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Transient Thermal Analysis
of Spot Welding Electrodes

A parametric model was developed to predict thermal behavior of electrode cap

ABSTRACT. The accurate thermal simu-
lation of a spot welding electrode cap
could permit critical design parameters
to be identified for improved electrode
life. In this study, a parametric model has
been developed to predict the transient
thermal behavior of a typical spot weld-
ing electrode cap. The model employs
the technique of conjugate heat transfer
analysis to avoid the problem of estimat-
ing a value for the heat transfer coeffi-
cient that arises with conventional heat
transfer analysis.

Using experimental values for the
input power, the predicted maximum tip
surface temperature was 905 K. Traces of
aluminum melting at the cap/aluminum
interface are often observed in practice in
the spot welding of aluminum. Since alu-
minum alloys have melting points of
~900 K, the simulation closely predicts
the tip surface temperature.

The analysis indicated that convective
and radiant heat losses were not impor-
tant. A simple linear relationship be-
tween the maximum temperature and the
input power was found. For very short
heating times, no significant changes
were found in the maximum temperature
reached for a decrease of the coolant
flow rate from 3.79 L/min (1.00 gal/min)
to 2.24 L/min (0.75 gal/min), or for a de-
crease of the cap depth — the distance
between the tip working surface and the
cooling surface — from 9.00-6.35 mm.
The overall behavior is typical to that of
components with a slow thermal re-
sponse, but a fast heating rate.

Introduction

Electric resistance spot welding has
been used for many years in the auto-
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motive industry for joining body sheet
components, and it is particularly well-
suited for uncoated, low carbon steel.
The effectiveness of the process depends,
to a considerable extent, on electrode
cap life. Coatings on the steel and other
metals (e.g., aluminum) can reduce elec-
trode life. Many factors — thermal, elec-
trical, mechanical and metallurgical —
influence electrode cap life.

Electrode caps are subject to severe
thermal operating conditions and me-
chanical forces that are responsible for
electrode deterioration (e.g., wear, tip
contamination, tip mushrooming), which
leads to a decline in weld quality and a
reduced electrode life. The degradation
is particularly acute in spot welding gal-
vanized steel and aluminum alloys, and
the correction of such problems during
production often necessitates on-line
maintenance.

In the spot welding process, thermal
conditions at the two main interfaces —
the faying surface, which is the work-
piece/workpiece interface, and the
electrode/workpiece interface — are par-
ticularly critical. The faying surface tem-
perature affects the size and quality of the
welds. Since excessive heating at the
electrode/workpiece surface gives rise to
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cap deterioration, for a long electrode life
the temperature should be kept as low as
possible, while maintaining a higher tem-
perature at the workpiece faying sur-
faces.

Knowledge of temperature distribu-
tion in the electrode cap could be of im-
portance to improved electrode life and
for the maintenance of spot weld quality,
e.g., by suggesting changes in the elec-
trode design. Temperatures adjacent to
the tip surface have been measured (Refs.
1, 2), but because of experimental limi-
tations associated with the physical size
of the thermocouples used in the deter-
minations, the temperature values mea-
sured were not those exactly on the
surface. Since the thermal gradients near
the surface are very large (Ref. 1), the sur-
face temperatures can be determined
only by extrapolation.

Numerical methods (Refs. 3-5) have
been employed to predict cap tempera-
ture distributions. However, these mod-
els did not consider the presence of water
in the cooling chamber of the tip, and the
heat loss of the electrode to the coolant
either was estimated or determined ex-
perimentally. The object of this investiga-
tion was to determine the temperature
distribution (in particular, the maximum
tip surface temperature) without relying
upon heat loss test data.

In heat transfer analysis, the energy
equation must be coupled with the equa-
tions of continuity and motion to de-
scribe the process of heat conduction
and convection. In classical heat transfer
analysis, convection has been consid-
ered only as one type of thermal bound-
ary condition to be applied at the surface
of a conducting solid. This amounts to
decoupling the energy equation from
those of continuity and motion. In this
approach, since convection is given at
the boundary, only the energy equation
is required. However, values for the con-
vection coefficients required can vary by
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Water

Fig. 1 — Electric resistance spot welding.
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Fig. 2 — Electrode geometry.

two orders of magnitude and are very dif-
ficult to estimate, particularly for real
world situations (Ref. 6).

