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Abstract

Resistance Welding (RW) has been known for about a century and
in common use for much of that time. Much knowledge has been
accumulated concerning many aspects of the process. However,
upon examining contemporary RW handbooks, a few subjects that
have been "overlooked" were found. Usually, this oversight will not
be important; however, when the RW process is being applied at its
limits, these factors may become critical. In this paper we will
discuss such "overlooked" factors as the Peltier and Thomson
effects, and the dynamics of welding head motions and how they are
affected by the current pulse. Examples taken from sheet metal and
microwelding applications will be given as examples.

Introduction

Resistance Welding (RW) has been practiced for over one hundred
years since its invention by Elihu Thomson. In that period, RW
has developed into a major industrial process, and a considerable
body of knowledge about many aspects of the process has
developed. However, despite RW's being one of the most
commonplace welding processes, and in many ways one of the
simplest, a number of aspects are neglected in standard references
on the process, such as the AWS Welding Handbook(l) and the
RWMA Resistance Welding Handbook(2).

In this work, two of these aspects will be discussed. The first
relates to the fact that not all of the heating in resistance welding is
generated by resistance heating. In at least one important class of
welds, a significant portion of heat is controlled by thermoelectric
effects, also known as the Peltier and Thomson effects, rather than
the more familiar Joule (I2R) effect.

The second neglected fundamental deals with the requirements for
assuring good electrode "follow" behavior. Normally, the
recommended design to achieve good follow behavior involves the
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use of "low inertia" welding heads. In reality, because a resistance
welding head acts like a sprung mass, much like an automobile
suspension system, a more complicated specification involving
damping is necessary. An appropriate analogy would be driving a
high performance sportscar on a bumpy road with its shock
absorbers (dampers) removed.

Relative Contributions of the Joule. Peltier, and Thomson Effects

Because of their common use in industry, thermocouples and the
thermocouple (or Seebeck) effect are relatively well known. In this
phenomenon, a difference in temperature between the ends of a
bimetallic pair of conductors connected in an electric circuit causes
an electric potential difference to occur. Less well known is the
inverse effect, the Peltier effect, where a current flow through a
bimetallic junction causes energy to be absorbed or released at that
junction. The Thomson effect (named after William Thomson, Lord

Kelvin, not Elihu Thomson) is similar, but instead acts in a single
conductor, and refers to heat absorbed or released when electric
current flows through a conductor which contains a temperature
gradient. The explanation of these effects lies in the conservation of
energy and how the energy levels of conduction electrons vary with
location (when crossing a bimetallic interface) and temperature.

An easily understood analogy for the Peltier effect lies in the energy
of a canoe going over a river rapids, or a salmon struggling
upstream to spawn. Think of the river levels as corresponding to
the differing conduction electron energy levels of the two materials
joined at the "rapids". As the canoe or salmon (a conduction
electron) changes levels, it also gains or loses potential energy.
Since the kinetic energy of'the electron is essentially constant, and
governed by the (current) flow, the potential energy gained or lost is
converted into a thermal effect. Mathematically(3), the Peltier effect
heat is expressed by:

dQp/dt = -Nnabj



where dQp/dt is the rate of heat released (i.e. the thermal power) per
unit area due to current flow from material a to material b, Ilab is the
Peltier coefficient, and J is the current density. Note that unlike the
Joule heating effect, given by:

dQi/dt = 12p

where dQj/dt is the power produced per unit volume by current
flowing through a conductor of resistivity p, in the Peltier effect the
value of current density is not squared, and hence the heat effect can
be either positive (release) or negative (absorption), and further,
reverses sign as the current flow direction reverses. This is the
explanation why direct current resistance welds are sometimes
polarity sensitive(4). It also offers an explanation as to why one
electrode usually wears faster than its nominally identical
counterelectrode.

The Peltier coefficient is related to the Seebeck coefficient (the
proportionality constant Sab = dV/dT which relates output voltage to
hot vs cold junction temperature difference for a thermocouple of
materials a & b) by:

nab — TSab

Hence the Peltier effect tends to be more important at higher
temperatures. Finally, while the Peltier coefficient for a bimetal pair
is governed by both members of the junction, data is compiled for
individual materials. The paired material coefficient is obtained by
subtracting values of the individual material coefficients:

Aab = Sh - Sa

Data is available(3) for pure materials, thermocouple materials, and
other materials where the thermoelectric coefficients have been used
to measure solid state phenomena (dilute magnetic alloys).
Unfortunately, thermoelectric data is not available for many
commonly resistance welded materials such as aluminum alloys and
stainless steels.

The Thomson effect is governed by:
dQx/dt = -pJ-VT

where dQT/dt is the rate of heat released per unit volume, [i is the
Thomson coefficient, J is the current density (a vector) and VT is
the temperature gradient (also a vector). Absorption of heat (dQT/dt
negative) occurs if the current flow and thermal gradient vectors are
parallel and [i is positive. Of the three thermoelectric effect
coefficients, the Thomson coefficient is the only one which can be
measured directly for a single material. The three thermoelectric
coefficients can be shown to be interrelated by:

i=TdS/dT and H=TS



where T is the absolute temperature. Note that these relationships of
the Thomson coefficient to the other thermoelectric coefficients,
(which really are only measureable in pairs), allow values of S and
II for single materials to be tabulated without arbitrarily defining one
material to be of zero potential.

