Vol. 15 N 6

Trans. Nonferrous Met. Soc. China Dec. 2005

Article ID: 1003 ~ 6326(2005) 06 ~ 1219 ~ 07

Electrode degradation mechanism during
resistance spot welding of zinc coated steel using
Cur TiB: electrodes”

DONG Shrjie( #/1:71)", ZHOU Norman®, CHENG Chang-kun( F£K:3) ',
SHI Yao-wu( 2% 1%)?, CHANG Bao-hua( #{#%)*

(1. Department of Material Engineering, Hubei Automobile Industrial Institute,

Shiyan 442002, China;
2. Department of Mechanical Engineering, University of Waterloo,
Waterloo, Ontario, N2L 3G1, Canada;

3. School of Materials Science and Engineering, Beijing Polytechnic University,

Beijing 100022, China;
4. School of Mechanical Engineering, Tsinghua University, Beijing 100084, China)

Abstract: The TiB, dispersion-reinforced coppermatrix composite used as electrode material in resistance spot

welding of zinc coated steels was studied. The service life of the composite electrode reaches 7 700 welds, which is 4

times that of the conventional Cu-CrZr electrode. Little gross deformation is observed on the composite electrodes

because of the higher thermal strength; therefore, it is believed that wear is the only mechanism for the composite

electrode deterioration. However, both wear and plastic deformation are responsible for the large increase in the tip

diameter of the CuCrZr electrodes. Moreover, the large deformation of the Cu Cr-Zr electrodes may contribute to

the increased wear rate of the tips.
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1 INTRODUCTION

Resistance spot welding(RSW) is the most
commonly used method for joining steel sheets in
the automotive industry. In RSW, a weld is
formed between two workpieces through melting
and coalescence of a small volume of the material at
the faying surfaces due to the resistance heat
caused by the passage of electric current when the
workpieces are held together under a large elec
trode force'" *'. Over the past decade, the require-
ment of improved corrosion resistance in automo-
bile body panels because of the use of lighter gau-
ges of steels sheets has dramatically increased the
application of zinc coated steels. As a result, accel-
erated degradation of electrodes by the zinc coating
becomes one of the major problems. To improve
the electrode life, considerable work has been done
to study the effects of processing conditions (weld-
ing parameters, electrode geometry and materials,
coating thickness, etc) on the electrode deteriora-
tion and to understand the degradation mecha-
nism' "

Electrodes degrade during welding because of
under the

their interactions with workpieces
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influences of high-temperature thermal cycling and
repeated high-pressure mechanical impact. A num-
ber of factors have been proposed to be responsible
for the degradation: softening, pitting, cavitation,
erosion, alloying with the zinc coating, recovery

thermal fatigue, etd® .

and recrystallization,
However, almost all of these factors contribute,
through two major mechanisms —plastic deforma-
tion and electrode tip wear, to an increase in the
tip diameter, which leads to a decrease in current
density and, eventually electrode failure because of
undersized welds produced.

Plastic deformation( or “mushrooming”) of the
electrode tips due to the combined effect of high
temperature and electrode force results in an in-
creased tip diameter. Recovery and recrystalliza-
tion of coldworked electrode materials affect the

[ 6]

plastic deformation'”, and alloying with the zinc

coating contributes to the deformation through
forming a loweryield-strength microstructure'® .
Electrode wear can increase the tip diameter
due to the loss of material from the tip surface.
Localized bonding ( by soldering or brazing) would
form at the tip and steel faying surfaces because of

the low melting point of zinc and zinc alloys formed
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VTt is thought

that these localized adhesions may also be formed

by the interalloying/ interdiffusion

by forge welding ( seizing) at the contacting sur-
faces under high pressure although there is no dir

! These local bridges

rect experimental evidence
(which can be in either molten or solid/ solidified
state) fracture during electrode retraction after
each welding cycle, which removes material away
from the tip surface and results in tip surface ero-
sion ( pits, and more severely, cavity/ crater forma-
tion) .

As for the electrode materials, they must pos-
sess high electrical conductivity to minimize elec
trode heat, and high thermal conductivity to dissi-
pate heat from the tip and steel faying surfaces; at
the same time, they should also exhibit high resist-
ance to softening and to alloying'® . The precipita-
tion strengthened Cu-Cr, Cu-CrZr and CuZr al-
loys were most commonly used electrode materials
for resistance spot welding of coated steels. There
has been, however, a continuous effort to develop
different types of electrode material to increase
electrode tip life.

