Ref. 12). For pro-
cessing in a continuous galvanizing line, a
hold zone typically exists at about 470°C,
followed by immersion in the coating bath
that is typically at 460° to 465°C. To
achieve a minimum tensile strength of 780
MPa, dual-phase steels typically contain
about 20 to 30% martensite in a soft fer-
rite matrix — Fig. 12. The steel is alloyed
in such a way that it does not form an ap-
preciable amount of bainite during the
holding time.

Microscopic examination of the welds
showed the presence of martensite both in
the weld and the heat-affected zones —
Fig. 13. In resistance spot welding, due to
the water cooling of the electrodes, the
weld cooling rates are extremely rapid.
Spot welds in thickness up to 2 mm typi-
cally solidify in less than three to four cy-
cles. It has been shown through modeling
that even at 500°C the cooling rates in spot
welding were in excess of 1000°C/s (Ref.
13). For steels, the critical cooling rate v,
required to achieve martensite in the mi-
crostructure, is given by the following
equation:

log v = 7.42 – 3.13 C – 0.71 Mn – 0.37
Ni – 0.34 Cr – 0.45 Mo (14)

For the 780 MPa dual-phase steel used
here, the critical rate turns out to be about

240°C/s. Therefore, it is not surprising that
a martensitic structure is present both in
the weld and the heat-affected zone. An
interesting observation is that, even
though HDGA steel required lower cur-
rent to weld and thus had lower heat input,
because the weld cooling rates are so high
and the critical cooling rate to achieve
martensite is comparatively low, the
HDGA steel also showed a fully marten-
sitic microstructure in the heat-affected
zone. Thus, the lower welding current re-
quired to form a nugget in HDGA com-
pared to HDGI did not appear to be an 
advantage.

An advantage of the use of lower weld-
ing current cited often is that it provides
longer electrode life and causes less dis-
tortion in the base material due to less
heating (Refs. 2, 15). However, in auto-
motive manufacturing plants, it is not un-
common to find that electrode tips are
dressed after every 30 to 50 welds to main-
tain weld quality and weld size. Therefore,
the longer electrode life offered by the
HDGA coating may not be an advantage
over that of the HDGI coating. 

Effect of Surface Resistance

In resistance welding, heating of the
materials to be joined is realized through
I2Rt , where I is the current used for weld-
ing, R is the resistance offered to the pas-
sage of current and t is the time of passing
the current. Further, based on a formula
developed at this laboratory (Ref. 16), the
calculated value of bulk resistivity of the
steel was only 24.7 micro ohms-cm and is
relatively low when compared to the resis-
tance measured at the faying surfaces. 
The resistance R of a conductor is given by

Fig. 10 — Plot of contact resistance as a function of electrode force. Fig. 11 — A schematic of the production route for dual-phase steels.
Ms represents the martensite-start temperature.

Tumuluru  June 2007layout:Layout 1  5/7/07  11:00 AM  Page 166



WELDING RESEARCH

-s167WELDING JOURNAL

R= ρ L/A
Where ρ is the resistivity of the conductor,
A is its cross-sectional area, and L its
length. This means the resistance of a con-
ductor is directly related to its length.
From Fig. 4, it is apparent that the thick-
ness of the HDGA coating is almost half
that of the HDGI coating. Therefore, it is
reasonable to think that the HDGA coat-
ing in this case would offer lower resis-
tance. The electrical resistance measure-
ments shown in Fig. 10 indicate that there
is no significant difference in the total re-
sistance at the faying surface between the
HDGA and the HDGI coatings at higher
electrode force. This suggests that the re-
sistivity differences between the coatings
may not explain why the coatings required
different currents to produce the mini-
mum required weld size. It should be
noted that the surface resistance mea-
sured is the static not dynamic (changes
during welding) resistance. Static re-
sponse is the controlling factor in the first
few cycles of passing the current and thus
dictates the current required to initiate
heating for welding. 

As heat develops at the faying surfaces,
the effect of static contact resistance de-
creases and dynamic resistance takes over.
Recent Gleeble studies on mild steel have
shown that with a rise in the temperature
the dynamic resistance may not always
show the same trend. Whether the dy-
namic resistance increases or decreases
during the later stage depends on inter-
play of various factors such as the elec-
trode pressure and substrate resistivity
(Ref. 17). A discussion on the various
stages involved in the nugget formation
and the contribution of dynamic resis-
tance during nugget development is pro-
vided in Ref. 18. 

