
Introduction

Nowadays, light-weighting is an in-
evitable trend in the automotive in-
dustry. Usually, the mass reduction of
vehicles is achieved either by the use
of lighter, thinner, and stronger mate-
rials and/or by optimization of design
throughout the vehicle structure.
Thin-gauge steels might have some ad-

vantages over the use of aluminum in
terms of manufacturing cost (Ref. 1).
However, resistance spot welding
(RSW), which is still the predominant
joining technique in vehicle assembly,
confronts two main difficulties in join-
ing thin-gauge steels, especially the
ones thinner than 0.6 mm. These diffi-
culties arise from primarily two rea-
sons. First, the decrease in steel thick-
ness leads to lower resistance of the

substrates, and thus the contact resist-
ance at the faying interfaces accounts
for larger proportion of the total joule
heat generation. In other words, as the
material gets thinner, the contact
characteristics at the solid-solid inter-
faces dominate the process (Ref. 2).
Since the weld size strongly relates to
the contact status, it can be expected
that the weldability in welding of thin-
gauge steels would be poorer than that
of thicker gauge. Furthermore, an ex-
traordinarily high temperature at the
electrode surface can be developed due
to the rapid heat transfer from the
weld zone to electrode surface when
the workpieces become thinner. This
excessively high temperature signifi-
cantly accelerates the electrode degra-
dation and eventually results in a re-
duction in electrode life by 40–60%
compared to ordinary gauge sheet
(Refs. 3, 4).

Recently, resistance spot welding
with metal strips/cover plates/process
tapes inserted between the workpiece
and electrode has been adopted to join
aluminum, magnesium, and ultrathin
gauge steels (Refs. 3, 5–11). The in-
serted strip favors joule heat genera-
tion during the welding process and
meanwhile shields the heat transfer
from the weld zone to the electrode
surface, which eventually reduces the
electrode tip temperature, and conse-
quently prolongs the electrode life
(Refs. 5, 6). Kolarik successfully joined
2-mm-thick low-carbon steel to
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austenitic CrNi stainless steel by using
a DeltaSpot™ (Ref. 6) welding gun with
a process tape (Ref. 7). Qiu and Abdo
found the process tape/cover plate
technique to be effective in correcting
the heat imbalance and generating

heat with higher
density in the alu-
minum side during resistance spot
welding aluminum-to-steel (Refs. 8,
9). Satonaka also reported the advan-
tages of RSW with cover plates for

joining of magnesium alloy (e.g., a
comparable welding current condition
to that for RSW of steel sheet) and
found a weld diameter that is larger
than the electrode diameter (Refs. 10,
11). Zhao investigated the effect of the
inserted strips on the electrode tip
temperature and weld quality during
RSW of ultrathin-gauge galvanized
steels and found that the effect of the
inserted metal strip strongly depended
on its material properties (i.e., resis-
tivity and thermal conductivity) and
thickness. With the proper selection of
the metal strip, the electrode wear was
reduced significantly (Ref. 3).

To date, most of the published
studies focus on investigating the ef-
fect of the inserted strips on heat gen-
eration and temperature distribution,
nugget formation, and joint strength,
and there is little information regard-
ing the role of the inserted strips on
the microstructure evolution at the
electrode surface. 

The present study was undertaken to
experimentally study resistance welding
of 0.4-mm-thick galvanized low-carbon
steel with various inserted strips. The
objective of this work was to gain a bet-
ter understanding of the effect of the
strips on the electrode degradation
from a metallurgical perspective, with a
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Fig. 1 — Resistance welding with inserted flexible strips. A —
Schematic; B — experiment setup; C — configuration of the elec­
trode (dimension in mm).

Fig. 2 — Function of number of welds during electrode wear
testing of 0.4­mm­thick galvanized steel without inserted strips.
A — Electrode face diameter. Carbon imprints of electrode face
under the weld conditions of 1.8 kN, 5.7 kA, and 160 ms. B —
After 200 welds; C — after 400 welds; D — after 600 welds.
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B
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Table 1 — Chemical Compositions (wt­%) and Mechanical Properties of Galvanized Low­Carbon Steel
(DC51D+Z from Bao Steel)

Chemical Composition Mechanical Properties

C Si Mn P S Fe Coating Wt. Yield Strength Tensile Strength Elongation
(g/m2) (MPa) (MPa) (%)