Given these three effects, what are their relative contributions for
typical resistance welding scenarios? Because the Peltier effect is
two dimensional and the Joule and Thomson effects are three
dimensional, it is difficult to compare all three directly. It is
possible to compare the Joule and Thomson effects, as they can be
combined into a single equation relating rate of heat production per
unit volume to current:

dQ/dt=pJ2-pJ VT
or alternatively:
dQ/dt = J(pJ - pVT)

Typical values of p range from ~1 to -100 pGem for metals(5),
with Cu at room temperature having a value of 1.6 and Fe at 1000°C
a value of 110 (data beyond 1000°C is hard to obtain). With typical
welding currents, J has values in the range of 10-100
kAmps/cm2(6), and the product pJ would then tend to range
between 0.01-10 V/cm. Likewise, the absolute value of p typically
ranges from about 1.5 to 35 pV/°K, while VT ranges from 0 to
about 50,000 °K/cm, and the product can vary from zero to -1.5
V/em. Comparing the relative sizes of these two products, it is seen
that under certain circumstances the Joule heating can overwhelm the
Thomson heating (or cooling), while in others the two can be
comparable in magnitude. Since p and p are both of approximately
the same magnitude for common metals, whether the current
density or the thermal gradient is larger will determine which effect
predominates (at least when using V-A-Q-cm-K units). Another
important consideration is that both effects cause voltage drops,
which need to be isolated when trying to measure apparent
resistance across a weld. In symmetrical geometries with
differential measurements the Thomson effect voltage should cancel;
however, the Peltier effect may cause assymetrical thermal gradients
in apparently symmetrical geometries.

To compare the Joule and Peltier effects, it is necessary to realize
that the Peltier heat is not a function of the volume of the material
that the current is flowing through. That is, if a given current
density flows through two sheets of steel, one of which is 10 cm
thick, and the other | cm, the Joule heat released will be 10 times as
great in the former. On the other hand, if the two sheets are
different materials, and a Peltier effect occurs, it will be the same no
matter how thick the materials are. Thus a good comparison
between Joule and Peltier heating is to find the thickness of materials
needed to release the same amount of energy via either mechanism.
This is expressed by the equality:

[ dQp/dt (in J/cm2-sec) 1= dQj/dt (in J/cm3-sec) Az



where Az is the overall couple thickness in cm, or alternatively:

-0 T 1= J2(paAza + pbAzb) = J2(pa+ pb)Az/2

where the subscripts refer to the two materials in the couple (each of
equal thickness), and thus:

nab = J(pa+ Pb)Az/2
and finally:
Az =2r1dh / [J(Pa+ Pb)]

Picking an Fe/Cu couple at 0 and 1000°C, the appropriate constants
and calculated Az values are compiled in Table L.

Table I Resistivities, Peltier Coefficients and Calculated Equivalent
Joule Heat Thickness for Fe/Cu Couple.

Temperature 0°C 1000°
Coefficient
P H Az P n Az
j1Qcm \% (cm)
Metal (lQcm)  (pV)
Fe 8.59 3,986 112 -8,020
Cu 1.56 467 9.3 8,990
J (A/cm2)
10,000 0.070 0.028
100,000 0.007 0.0028

Table II Resistivities, Peltier Coefficients and Calculated
Equivalent Joule Heat Thickness for Ni/Mo Couple.

Temperature 0°C 1000°

Coefficient
Az P n Az

P n
Metal ((iQern)  (pV)  (em)



Ni 6.4 -4,870 48.1 -48,100

Mo 4.6 1,256 16.1 20,500

J (A/em2)

10,000 0.112 0.214
100,000 0.011 0.021

It is seen that while the thicknesses calculated are small, they are
non-negligible. Also, the thickness is inversely proportional to
current density. For the example chosen, it appears that the effect
decreases at elevated temperatures; this is not necessarily always the
case. Forexample, ifa Ni/Mo couple is chosen, both of which have
relatively large (and opposite sign) Peltier coefficients, the
appropriate constants and calculated Az values are compiled in Table
II. At 1000°C the Peltier heat for this couple is about twice as
important as at 0°C. Again, note that the Peltier effect coefficient has
units of a voltage, and it too can lead to measurement errors in non-
symmetrical situations.

To combine all three effects, two different situations will be
examined, one typical of an industrial sheet metal type weld (though
we'll assume a DC power supply, rather than the more typical AC)
and one typical of an electrical interconnection. For the sheet metal
application we'll assume that two sheets of 1mm thick low carbon
steel are being joined, and for the electrical application we'll assume
that a O.Imm Ni ribbon is being joined to a 3mm diameter by 4mm
high Mo terminal pin (typical of long life Li-containing D-size
battery).