An alternative approach, as described
in this paper, is conjugate heat transfer
analysis, using computational fluid
dynamics software (Refs. 7, 8). In this
method, the highly nonlinear coupled
governing equations of continuity, mo-
tion and energy in fluid mechanics and
heat transfer are solved, thus permitting
the simultaneous determination of the
temperature distribution in both solid
and passing fluid. Heat transfer analysis
can be performed without any need to
know the magnitude of the convective
heat transfer coefficient.
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Fig. 3 — Finite element model.

Problem Definition

In the electric resistance spot welding
process shown in Fig. 1, electrodes [
and [ press against workpieces [1 and
. A current is then passed through these
components. Because of the electrical
contact resistance, heat will be generated
at electrode/workpiece interfaces [1 and
0 and faying surface [J. The heat at the
faying face melts the workpieces to form
a nugget, 0. To prevent melting at the
electrode/workpiece interface, water is
circulated in the cooling chamber of the
electrodes — Fig. 1. For a reduction of the
problem size in this investigation, only
one electrode was considered. This ap-
proach requires knowledge of the power
input (determined experimentally) at the
electrode/workpiece interface.

Both the ambient air and initial water
temperatures were assumed to be 20°C
(68°F). If the water does not boil, the
physical properties can be assumed to be

Table 1 — Weld Cap Geometric Parameters

Parameters Values
AN 30°
CL 22.0 mm
CR 4.8 mm
HH 6.0 mm
HS 10.0 mm
HW 6.0 mm
MN 0.6 mm
SB 6.4 mm
SH 15.0 mm
ST 6.0 mm
TD 9.0 mm
TI 1.6 mm
TO 2.4 mm
TW 3.0 mm

Table 2 — Material Properties

Electrode/
Parameters Tube Water
Density (kg/m3) 8800 998.3
Viscosity (kg/m-s) — 1.0E-3
Conductivity (W/m-K) 322 0.5996
Specific Heat (J/kg-K) 390 4182

Table 3 — Effect of Convective Heat
Transfer Coefficient (h) on Maximum Tip
Surface Temperatures

Power (kW)  h (W/m2-K) Temperature (K)
1.818 0 1213
1.818 5 1213
1.818 25 1211

temperature independent. A complete
conjugate heat transfer solution can be
performed in two separate steps: 1) a
steady-state mechanical solution assum-
ing an imposed coolant flow rate and
pressure at the inlet of the water pipe, and
2) a transient thermal solution. This ap-
proach — uncoupling the mechanical
and the thermal solutions, using the as-
sumption of temperature-independent
material properties — substantially re-
duces the computational time. The weld-
ing cycle, i.e., the time to make one spot
weld that encompasses several cycles
of alternating current, was taken as the
duration of the transient solution time.

Modeling Discussion

The truncated cone weld cap, a
typical production electrode cap, was
chosen for this study. A half-section is de-
picted in Fig. 2 and Table 1 tabulates the
corresponding dimensions. For purposes



Table 4 — Estimated Convective and Radiant Heat Losses at Steady State

Convection Radiation
Surface Temperature Length Radius Area Heat Loss Heat Loss
Number (K) (mm) (mm) (mm?2) (W) (W)
1 1018 0.35 3.12 6.86 0.12 0.41
2 957 0.69 3.47 15.04 0.25 0.71
3 855 0.87 4.16 22.74 0.32 0.68
4 651 4.85 6.24 190.15 1.70 1.86
5 549 1.73 8.67 94.24 0.60 0.45
6 549 5.20 9.19 300.26 1.92 1.42
7 446 5.03 9.19 290.45 1.11 0.53
8 446 2.60 7.80 127.42 0.49 0.23
9 344 14.21 6.41 572.31 0.73 0.22
Total 7.25 6.51

Note: For locations of surfaces in the cap, refer to Fig. 2.