0.04 0.01 0.23 0.01 0.001 balance 43–46 256 359 36

Table 3 — Mechanical and Electrical Properties of Strip Materials 

Mechanical Properties AISI 304 Cu55Ni45 CuNi18Zn20 Copper

Tensile strength (MPa) 505 480 450 258
Yield strength (MPa) 215 240 229 120
Elongation (%) 70 45 40 48
Modulus of elasticity (GPa) 193–200 170 133 120
Shear modulus (GPa) 86 62 49 45
Resistivity (μOhm cm) 68 55 29 2

Table 2 — Nominal Chemical Compositions of Strip Materials (wt­%)

Cu Cr Ni Zn Mn Fe

AISI 304 — 19 9 — <2 balance
Cu55Ni45 balance — 44 — 0.5–2.0 <0.5
CuNi18Zn20 balance — 18 20 <0.7 —
Copper >99.0 — — — — —
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particular emphasis on the electrode
surface alloying. The effects of the strip
material, thickness, and alloy element
on the electrode degradation were in-
vestigated and discussed. Finally, based
on the test results, a preferable strip
material for resistance welding of 0.4-
mm-thick galvanized low-carbon steel
was proposed.

Experimental Procedures

Materials

The steel selected in this study was
0.4-mm-thick hot-dipped galvanized
low-carbon steel (i.e., DC51D+Z from
Bao Steel). Per manufacturer’s data
sheet, chemical compositions and me-
chanical properties are listed in Table 1.
The metal strips used in this study are
0.05-, 0.10-, 0.15-mm-thick AISI 304
stainless steel, 0.10-mm-thick commer-
cially available pure copper (hereinafter
referred to as “copper”) and CnNi18Zn

alloy, and 0.12-mm-thick Cu55Ni45 al-
loy. Chemical compositions and me-
chanical and electrical properties of
these metal strips are listed in Tables 2
and 3, respectively. 

Welding Procedure

Electrode wear testing was per-
formed using a mid-frequency DC weld-
ing machine, and the welding setup is
shown in Fig. 1A. Electrodes with a 5.0-
mm-diameter flat tip made of Cr-Zr-Cu
alloy (compositions in wt-%: 0.2% Zr,
0.5% Cr, 0.01% Al, and the rest is Cu),
shown in Fig. 1B and C, were used. Test
welds were made on a 38 × 100-mm
sheet of the material. The metal strips
with the same size, 38 × 100 mm, were
prepared. Table 4 lists the welding pa-
rameters. Electrode wear tests were con-
ducted under a single set of welding pa-
rameters and at a welding rate of 30
welds per minute. The test was termi-
nated once the weld size fell below the

minimum weld nugget size (i.e., 2.5 mm
of 0.4-mm thick sheet) (Ref. 12). To
monitor electrode diameter and rate of
electrode degradation, carbon imprints
(Ref. 13) of electrode diameter were tak-
en at the start of the electrode life test.
Thereafter, imprints were taken at 100-
weld increments. Peel specimens were
generated at every 100-weld interval to
monitor the nugget diameters. The
weld nugget size was estimated by
measuring the diameter of pullout but-
tons during the peel tests. 

Microscopic Analysis

To examine the changes at the elec-
trode face during the degradation
process, cross sections of the worn
electrodes were prepared and exam-
ined. The polished samples were
etched in with a solution consisting of
10-g iron (III) nitrate in 100 mL of dis-
tilled water. The microstructures of
the electrodes were examined by opti-
cal microscope and scanning electron
microscope (SEM) equipped with En-
ergy-Dispersive Spectroscopy (EDS)
analysis. Detailed experimental pa-
rameters for SEM are listed in Table 5.

Results

Electrode life tests on RSW of 0.4-
mm-thick galvanized low-carbon steel
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Fig. 4 — Electrode face diameter as a func­
tion of number of welds during RSW of 0.4­
mm­thick galvanized steel with 0.1­mm­
thick copper, CuNi18Zn20, and 304 stain­
less steel strips. 