HDGA coating has an irregular sur-
face topography and through-thickness
cracks. The irregular topography can
cause high current density at the peaks in
the coating. Therefore, rapid localized
melting of the coating can occur. This can
promote early heat development and may
need less current to generate further heat
for welding. Earlier studies on the effect of
surface topography of coatings that are
consistent with the present findings found
that surface roughness had a significant ef-
fect on the welding behavior of steels
(Refs. 18, 19). For example, in Ref. 18, the
authors examined the effect of surface
roughness and reported that the sample
that had the roughest surface required the
lowest welding current to produce a weld
nugget. The authors noted that the surface
asperity contact on a rough surface con-
centrated the current at local spots and
promoted early asperity heating and col-
lapse. This, in turn, lowered the welding
current for subsequent heat generation to

form the weld nugget. 
The GDS results

revealed the presence
of a thin aluminum
layer on the HDGI
coating surface. Ex-
amination of the elec-
trode tips used for
welding of HDGA and
HDGI samples
showed that the con-
tact surfaces of both
the top and bottom
electrodes showed the
presence of alu-
minum, more on the
HDGI, indicating that
some of the surface
aluminum was trans-
ferred to the electrode
contact surface. Alu-
minum exists as alu-
mina (aluminum
oxide). It is known
that alumina is a re-
fractory oxide with a
melting point of 2072°C. It has poor elec-
trical and thermal conductivity. The pres-
ence of alumina on the electrode tip sur-
face when welding HDGI coated steel,
therefore, should make it difficult to pass
current to the sheets and would require
high voltage and current to overcome its
poor electrical conductivity. 

The presence of alumina on the elec-
trode tip (the tips were conditioned prior
to use) requires higher current and volt-
age to overcome alumina’s poor electrical
resistance. Although the presence of alu-
mina on the HDGI sheet surface increases
the electrical resistance, the welding cur-
rent has to first overcome the resistance
barrier imposed by the presence of alu-
mina on the electrode tip surface. Mea-
surements indicated that the contact re-
sistance between the HDGI and HDGA
surfaces was similar and no statistical dif-
ference was detected. This indicates that
interfacial resistance was lowered by the
use of high electrode force. This further
means that the effect of the presence of
alumina layer on the HDGI sheet-
electrode tip surfaces and the sheet inter-
faces was minimized by the use of high
electrode surface and the presence of alu-
mina on the HDGI sheet surfaces did not
account for the differences noted in the
welding current required for nugget for-
mation. Any heat developed at the elec-
trode tip and sheet top surface alumina
layer is conducted away by the water-
cooled electrodes and is not useful for
welding. However, this alumina layer is
also a barrier to overcome for the passage
of current. Therefore, the presence of an
alumina layer on the electrode tip surface
when welding HDGI samples appeared to

be the key factor here and is believed to be
the reason for HDGI coated samples to be
welded at higher current than HDGA
samples.

Weld Strength

The average load to failure for HDGI
welds in the shear-tension test and cross-
tension tests was higher compared to the
HDGA welds. However, the differences in
the tension tests between HDGI and
HDGA coated steels are not statistically
significant due to the scatter generally
seen in the weld tensile tests. This suggests
that, as long as the nominal weld sizes pro-
duced in the samples are of the same size
and are produced without weld metal ex-
pulsion, the spot weld tensile strength is
independent of the type of coating and is
controlled by the substrate properties. 

The importance of weld nugget size
should be emphasized because the size (or
diameter) of the welds controls the weld
tensile strength. Studies done at this labo-
ratory on several high-strength steel
grades and at various sheet thicknesses
have shown a strong dependence of the
fracture appearance (or mode) on weld
size in spot weld shear-tension tests (Ref.
21). It was found through modeling of ac-
tual test results that the failure load for a
full-button pullout is given by

FPO = 2.25 SBM. d.t

where SBM is the tensile strength of the
base metal, d is the weld diameter, and t is
the sheet thickness. The load to failure
and the weld sizes were at the transition
between full button pullout to interfacial
fractures and, as such, either fracture

Fig. 12 — Microstructure of 780 MPa minimum tensile strength dual-phase
steel. The dark etching areas are ferrite and the white islands are martensite.
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mode was possible. The important point
here is that, despite different fracture
modes seen in HDGA and HDGI, the
load to failure was essentially the same.
Therefore, fracture mode should not be
used as the sole criteria to judge weld in-
tegrity in high-strength steels. It was ob-
served that the weld tensile strength in
high-strength steels, such as the steel in
this study, is more sensitive to the occur-
rence of expulsion of weld metal com-
pared to low-strength, drawing-quality
steels (Ref. 22). Therefore, it is also im-
portant to note that welds in tensile test
samples should be produced without ex-
pulsion because expulsion of weld metal is
detrimental to the weld tensile strength as
it lowers the effective weld size. With re-
gard to the hardness traverses, the obser-
vation that the hardness distribution in the
welds between HDGI and HDGA coated
steels was similar is not surprising. The
weld area hardness is a function of the
weld metal microstructure, which in turn,
is controlled by the base material compo-
sition and the weld cooling rates. The base
material used for making both the HDGA
and the HDGI coated sheets came from
the same heat of material.