of identification, the end part of the cap
marked “TW” in Fig. 2 is referred to as the
tip. The shaded region represents the
electrode tip body and water tube. The
water tube has inner (TI) and outer (TO)
radii. The water passage in the cooling
chamber has an outer radius of CR and a
total length of CL. MN represents the
clearance between the water tube and
conical base of the cooling chamber.
Other designations are self-explanatory.
Water tubes in production use have a
beveled end; however, by assuming a
squared-off end for the water tube as
shown in Fig. 2, a 2-D rather than 3-D
axisymmetrical model can be used to fur-
ther shorten the computational time.
Using the geometry described in Fig.
2, an axisymmetric parametric model
was generated with ANSYS Parametric
Design Language (Ref. 9). The model was
then “map-meshed” with FLOTRAN/
ANSYS FLUID141 quadrilateral ele-
ments — Fig. 3. Note the fine mesh near
the water/electrode interfaces and at the
exterior surface of the electrode, where
high-temperature gradients are expected.

The temperature independent material
properties of the fluid elements (water in
the cooling chamber) and the solid
(electrode and water tube) are given in
Table 2.

Two types of boundary conditions
were applied to the finite element model
as follows:

1) Mechanical or flow boundary con-
ditions — the water flow rate into the
water tube and the water pressure in the
cooling chamber. Various flow rates rang-
ing from 1.7 L/min (0.4 gal/min) to 7.3
L/min (1.9 gal/min) were used for previous
experimental investigations (Refs. 3, 4).
Although actual production flow rates
were not available at the time of this anal-
ysis, a rate of 3.79 L/min (1.00 gal/min),
which is believed to be typical of the flow
rate employed in practice, was used for
this study.

2) Thermal boundary conditions —
the free convection and radiation from
the exterior face of the electrode and
power input to the tip.

Values of the convective heat transfer
coefficients in free air varied from 5 to

25 W/m2-K (Ref. 6), with a zero value
simulating a completely insulated condi-
tion. Table 3 shows the effect of the mag-
nitude of the heat transfer coefficient on
the maximum tip surface temperature.
These values were calculated using
steady-state thermal analysis, ignoring
radiation. It appears that convection in
free air is not important; therefore, unless
otherwise noted, convection in free air
will not be considered further.

The convective heat loss from the ex-
terior surface can be found by Newton’s
Law (Ref. 6) of cooling,

Qi =hA(T; - Ty)

where h is the convective heat transfer
coefficient. (For free convection in air, h
has a maximum value of 25 W/m2-K as
mentioned above.) Q; denotes the heat
loss on surface i with area A;, T; is the
temperature on surface A; and T, is the
ambient temperature. With an ambient
temperature of 200°C (392°F) and T; ob-
tained from the temperature distribution
in the electrode, a maximum total con-
vective heat loss from the weld cap can
be estimated. Values for various surfaces
of the cap are shown in Table 4. The total
heat loss was found to be 7.25 W, which
would cause a tip surface temperature
change of less than ~2°C (~35.6°F).

The net radiant heat exchange of an
ideal black body from surface i and its
surroundings, with an absolute tempera-
ture of T,, is given by the Stefan-Boltz-
mann (Ref. 6) equation:

Ei = O'EAi [Ti4 - T04]
= 5.67*[(T; /100)* (T, /L00)].

In this equation, T; is the absolute tem-
perature of body surface i, g is a constant
with a value of 5.67* 10-8 W/m2-K, and
€ is the emissivity. For an ideal black
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Fig. 5 — Temperature histories of tip working surface and water interface

for two power input levels.
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Fig. 6 — Maximum transient temperature distribution in electrode.

body, € has a value of 1.0. Estimates of the
maximum radiant heat loss from the weld
cap are shown in Table 4. The radiant
heat loss is even less than the convective
heat loss. (Since the maximum convec-
tive heat loss contributed to a tempera-
ture change of <2°C (<35.6°F), the
radiant heat loss was not considered in
this analysis.)