Fig. 3 — Examination of the tested electrode after 600 resistance spot welds on 0.4­mm­
thick galvanized low­carbon steel without strips. A — Cross section; B — enlarged view of
the dashed box in A; C — SEM of tested electrode; D — EDS scan of the alloying layer shown
in square C at the electrode surface.
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Table 4 — Welding Parameters

Parameters Electrode Force (kN) Welding Current (kA) Squeeze Time (ms) Weld Time (ms) Hold Time (ms) Cooling Water Flow Rate (L/min)

Value 1.8 5.7 200 160 40 3
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without and with various inserted
strips were conducted. There are three
main parts in the test results. First,
the electrode degradation process
without inserted strip was evaluated.
This was followed by assessing the ef-
fects of resistivity and thickness of the
inserted strip on the electrode life. Fi-
nally, we discuss the combined effects
of resistivity, thickness, and alloy con-
tent of the inserted strip on the elec-
trode degradation.

Electrode Degradation in RSW
of Ultrathin Steel

Electrode life tests on RSW of 0.4-

mm-thick galvanized low-carbon steel
without inserted strips were terminat-
ed after 600 welds because the weld
size decreased to 2.4 mm, which is be-
low the minimum acceptable size of
2.5 mm (Ref. 12). Figure 2A presents
the measured face diameters as a func-
tion of weld number. As shown, elec-
trode face diameter increased from 5
to 6 mm after 600 continuous welds.
The imprints of the electrode face af-
ter 200, 400, and 600 welds are shown
in Fig. 2B, C, and D, respectively. Care-
ful examinations of the worn elec-
trodes with 600 welds, shown in Fig.
2D, indicated that severe cavitation
developed at the electrode face. These
results suggest that the electrodes had

degraded significantly. 
Microscopic examinations of the

worn electrodes after 600 welds were
performed and the results are shown
in Fig. 3. As shown in Fig. 3A, the
cross section of the worn electrodes
exhibited a rough surface profile. After
etching, a dark layer, about 25~30 mm
thick, was revealed at the electrode
surface, shown in Fig. 3B and C. EDS
analysis of the region labeled by a
square in Fig. 3C was performed and
the results are presented in Fig. 3D. As
shown, the layer contains about 86%
iron, 11% copper, and 2% zinc (at.-%).
Compared to the compositions of the
as-received electrode material (i.e.,
0.2% Zr, 0.5% Cr, 0.01% Al, and the
rest Cu), the difference in composition
is primarily caused by the sticking of
workpiece and zinc coating onto the
electrode surface under the high tem-
perature and the exertion of electrode
force. Formation of this alloy layer and
its high iron content indicated that se-
vere electrode degradation occurred.

Electrode Degradation in RSW
of Ultrathin Steel with Inserted
Strip

To minimize the electrode degrada-
tion, a metal strip was introduced in
between the electrode and workpiece.
It has been reported that the presence
of strip material strongly affected the
heat generation and temperature dis-
tribution during the welding process
(Ref. 3). In this study, three strip ma-
terials (i.e., commercially pure copper,
CuNi18Zn20 alloy, and 304 stainless
steel strips) that have lower, compara-
ble, and higher electrical resistivity
than that of the workpieces were se-
lected to assess their influences on the
growth of electrode face diameter, re-
crystallization, and surface alloying of
copper electrode. To study the influ-
ence of the strip materials on the elec-
trode degradation process, the thick-
ness of these strips was fixed at 0.10
mm.

Electrode Face Diameter

Electrode life testing was performed,
and the weld size was still acceptable af-
ter 2000 welds by making use of the in-
serted strips. Compared to the electrode
life of 600 welds in welding without
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Table 5 — Experimental Parameters for SEM

Parameters Accelerating Spot Size Detectors Working Distance (mm)
Voltage (kV) (nm)

Value 5.00 4/5 SE 4.5~5.5

Fig. 5 — Electrode surfaces after 200, 400, and 600 welds in resistance welding of 0.4­
mm­thick galvanized steel using 0.1­mm­thick copper, CuNi18Zn20, and 304 stainless
steel strips.

Fig. 6 — Grain structure in resistance welding of 0.4­mm­thick galvanized low­carbon
steel with 0.10­mm­thick 304 stainless steel strip. A — Original copper electrode; B —
recrystallized electrode.

A B

Zhao  11-14_Layout 1  10/15/14  8:42 AM  Page 414



strips, it was prolonged by about 300%
with using inserted strips. 