Aluminum-oxide dispersion-reinforced copper
alloys(Al203/ Cu) have been shown to have much
higher thermal strength than precipitation
strengthened alloys. However, there were con-
flicting experimental results on whether the higher
thermal strength could be transited into an in-

%1% " These contradicting results

creased tip life
may be a consequence of the fact that softening of
the tip surface is likely to be affected by a range of

I For example, under nor-

processing variables
mal welding conditions, electrode hardness reduc
tion is predominately caused by alloying and recov-
ery rather than recrystallization. The softening
characteristics of the precipitation and dispersion
strengthened materials are similar under such con-
ditions. A molybdenum alloy, TZM (0.5%Ti,
0.08%Zr, balance Mo) capping material brazed
onto a copper shank has superior resistance to de-
formation compared with the copper alloy elec

trodes''”

. However, heat cracking of the molyb-
denum alloy surface is one of the most serious
drawbacks of the material'''. A recent invention
claims that the TiC coating on electrode tips can
increase the tip life by 275 times compared with a
conventional copper electrode' '™ "

This work reports a preliminary study of a
new electrode material —TiB2 reinforced copper
matrix composite. Electrode degradation mecha-
nisms during RSW of coated steels using the com-
posite electrodes TiB2/Cu are investigated using
optical microscope, scanning electron microscope
( SEM ) and electron microprobe analyzer

(EMPA). A CuCrZr electrode material is also

used for comparison.

2 EXPERIMENTAL

The electrode geometry used in this study is
shown in Fig. 1. The TiB: reinforced copper matrix
composite is 1. 5% TiB2/ Cu ( mass fraction), and
the Cu-CrZr material contains 0. 65% Cr, 0. 25%
Zr, 0. 1% Nb, 0.04% Mg, 0.03% Re and balance
Cu (mass fraction). The TiB2/Cu composite was
made by mechanical alloying followed by sintering
U1 The electrodes made of the
TiBa2/ Cu were also subjected to the same amount of
cold drawing( 10%) as the Cu-CrZr electrode for
comparison. The steel sheet used is 1. 0 mm-thick
electro-galvanized steel of Fe-0. 08% C-0. 05% M n-
0. 004% St 0. 005 4% AFO0. 009% P-0. 008% S( mass

fraction) with a coating of Zn5. 5% Al(mass frac

under pressure

tion). RSW was performed on a press type (DN3-
300) 50 kVA welder under the welding conditions
of 2400 N electrode force, 11 kA welding current,
10 cycle (at 60 Hz) welding time, 4 L/ min cooling
water and 30 weld per minute welding rate. Weld-
ing was interrupted after 100 welds interval to de-
termine joint strength using a peel test and to
measure the tip diameter by a carbon imprint

(Bl Welding tests were terminated when the

test
peel strength fell below 80% of the initial value
that was determined at the beginning of the tip life
test. The tested electrodes after welding are ana-
lyzed using optical microscopy, scanning electron
microscopy ( SEM ) and energy dispersive X-ray

spectroscopy( EDX) .
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Fig. 1 Electrode geometry

3 RESULTS

The average electrode life of TiB2/ Cu is 7 700
welds, which is over 4 times that of the Cu-CrZr
electrodes (1800 welds). Fig. 2 shows the varia-
tions in electrode tip diameter as a function of the
number of welds. The electrode tip surfaces of the
final Cu-CrZr electrodes appear very roughly and
have many pits and cavities, and large plastic de
formation (such as tip “mushrooming” and buildup
of overlayers around the tip peripheries) is obvious
on the Cu-CrZr electrodes. Otherwise, the tip
surfaces of the final TiB2/ Cu electrodes appear rel-
atively cleanly and have only a few small pits; no
gross deformation is seen on the tips. In fact, it is
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observed during welding that the Cu-CrZr elec
trodes start to show pickups and “mushrooming”
after 50 welds, and surface pitting after 100 welds;
while the TiB2/ Cu electrodes only experience some
minor pickups and pits after 2 000 welds.
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e — Cr-Zr-Cu
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Fig. 2 Variations of tip diameter as
function of number of welds