This study made use of experimentally
determined values for power dissipation
at the electrode/workpiece interface in
spot welding of aluminum alloys. A typ-
ical power dissipation curve (obtained
during spot welding an aluminum alloy
with a current of 21 kA RMS for 10 cy-
cles) is shown in Fig. 4 (Ref. 10). The total
welding cycle time was 0.165 s. The
power dissipation estimation involved
measurements of both a voltage drop, V,
across the interface and a current, I.
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Ohm’s Law, V = IR,
yields the contact
resistance, R. The
power dissipation,
W, can then be cal-
culated from the
corresponding cur-
rent profile, |, and
the resistance
change, R, using
the equation W =
I2R. For one weld-
ing cycle, the total
energy  derived
from the area under
the curve was ~300
J and the average
power was ~1820
W. If the welding
test consisted of
one welding (heat-
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Fig. 7 — Temperature distribution along centerline of electrode cap at
end of weld cycle for two power input levels.
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ing) cycle and one cooling cycle, each
with an equal time duration, the average
power would have been ~910 W. To ac-
centuate the temperature difference, the
former power value was used to estimate
the maximum convective and radiant
heat loss as shown in Table 4.

The computational fluid dynamics
software FLOTRAN does not permit the
use of a ramped power waveform for
input. While a sinusoidal power input
could have been approximated by a step
waveform composed of small steps, this
would have made the computational
time extremely long. To simplify the cal-
culation, the sinusoidal power input de-
picted in Fig. 4 was replaced by a step
power input, as shown by the solid curve
in Fig. 5. For each half-cycle of alternat-
ing current (AC), the amplitude of the
stepped power was set equal to one half
of the maximum amplitude of the cor-
responding test power for that particular
ac cycle period. Thus, for each AC cycle,
the energy of the stepped power was ap-
proximately equal to that of the corre-
sponding measured power. There were
23 load steps for the transient simulation.
For the purposes of subsequent discus-
sion, this power input will be termed
“Half Amplitude Power.” An additional
simulation was performed using a power
input twice as large. This latter simulation
will be termed “Full Amplitude Power.”

Results of Simulations

The temperature changes during the
weld cycle at two locations along the line
of axisymmetry of the weld cap are
shown in Fig. 5. The maximum tip sur-
face temperature for the Half Amplitude
Power simulation, 905 K, occurred at the
first half of the last AC cycle. The tem-
perature at the cap/water interface, how-
ever, increased very slowly, and was only
309 K at the end of the heating cycle. The
maximum transient temperature distri-
bution for this current cycle is plotted in
Fig. 6.

Experimental evidence (Ref. 10) indi-
cated there were traces of melting of the
aluminum workpiece at the tip contact
area. Since aluminum alloys typically
show incipient melting at temperatures of
~900 K, the tip surface temperature in
this simulation was quite accurately pre-
dicted. Discrepancies may be attributed
to the slight underestimation of the
stepped power input and the fact that the
model did not include the heat contribu-
tion from the faying surface and Joule
heating.

At the end of the weld cycle, the max-
imum tip surface temperature increased
from 905 to 1518 K by doubling the input

]

WELD CAP: TRANSIENT INTEFILM=150.0 PL=2MM

Fig. 10 — Finite element model and temperature distribution for bulk resistive heating of weld

cap.

power amplitude
ratio from 0.5 to
1.0 — Fig. 7. How-
ever, the water tem-
perature showed
only a small in-
crease in tempera-
ture to 330 K from
that determined
previously. Tem-
perature profiles
along the axis of
the cap at the end
of the weld cycle
for both power sim-
ulations are shown
in Fig. 8. The tem-
perature gradients
near the tip surface
and also in the
cooling water near
the cap/water inter-
face (9.0 mm from
the tip surface)
were large.

A linear regres-
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sion was performed on the maximum tip
surface and water interface temperatures
attained at the end of the weld cycle. Fig-
ure 8 shows that the maximum tip tem-
perature varies linearly with the power
amplitude ratio. It is notable that this lin-
ear relationship also held at other loca-
tions along the axis of axisymmetry.
Temperature deviations between the
FLOTRAN and linear regression results
are small for the half amplitude power
input, as shown in Fig. 9. The linear rela-
tion implies that this is a conduction-
dominant thermal problem, a conclusion
supported by the insignificant convection
and radiation losses described previously.

Other parametric studies were also
performed, including changing the flow
rate from 3.79 to 2.24 L/min and chang-
ing the cap depth — TD in Fig. 2 — from
9.00 to 6.35 mm. For the same power
ratio, the differences in maximum tem-
perature caused by these changes were
insignificant, which is typical for compo-
nents with a slow thermal response but a
fast heating rate.