The growth of electrode face diame-
ter has been commonly used to assess
the extent of the electrode degrada-
tion (Ref. 13). The changes in elec-
trode face diameter are shown in Fig.
4. For the purpose of comparison, test
results for the case without the strip
are also included. As shown in Fig. 4,
all electrode face diameters increased
with increasing number of welds and
reached a face diameter of about 5.3
mm after 600 welds. Electrode face di-
ameter for the case without a strip is
larger than those with the presence of
the strips by ~0.7 mm. The strip mate-
rials used in this study had little influ-
ence on the electrode face diameter. To
understand the effect of strip material
on the electrode degradation mecha-
nism, the appearances of the worn
electrodes were analyzed. 

Figure 5 presents the effect of the
strip material on the electrode appear-
ances after 200, 400, and 600 continu-
ous welds for copper, CuNi18Zn20, and
304 strips. As shown, except the elec-
trodes used with copper strip, all elec-
trode faces exhibited little pitting or
cavitation and mushrooming after 600
welds. Previous studies suggested that a
number of different damage processes
developed during the degradation of
electrodes when welding zinc-coated
steel, namely: recrystallization of the
electrode material, mushrooming or
growth of electrode face, and surface al-
loying and pitting/cavitation (Ref. 14).
However, careful examinations of the
worn electrodes indicated that this is
not what we have observed in RSW of
thin steel with inserted strips. Test re-
sults indicated that in RSW of thin steel
with inserted strips, the most promi-
nent change in the electrode face was
that a convex surface was formed at the
center and expanded toward the edge.
Since there is little difference in elec-
trode face diameter, the worn electrodes

were cross-sectioned and examined mi-
croscopically to see if they were recrys-
tallized and surface alloyed during the
welding process. Test results are de-
scribed next.

Recrystallization of Electrode Material

Published results (Refs. 15, 16)
showed that recrystallization of the
electrode below the electrode surface
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Fig. 7 — Effect of 0.10­mm strip material on the electrodes after 600 continuous resist­
ance spot welds on 0.4­mm­thick galvanized low­carbon steel. A — Copper strip; B —
CuNi18Zn20 strip; C — 304 stainless steel strip.

Fig. 8 — Electrode after 600 resistance spot welds on 0.4­mm­thick galvanized low­car­
bon steel with 0.10­mm­thick strip. A — SEM observation with CuNi18Zn20 strip; B and
C — EDS scan of the area shown in A. 
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Table 6 — Effect of Strips on the Recrystallization and Surface Alloying of the Electrode in RSW of 0.4­mm­thick Galvanized Low­Carbon Steel

Strip Surface Alloy Layer
Material Thickness (mm) Recrystallization Layer (m) Thickness (m) Composition (at.­%)

AISI 304 0.05 — — —
0.10 252.9 6 87% Cu, 7% Fe, 6% Ni
0.15 435.3 10 81% Cu, 16% Fe, 1.5% Ni

Copper 0.10 509.4 >100
CuNi18Zn20 0.10 329.4 6.5 inner: 68% Cu, 31% Zn, 1% Ni 

outer: 57% Cu, 40% Zn, 3% Ni
Cu55Ni45 0.12 94.1 2 92% Cu, 8% Ni
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frequently occurred due to high temper-
ature, and it is usually accompanied by a
marked reduction in the strength and
hardness of the material. It was report-
ed that a decrease in hardness from 176
to 70–90 HV occurred within the re-
crystallized zone (Ref. 4). Since elec-
trode softening is one of the dominant
damage processes, the depth of recrys-
tallization layer could be an effective in-
dication of electrode degradation. Once
recrystallization occurred, a pro-
nounced change in grain structure was
observed. Figure 6A and B present the
microstructures of the as-received and
copper electrodes after 600 welds in re-
sistance welding of 0.4-mm-thick galva-
nized low-carbon steel with 0.10-mm-
thick 304 strip, respectively. As shown,
while as-received copper electrode con-
sisted of elongated grains, the recrystal-
lized regions of the worn electrode were
composed of primarily fine grains. 

Due to this difference in mi-
crostructures of as-received and re-
crystallized electrodes, the thickness
of the recrystallized layer of the worn
electrodes was examined. Figure 7A, B,
and C shows the recrystallized layers
for copper, CuNi18Zn20, and 304
stainless steel strips, respectively. As
shown, while the thickness of the re-

crystallized layer is
more than ~500
mm with a 0.1-
mm-thick copper
strip, it reduced
to ~330 and ~250
mm for the 0.1-
mm-thick CuNi18Zn20 and 0.1-mm-
thick AISI 304 strips, respectively.
These results inferred that the elec-
trode tip temperature with
CuNi18Zn20 strip is likely lower than
that with copper strip but higher than
that with 304 stainless strip.