SEM photographs of the final electrodes of the
TiB2/ Cu and Cu-Cr-Zr are shown in Fig. 3 with a
large cavity pointed out on the Cu-CrZr tip sur-
face. The EDX analysis of the same electrode tip
surfaces shows(Table 1) that the TiB2/Cu elec
trode has much higher Zn content on the tip sur-
face ( Fig. 4(a)), indicating that the tip is mainly
covered by the pickups from the zinc coating. On
the contrary, the CuCrZr electrode has much
lower Zn but higher Cu contents, which indicates a
higher percentage of the coating material of the
zinc coated steel on the TiB2/ Cu electrode tip sur-
face. The area mapping of Zn, Al, Fe and Cu
(Fig. 4) indicates that this phenomanon is due to
the higher Cu and lower Zn contents seen on the
pit and cavity regions (e. g., on a large cavity A in

Fig. 3(b)).

Table 1 Average chemical compositions on
tip surface (mass fraction, %)

Electrode Al Fe Cu Zn
Cu-CrZr 2.8 26.7 25.1 45. 4
TiB>/ Cu 7.9 12.3 8.2 72.6

Fig. 5 shows the microphotographs of the tip
cross sections of the final electrodes of TiB2/Cu
and CuCrZr. There is an alloying zone on the
TiB2/ Cu tip and a recrystallization zone between
the alloying layer and the elongated grains of the
coldworked microstructure (Fig.5(a)). The allo-
ying zone is very thin on the Cu-CrZr tip (Fig. 5
(b)), and the recrystallization zone is much wider
so that the elongated grains of the coldworked

Fig.3 SEM photographs of tip surfaces of
TiB2/ Cu electrodes (after 7 800 welds) (a) and

Cu-CrZr electrodes (after 1 800 welds) (b)
(A —Large cavity)

microstructure are not shown in Fig. 5(b). It is
also interesting to note a narrow fine grained re
gion between the alloying layer and the recrystalli-
zation zone in Fig. 5(b), which is thought to be the
result of repeated hot-working during resistance
spot welding. The difference in softening tempera-
ture between TiB2/Cu (about 900 C''* ') and
Cu-Cr-Zr (about 500 ‘C'"”') can explain the ob-
served difference in recrystallization between the
two materials. The lower thermal strength of the
CuCrZr materials compared with the TiB2/Cu
material also contributes to the large “ mushroo-
ming” of the Cu-CrZr electrode.

The alloying zone on the TiB2/ Cu tip in Fig. 5
(a) consists actually of two layers (Fig. 6(a)).
Table 2 lists the contents of Al, Fe, Cu, Zn of
point A, B in Fig. 6(a) and point 1, 2 in Fig. 6
(b). It is indicated that the outer layer has much
higher contents of Zn, Al and Fe compared with
the inner layer. Fig. 7(a) also shows that the outer
layer contains much higher contents of Zn, Al and
Fe compared with the inner layer. However, the
alloying zone on the Cu-CrZr electrode tip in Fig. 5
(b) consists only one thin layer (Fig. 6(b)). Table
2 lists that the contents of Zn, Al, and Fe of allo-
ying layer of Cu-CrZr tip are lower than those of
composite tip. In an investigation of the heat treat-
ment of Cu-Cr and Cu-Zr electrode alloys in a
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Fig. 4 EDX area mappings of Zn, Al, Fe, Cu on tip surfaces of TiB2/ Cu electrode(a) and
CuCrZr electrode(b) in Fig. 3

Fig.5 Microphotographs of tip cross-sections of TiB2/ Cu electrodes (after 7 800 welds) (a) and
CuCrZr electrodes (after 1 800 welds) (b)
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Fig. 6 SEM microphotographs of tip cross-sections of TiB2/ Cu electrode(a) and
Cu-CrZr electrode(b) in Fig. 5

AlK,, 42

(b)

Fig. 7 Elemental distributions of Zn, Al, Fe and Cu on tip cross-sections of TiB2/ Cu electrode( a) and
Cu-CrZr electrode(b) in Fig. 6
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Table 2 Chemical compositions of
zones in Fig. 6 (mass fraction, %)

Point Al Fe Cu Zn
A 9.87 32.44 25.59 32.10
B 3.08 2.42 76. 16 18. 34
1 4.06 2.28 82.13 11.52
2 2.15 3.16 89.51 5.18

molten zinc bath, Parker et al'® have also seen a
duallayer alloy formation that consists of an outer
¥brass and an inner layer of B brass. The high
Zn content in the tip surface of the composite elec
trode( T able 2) may indicate an outer ¥brass, but
the alloying layer of the tip surface of Cu-CrZr
Fig. 6 (b) also
shows that the tip surface of the Cu-CrZr elec

electrode may indicate abrass.