Coating Selection Considerations:

This study examined the relative weld-
ing behavior of 780 MPa steel coated with
HDGA and HDGI. The coating weights
selected in this study are used by some au-
tomotive manufacturers in the industry.
Therefore, it should be kept in mind that
this study pertains only to the coating
weights selected. This study showed that
there appears to be no advantage of one
coating over the other and that both
HDGA and HDGI have a similar welding
performance. It may be possible to lower
the current required to achieve the mini-
mum button in HDGI by lowering the
coating weight to 60/60 g/m2. It was shown
that a decrease in coating thickness de-
creased the current required to form a
nugget (Ref. 23). This suggests that, once
the current required to pass through the
electrode tip surface alumina layer is es-
tablished and the current reaches the
sheet surface, a reduction in the HDGI
coating thickness lowers the distance the
welding current has to travel and thus re-
duces the subsequent resistance for cur-
rent passage. However, it is cautioned that
this decision to lower the coating thickness
should be made only after a careful and in-
dependent examination of the effect of
lowering the coating weight on the corro-
sion behavior and other manufacturing
considerations.

The aim of this study was to take a com-
parative look at the welding performance of
HDGI and HDGA coatings. However,

other performance at-
tributes of these coat-
ings should also be
carefully examined be-
fore selecting the type
of coating to use. These
attributes include, but
are not limited to, the
corrosion protection
offered, formability,
and cost. A detailed
study on the relative
corrosion performance
of HDGI and HDGA
coatings is provided in
Ref. 24. While some
auto manufacturers
prefer to use galvanized
steel, others prefer to
use galvannealed steel.
A decision to switch the
type of coating from
one to the other is not a
simple one and de-
pends on a wide variety
of manufacturing con-
siderations. Some of
these considerations
include the equipment
available for alkaline
cleaning prior to paint-
ing the surface, the ex-
tent of forming in-
volved, and the
automobile manufac-
turer’s design and em-
phasis on the type of
corrosion resistance
(for example, creep-
back corrosion vs. cor-
rosion resistance at
paint chips) required.

Conclusions

The following con-
clusions can be reached based on the study
conducted to examine the differences be-
tween HDGI and HDGA-coated 780-
MPa dual-phase steels:

1. The welding behavior of 780 MPa
dual-phase steel coated with 70/70 g/m2

HDGI and 42/42 g/m2 HDGA, coating
weights that are currently used in the au-
tomotive industry, was similar. One differ-
ence noted between the two coatings was
that HDGA required lower welding cur-
rent to form the minimum nugget size.
This may not be an advantage in the in-
dustry given the current practice of fre-
quent electrode tip dressing.

2. Welding current range for HDGA
was wider than for HDGI. However, the
welding current range of 1.6 kA obtained
for HDGI coated steel is considered suffi-
ciently wide for automotive applications
and should not be an issue for considera-

tion of its use.
3. The type of coating had no effect on

the weld shear-tension or cross-tension
strength. The weld strength is controlled
by the steel substrate.

4. The HDGI coated steel showed in-
terfacial fractures in shear-tension but not
the HDGA coated steel. The reason for
this behavior is believed to be that the load
to failure and the weld sizes were such that
either full button pullout or interfacial
fractures were possible. The fracture
mode is not considered significant be-
cause the load-bearing ability of the welds
remained unchanged between the two
fracture modes.

Disclaimer

The material in this paper is intended
for general information only. Any use of
this material in relation to any specific ap-

Fig. 13 — SEM views of the weld metal (top) and heat-affected zone (bot-
tom) microstructures. The weld showed a completely martensitic structure.
Isolated areas of ferrite and bainite were seen in the heat-affected zone.
Nital-Picral etch.
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plication should be based on independent
examination and verification of its unre-
stricted availability for such use and a de-
termination of suitability for the applica-
tion by professionally qualified personnel.
No license under any United States Steel
Corp. patents or other proprietary interest
is implied by the publication of this paper.
Those making use of or relying upon the
material assume all risks and liability aris-
ing from such use or reliance.
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