Surface Alloying

During resistance welding, surface
coatings often alloy with the electrode
material due to the high temperature
experienced at the electrode surface.
This alloying makes a significant con-
tribution to the overall electrode dam-
age process (Ref. 4). To assess if the
surface alloying would form with the
presence of metal strips, SEM and EDS
were employed to investigate the mi-
crostructure and chemical composi-
tions of the alloying layer on the elec-
trode surface and the results are
shown in Figs. 8 and 9. 

As shown in Fig. 8A, a ~6.5-mm-

thick alloying layer on the electrode
surface after 600 welds in RSW of 0.4-
mm-thick galvanized low-carbon steel
with the presence of CuNi18Zn20
strip was formed. As shown, this alloy-
ing layer was composed of two sublay-
ers. EDS analysis results of these sub-
layers shown in Fig. 8B and C revealed
that they mainly contained copper,
zinc, and a trace of nickel. These re-
sults suggest that zinc in the strip is
most likely to alloy with the copper
electrode due to its lower melting
point and higher chemical activity
compared to nickel and copper. 

Similar analyses were conducted on
the worn electrodes with the use of
304 stainless steel strip and the re-
sults are shown in Fig. 9. As shown in
Fig. 9A, the alloying layer with the use
of 304 strip had a thickness of ~6.6
mm, which is close to that (i.e., 6.5 mm
thick) of using CuNi18Zn20 strip.
However, the copper content in the al-
loying layer with 304 strip is (~ 87%)
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Fig. 9 — Electrode after 600 resistance spot welds on 0.4­mm­
thick galvanized low­carbon steel with 0.10­mm­thick strip. A —
SEM with 304 stainless steel strip; B — EDS scan of the square
shown in A.

Fig. 10 — Effect of the thickness of 304 stainless steel strip on the
electrode degradation in resistance welding of 0.4­mm­thick gal­
vanized low­carbon steel.

Fig. 11 — Effect of strip thickness on the recrystallization of the
electrode surface after 600 continuous resistance spot welds on
0.4­mm­thick galvanized low­carbon steel with the presence of
304 strips. A — 0.10 mm thick; B — 0.15 mm thick.

A

A B

B
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far higher than that with CuNi18Zn20
strip. Therefore, although the thick-
nesses of the alloying layers are similar
with these two strips, the higher cop-
per content in the alloying layer with
304 strip indicates a lower extent of
surface alloying.

Based on the aforementioned re-
sults, we can conclude that pure copper
is a less desirable choice than 304 steel
and CuNi18Zn20 because of its extraor-
dinary high thermal conductivity. More-
over, a suitable strip should not contain
Zn, owing to its low melting point and
active chemical property. Desired strips
incline to be copper-nickel based alloy
and stainless steel. Within the selected
strips studied here, due to the lowest
degree of electrode recrystallization and
the highest content of copper in the al-
loying layer formed at the electrode sur-
face by making use of 304 strips, 304
stainless steel had the most promising
performance in lowering electrode tem-
perature and alleviating electrode 
degradation.

Effect of Strip Thickness

After 304 stainless steel was identi-
fied as the preferred strip material, the

effect of its thick-
ness on the elec-
trode wear and
surface alloying
was examined
next. The 304
stainless steel
with the thick-
nesses of 0.05,
0.10, and 0.15
mm was selected. Figure 10 presents
the effect of the thickness of 304 stain-
less steel strip on the changes to the
electrode surface. As shown, due to se-
vere pitting occurring at the electrode
surface using a 0.05-mm-thick 304
strip, tests were terminated after 200
welds. Since a 0.05-mm-thick strip is
quite thin, the asperities on the elec-
trode face or workpieces occasionally
perforated through the strip under the
exertion of electrode force and led to ex-
treme current concentration, and conse-
quently resulted in severe surface expul-
sion and severe pitting on the electrode
surface. For 0.10- and 0.15-mm-thick
strips, a convex surface was formed at
the center of the electrode and expand-
ed toward the edge. Comparisons of the
worn electrodes shown in Fig. 10 indi-
cated that the difference resulting from

using these two strip thicknesses was
the diameter of the convexity being
smaller for the thicker strip. Increased
stiffness of the thicker strip led to a
smaller contact radius at the
electrode/strip and strip/workpiece in-
terfaces, which further resulted in the
concentration of current density and
heat generation at the contacting area.
Therefore, the size of the convexity be-
came smaller using thicker strips. More-
over, the worn electrodes were exam-
ined to assess the degree of recrystal-
lization and surface alloying.