trode is cracked and roughed because of the pit and
cavitly formation( Fig. 3); while that of the TiBz/
Cu electrode is smooth and crack-free (Fig. 6(a)).

especially the ¥
[3]

Cracking of the alloy layers,
brass, has been observed in previous works

4 DISCUSSION

The observation on little gross deformation at
the composite electrode tips indicates that the in-
crease in the tip diameter is caused by the wear
mechanism. During welding, chemical reaction
will occur between the electrodes and the molten
zinc coating, which will result in a series of prod-
ucts ( mainly Cu-Zn alloys). The products would
be mainly Zn-rich & and ¥brass next to the molten
zinc and lowerZn-content @ and Bbrass next to
the electrode base material. The hardness and
strength of the outer alloy layer is high because
TiB2 reinforces not only the parent copper but also
the outer alloy layer, so the brittle outer alloy lay-
er is difficult to detach from the tip surface under
repeated impact (under pressure up to 85 MPa)
and thermal cycling (thermal stress and thermal fa-
tigue, etc). The high content Zn, Al, Fe elements
of tip surface may diffuse to inner surface then
form inner alloying layer under the spot welding.
The new outer alloying layer may form when the
old outer alloy layer is worn out, but the inner lay-
er tends to stay and grow because it dose not wear.
This may explain why the outer layer is thinner
than the inner layer in Fig. 7(a) .

Compared with the composite electrodes, two
mechanisms (wear and plastic deformation) are re-
sponsible for the Cu-CrZr electrode degradation.
The tip “ mushrooming” is definitely due to the
much lower softening temperature of the CuCrZr
material (500 C versus 900 C for the composition

material )", Although it is impossible to

compare the difference in wear rate between two
electrode materials, it is thought that the large de-
formation in the Cu-CrZr electrodes will greatly
speed up the wear rate. Larger tip deformation will
promote cracking in the brittle alloying layer on
the Cu-CrZr tip surface, which in turn speeds up
the tip material loss. This may also explain why
there appears only one single layer on the Cu-CrZr
tip surface( Fig. 7(b)) since the outer alloy prod-
ucts (mainly € and ¥brass) continuously detach
away and form again, and no time is available for
the formation and, more important, growth of a
inner layer (& and Bbrass).

It is interesting to note that the final diameter
of the composite electrodes is much smaller than
that of the Cu-CrZr electrodes(Fig. 2). This is be-
lieved to be due to the pit and cavity formation on
the Cu-Cr-Zr electrodes'"” . It is known that an in-
crease in tip diameter leads to a decrease in current
density and, eventually, electrode failure. Since
the tip surfaces of the composite electrodes are rea
sonably smooth, it is assumed that the whole tip
surfaces are still able to conduct current even in the
end of welding. However, the CuCrZr tip sur
faces have many pits and cavities that will reduce
the effective current carrying area and allow the
nominal tip diameter to be larger. For example,
the current density in the end of welding is about
321 A/mm* for the composite electrodes (with a
welding current of 11 kA and a final tip diameter of
6. 6 mm, Fig.2), which is about 83% of the initial
current density. The current density at the end of
welding is about 236 A/mm® for Cu-CrZr in ap-
pearance( with a final diameter of 7. 7 mm, Fig. 2).
If assuming one quarter of the final tip surface of
the Cu-CrZr electrodes are of pits and cavities, the
actural current density will be 315 A/mm?®, which
is surprisingly close to the failure current density
for the composite electrodes.

5 CONCLUSIONS

A new electrode material, TiB: dispersion
reinforced copper matrix composite, was studied in
resistance spot welding of zinc coated steels. The
service life of the composite electrode reaches 7 700
welds, which is 4 times that of CuCr-Zr electrode
material. Little gross deformation is observed on
the composite electrodes because of the higher
thermal strength; therefore, it is believed that
wear is the only mechanism for the composite elec
both wear and

trode deterioration. However,

“mushrooming” mechanisms are responsible for
the large increase in the tip diameter of the Cu-Cr-
Zr electrodes. Moreover, the large deformation of
the Cu-CrZr electrodes may contribute to the

increased wear rate of the tips.
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