One limitation of the model used in
this analysis lies in the assumption of
complete contact at the electrode cap/
workpiece interface. In reality, because
of irregular surface contours of each sur-
face, actual physical contact is initially
made over a limited number of individ-
ual contact points. Consequently, very
high, but extremely local, temperatures
will be reached (Ref. 11) before any sig-
nificant temperature increase occurs in
the main bulk of the cap. This aspect of
the model is discussed below.

Resistive Heating of the Weld Cap

Results of the previous analysis indi-
cate that the water temperature is not ap-
preciably raised by one welding cycle of
heat input, although the working surface
of the electrode weld tip reaches temper-
atures sufficient to melt aluminum.
While water temperatures in the vicinity
of the fill tube were not measured directly
(generally only the exit water tempera-
ture was monitored at a point remote
from the weld cap interior), scaling on
the interior surface of the weld cap was
taken as evidence that water can boil lo-
cally during the welding operation (Ref.
12). Joule heating due to the bulk resis-
tance of the electrode could contribute to
this effect. To calculate the transient Joule
heating, a second, classical heat analysis
was performed using typical values for
the heat transfer coefficient for the ther-
mal boundary condition and the same
current input of 10 cycles, 21 kA RMS
used for the conjugate heat transfer
analysis. For comparison, two values for
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the heat transfer coefficient were taken
— 150 and 15,000 W/mZ2-K (Ref. 6).

Figure 10 shows the model, including
the resistive heating from the workpiece,
as well as heat loss from the workpiece
surface, for the case with the lowest heat
transfer coefficient. The temperature con-
tours are indicated and Fig. 11 shows the
temperature profile along the centerline
axis of the weld cap, from the weld tip in-
terface with the workpiece to the water
chamber. The maximum temperature
reached at the water/electrode interface
by the end of the weld cycle is ~35°C
(~95°F), and the calculated maximum
temperature at the same position was
only slightly lower for the case with the
highest heat transfer coefficient.

Although these two heating sources
separately do not cause the water tem-
perature to increase to the boiling point
of water, in combination it is seen that
water temperatures in excess of 100°C
(212°F) may be attained. The maximum
water temperature caused by the heat
generated at the weld tip/workpiece in-
terface is ~70°C (~158°F) combined with
the temperature increase caused by cur-
rent flow in the electrode tip body, ~35°C
(~95°F) — Fig. 5.

The observation of water boiling does
place a limitation on one of the assump-
tions used in the analysis, i.e., there was
no change of state for the coolant. How-
ever, since water boiling was predicted to
occur in only a small region, the as-
sumption appears to be plausible. The
results highlight the difficulty faced when
spot welding low-melting-point-temper-
ature metals such as aluminum, i.e., that
the electrode tip working surface rapidly
reaches temperatures of the same magni-
tude as the melting point and that con-
tamination of the tip by alloying will
quickly occur.

Conclusions

A parametric model that uses conju-
gate heat analysis and does not require
heat transfer coefficients was developed
to predict the transient thermal behavior
of spot welding electrodes. The analysis
indicated that convective and radiant
heat losses were not important. Maxi-
mum tip surface temperatures of the
same magnitude as the melting point of
aluminum alloys were calculated. The
rapid temperature development at the
working surface of the electrode high-
lights the difficulties to be expected in de-
signing electrode tips for spot welding
metals with low melting points, since tip
surface temperatures approaching the
melting point of the material being spot
welded are rapidly attained. The water

temperature increased ~70°C (~158°F)
due to the interface resistance heating
and ~35°C due to the bulk resistance
heating in one weld cycle. The bulk re-
sistance heating increased the cap tip
temperature by ~127°C (~260.6°F).

A simple linear relationship between
the temperature and the input power
amplitude ratio was found, indicating a
conduction dominant heat transfer
problem. No significant temperature
changes were found for a decrease of
water flow rate from 3.79 to 2.24 L/min,
or a decrease of the cap depth from 9.00
to 6.35 mm. This lack of change may be
attributed to a slow thermal response of
the electrode for a fast heating rate.
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