Figure 11A and B shows the cross
sections of the electrodes with 0.10-
and 0.15-mm-thick 304 strip after 600
continuous welds, respectively. As
shown, recrystallized grains were
formed beneath the electrode face.
While the thickness of the recrystal-
lized layer was ~250 mm with a 0.10-
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Fig. 12 — Electrode after 600 resistance spot welds on 0.4­mm­
thick galvanized low­carbon steel with 0.15­mm­thick 304 stain­
less steel. A — SEM observation; B — EDS scan of the region
shown in the square in A.

Fig. 13 — Resistance spot weld on 0.4­mm­thick galvanized low­
carbon steel with 0.12­mm­thick Cu55Ni45 alloy strips after 600
welds. A, B — Optical observation; C — SEM observation of the
electrode; D — EDS scan of the alloying layer.

Fig. 14 — Calculated R value of different strips in resistance spot
welding of ultrathin gauge steel.
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mm-thick 304 strip, it increased to
~435 mm when the strip was thickened
to 0.15 mm. These results suggested
that the temperature at the electrode
face with a 0.15-mm-thick strip is
higher than that with a 0.10-mm-thick
strip. Thicker strip possesses higher
electrical bulk resistance, and there-
fore is more favorable to heat genera-
tion and especially since the resistivity
of 304 stainless steel is much higher
than that of steel sheets. Therefore, a
higher temperature would develop at
the electrode face with thicker 304
stainless steel strips.

SEM and EDS analysis results of
the worn electrodes after 600 welds in
RSW of 0.4-mm-thick galvanized low-
carbon steel with 0.15-mm-thick 304
steel, shown in Fig. 12, further validat-
ed the above results. After etching, a
10-mm-thick alloying layer emerged
loosely at the electrode surface. This
alloying layer contained ~81% copper,
~16% iron, and traces of Ni and Cr
(at.-%). Comparing the results shown
in Figs. 9B and 12B indicates that the
iron content in the alloying layer in-
creased from ~7 to ~16% with an in-
crease in thickness to the 304 strip
from 0.10 to 0.15 mm, which suggest-
ed a higher degree of surface alloying.

The increase in al-
loying layer thick-
ness and iron con-
tent was likely at-
tributed to the in-
crease in joule heat
generation with the
use of the thicker
strip. Combination
of the results of re-
crystallization and
surface alloying

shown above indicated that 0.10-mm-
thick 304 stainless steel strip is more
favorable than 0.15-mm-thick 304
strip to prolong the electrode life in
RSW of 0.4-mm-thick galvanized low-
carbon steel.

Comparison of Strip Material

The aforementioned results of ef-
fect of strip material on electrode wear
indicated that the desired strips in-
cline to be copper-nickel alloy and
stainless steel. Therefore, it would be
interesting to compare copper-nickel
alloy strip to 304 stainless steel. To
make a fair comparison, Cu55Ni45
was selected because its mechanical
properties are similar to that of 304.
The thickness of Cu55Ni45 alloy strip
was determined as 0.12 mm to ensure
that its electrical resistance is compa-
rable to that of 0.10-mm-thick 304
steel strip (i.e., resistivities of 304
steel and Cu55Ni45 are 68 and 55
mOhm/cm, respectively). Electrode life
tests were conducted and Fig. 13A and
B presents the cross sections of the
worn electrode after 600 continuous
RSW of 0.4-mm-thick galvanized low-
carbon steel with the presence of a

0.12-mm-thick Cu55Ni45 strip. As
shown, a layer of recrystallized grains
with ~100-mm-thickness was observed
in the area near the electrode surface,
which was far thinner than that (~250
mm) of the electrodes with a 0.1-mm-
thick 304 strip. Besides, the thickness
of the alloying layer shown in Fig. 13C
at the electrode surface decreased to
~2 mm. EDS analysis results of the al-
loying layer shown in Fig. 13D re-
vealed that the composition of the lay-
er is 91.9% Cu and the rest is Ni. All
these results indicated a lower extent
of electrode degradation with 0.12-
mm-thick Cu55Ni45 strip. 

To sum up all the test results pre-
sented above, Table 6 lists the effect of
all strips used in this study on the re-
crystallization and surface alloying in
resistance welding of 0.4-mm-thick gal-
vanized low-carbon steel. It can be seen
that the thicknesses of recrystallized
and alloying layers were the thinnest,
and the alloying layer contained also the
highest copper content (~ 92%) with
the 0.12-mm-thick Cu55Ni45 strip
among all strips selected in this study.
These results suggested that 0.12-mm-
thick Cu55Ni45 is the most desired
strip choice. And yet for all that, 0.10-
mm 304 stainless steel exhibited the
second-least electrode wear. 

Discussions

Electrode Tip Temperature

Experimental results showed that
the extent of the electrode degradation
with the presence of a metal strip was
quite different from that without the
metal strip in resistance welding of 0.4-
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Fig. 15 — Binary phase diagrams (Ref. 20). A — Cu­Zn; B — Cu­Ni;
C — Cu­Fe.

A

C
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mm-thick galvanized low-carbon steel.
The effect of the inserted strips on the
electrode tip temperature can be ex-
plained from two aspects. One is “heat-
ing effect” caused by the resistance of
the strip itself and contact resistance of
additional faying interfaces, and the
other is “insulation effect” that the strip
acts as a heat shield between the work-
piece and electrode to insulate heat
transfer from the weld zone to the cop-
per electrode. Since it is difficult to
measure the electrode tip temperature
experimentally, an analytical model
(Refs. 17, 18) was employed here to es-
timate the electrode tip temperature
and analyze the effects of metal strip
and its properties on the temperature at
the electrode-to-workpiece interface.
This analytical analysis has the follow-
ing assumptions:

1) Heat flow from the workpiece
into the electrodes is simplified to one
dimension.

2) The peak temperature distribu-
tion in the resistance spot weld can be
described by a sine wave half period,
with the peak at the faying interface of
the workpieces.

3) It is assumed that the thermal
gradient in the electrode is linear, ex-
tending from electrode tip tempera-
ture E to the temperature of the cool-
ing water (assumed to be room tem-
perature for this analysis).

4) Thermal gradient in the strip is
linear as well, extending from elec-
trode tip temperature E to tempera-
ture strip/workpiece interface temper-
ature S.

5) The top and bottom electrodes
are essentially straight sided.
The function of temperature distribu-
tion in the workpiece and boundary
condition can be summarized as

(1)

where P is the peak temperature in
the spot weld, x is the thickness of
the workpiece, xE is the electrode face
thickness (i.e., distance between the
face and underside of the electrode), kE
and kS are the thermal conductivities
of the electrode material (Cu) and
workpiece, respectively, and x is the
distance from the weld faying surface
toward the electrode face. kStrip and
xstrip are the thermal conductivity
and thickness of the inserted strip, re-
spectively, and S is the temperature
at the workpiece/strip interface. Com-
bining the function of temperature
distribution and boundary conditions
(i.e., in Equation 1), and then, the E
of RSW with the inserted strip can be
estimated as

(2)
In sum, the temperature developed at
the electrode surface E can be ex-
pressed as

(3)
To define an R for the ratio of P/E,
Equation 3 can be rewritten as

(4)

The ratio R can quantitatively evaluate
the “insulation effect” of the inserted
strips, and a greater R value indicates
the lower electrode tip temperature if
the value of P is constant. Plugging
the material properties (Ref. 19) into
Equation 4, the calculated results are
shown in Fig. 14.

As shown, the temperature ratio R
increases with the presence of the
strips. For a given sheet stack-up, the
calculated R value with copper strip is

slightly greater than that without
strip. These results suggest that the
joule heat generated at the weld zone
can readily transfer through the cop-
per strip to the electrode surface, and
consequently result in high electrode
tip temperature. The calculated R val-
ues for 0.1-mm-thick 304 and 0.12-
mm-thick Cu55Ni45 strips are the two
highest, and consequently lower elec-
trode tip temperature can be expected.
Test results showed that the electrode
wear with 0.12-mm-thick Cu55Ni45
was less than that with 0.1-mm-thick
304, shown in Table 3, even though
the R value with 0.1-mm-thick 304 is
greater than that with 0.12-mm-thick
Cu55Ni45. This disagreement likely is
attributed to two reasons. First, it is
difficult to estimate P quantitatively
by the analytical method due to a se-
ries of assumptions and simplifica-
tions made in the formulations. Fur-
thermore, temperature is not the only
factor affecting the electrode wear;
metallurgical factor is another impor-
tant aspect and will be discussed in the
section below.

Alloying Element 

In this part, the alloying compounds
formed between the electrode and in-
serted strips and their influences on the
hardness and electrical properties of the
copper electrode are discussed by refer-
ring to binary phase diagrams. To ex-
plain the effect of CuNi18Zn20 strip on
the electrode wear protection, the Cu-
Zn binary phase diagram shown in Fig.
15A is referred to. As shown, there are
several intermetallic compounds (IMC)
(e.g., a phase Cu3Zn and Cu9Zn solid
solution, b phase CuZn base solid solu-
tion, and g phase Cu5Zn8 base solid so-
lution) formed. With the presence of
CuNi18Zn20 strips, as shown in Fig. 8,
the alloying compounds contained two
sublayers that had 40 and 30% zinc, re-
spectively. Based on EDS analysis re-
sults of the composition in the alloying
layer shown in Fig. 8 and the Cu-Zn
phase diagram, the outer layer should
be a +b phase while the inner layer is
composed of a phase. Because b phase
IMC is quite soft (Ref. 20), it is unfavor-
able for the electrode performance. 

To assess Cu-Ni alloying compounds,
see the Cu-Ni phase diagram in Fig.
15B. As shown, Cu and Ni elements are
completely soluble in each other and
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form a continuous solid solution. Thus,
the alloying compounds would be a Cu-
Ni solid solution with different propor-
tions of the two elements. Similar
analysis was performed for Cu-Fe alloy-
ing compounds with the Cu-Fe phase di-
agram shown in Fig. 15C. As shown, the
solid solubility of iron in copper or cop-
per in iron is extremely low (i.e., <2%),
and there is no intermediate phase
formed between Cu-Fe. Therefore, Cu-
Fe alloy with various components is all
made of the mixture of solid solutions
at both ends. In sum, Cu-Ni and Cu-Fe
systems are not likely to form inter-
metallic compounds, and therefore, the
surface alloying layer would affect little
the hardness of the copper electrode.

Published results (Ref. 21) indicat-
ed that the alloying element in copper-
based solid solution exerted a signifi-
cant influence on the electrical con-
ductivity. Due to the extraordinary
electrical conductivity of pure copper,
addition of almost all other elements
into copper would lead to a decrease in
electrical conductivity. It is noted that
addition of Fe into copper caused a
dramatic decrease in electrical conduc-
tivity (Ref. 21). Therefore, Fe-rich al-
loying layer deposited at the electrode
surface would significantly increase
the electrical resistance at the elec-
trode surface, and consequently en-
hance the joule heating, which would
further exacerbate the electrode degra-
dation. Therefore, considering the ef-
fect of alloying on the electrical char-
acteristics of copper electrode, an al-
loying product between Cu-Ni alloy
strip and the electrode provides the
least impact on the hardness and elec-
trical conductivity of the electrode.
This is consistent with the experimen-
tal observations in this study.

Conclusions

1) The presence of inserted metal
strips alleviated the extent and rate of
electrode degradation in resistance spot
welding of 0.4-mm-thick galvanized
low-carbon steel. The process of elec-
trode degradation was different from
that of traditional resistance spot weld-
ing. Alloying and recrystallization still
occurred at the electrode surface, but
the growth in electrode surface diame-
ter was significantly reduced. 

2) The effects of the electrothermal

properties of the strips on the elec-
trode tip temperature and surface al-
loying were analyzed. Strips with com-
paratively higher electrical resistivity
(e.g., 304 stainless steel and
Cu55Ni45) lowered the electrode tip
temperature compared to the strips
with higher thermal/electrical conduc-
tivity (e.g., commercially pure copper).

3) Analysis of the effect of the strip
compositions on the electrode surface
alloying revealed that the alloying com-
pounds produced with the introduction
of Cu-Ni alloy strip had the least impact
on the hardness/strength and electrical
conductivity of a copper electrode. 

4) Among all strips investigated in
this study, 0.12-mm-thick Cu55Ni45
alloy strip provided the best protec-
tion of the electrode degradation in re-
sistance welding of 0.4-mm-thick galva-
nized low-carbon steel. 
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