Case I (automotive”

The RWMA recommended practiced) suggests an electrode contact
spot 0f 0.25 inch (0.635 cm) diameter, 10 cycles of weld current of
9,500 Amps, using RWMA Class 2 electrodes and 500 lbs (2,200
N) electrode force. This corresponds to a current density of 30,000
Amps/cm2. There is no data for the thermoelectric coefficients of
Class 2 electrode material, so we will use data for pure Cu.
Similarly, we shall use data for pure Fe instead of low carbon steel.
In the table below, values of heat generation are calculated for
volumes of | cm? cross-section of the appropriate length. Only the
left half of the weld geometry is shown. The right half should be
symmetric for the Joule effect, and anti-symmetric for the Peltier and
Thomson effects. We will assume temperature distributions and
make calculations of heat effects at three points in time during the
weld. At the beginning of the weld the initial temperature is uniform
at 0°C. At the start of melting, a linear temperature distribution
exists between the central temperature at 1500 °C and the
electrode/material interface at 200°C. This then reduces linearly to



0°C in the electrode material over a distance of 6.35 mm. At the end
of current flow, the melting isotherm is located 3/4 of the part
thickness from the centerline (the fusion zone is considered to be
isothermal at 1500°C), the electrode/material interface is at 400°C,
and a linear temperature gradient exists between these points. The
electrode material is again assumed to cool linearly with distance to
0°C over 6.35 mm. These scenarios are illustrated in Figure 1; the
temperatures chosen at the electrode/part interface correspond to
available data(7). Positive current is assumed to flow from left to
right. A negative sign implies heat is absorbed; positive that heat is
generated. The actual values used for the Thomson and Joule
coefficients are averages over the temperature ranges applicable. If
the coefficient was not well-behaved (i.e. not continuous), an
interval over which an average value was computed is noted.
Wherever a calculation temperature exceeds 1000°C it has been
extrapolated by curve fitting (except for the resistivity of Fe).

Note that the signs of all Peltier and Thomson terms are reversed on
the other side of'the center line (CL) and that there is no Peltier effect
at the Fe/Fe interface. Also note that because of the non-monotonic
temperature dependence ofthe Peltier and Thomson coefficients of
Fe, the Peltier and Thomson heat effects behave in a complex
manner with temperature. Observing the results in Table III, it is
clear that the Joule effect is quite dominant under all conditions, with
the thermoelectric effects never consituting more than a relatively
small fraction of'the overall heat production. From the viewpoint of
efficiency, it is interesting to note that at the beginning of the weld
more heat is generated in the electrodes than in the weldment!

Case II (battery terminal)

Experiments in our laboratory designed to develop a weld schedule
for this connection suggest that a current of 1800 Amps through an
electrode contact spot 2 mm in diameter (-60,000 Amp/cm?2) for a
time period of 20 ms will yield successful welds. A Mo electrode
(negative polarity) contacts the Ni ribbon, and a Cu alloy electrode
contacts the Mo pin. 50 N of'electrode force are used. Because the
weld geometry is not symmetrical, we show the entire geometrical
sequence in Table IV. Again, the values of power are calculated per
cm? cross-section of appropriate length with temperatures assumed
as follows. Initially a uniform temperature of 0°C exists; at the start
ofmelting the Ni/Mo weld interface is at 1450°C, while the Mo/Ni
electrode interface is at 1000°C and the Mo/Cu weld interface is at



Electrode (Cu) Electrode (Cu)
6.25 mm long 6.25 mm long

Fe (2 \ 1 mm thick)

Figure 1: Case I geometry and thermal profiles.

Electrode Mo Electrode
(MO) 5 nun (4 mm tthk) (Cu) 5 mm

Ni (0.1 mm thick)



Figure 2: Case Il geometry and thermal profiles.

425°C (the electrodes linearly cool to 0°C over a distance of 5 mm).
At the end of current flow melting has propagated from the Ni/Mo
interface into the Ni ribbon to a distance of 0.075 mm, the Mo/Ni
electrode interface is at 1300°C, and the Mo/Cu electrode remains at
425°C. Interpolations between the points given are linear (see Figure
2), and the values calculated refer to averaged coefficients over the
temperature ranges where gradients exist. Wherever a calculation
temperature exceeds 1000°C it has been extrapolated by curve fitting
(except for the resistivity of Mo). These simplified assumptions are
based upon some finite difference calculations”), which were
qualitatively verified by metallography. In comparison with Case 1,
these results are quite different. First, in contrast to the

Table III Calculated Relative Powers of Thermoelectric and Joule
Effects for Case 1.

Effect: Time: Location: CL
Cu Interface Fe
Electrode
solid liquid

Joule begin 890 J/s 770 -

Ist 960 3800 0

melt

end 1670 1710 7500
Peltier begin -105

Ist -34

melt

end 157

Thomson begin 0 0 -



(577-910)

(910-1500)

(577-910)

(910-1500)

automotive case, where the electrodes were generally much better
conductors than the weldment, here one of the electrodes dissipates
nearly as much heat as the Mo terminal. This isn't surprising, as it
is the same material, sees about the same temperature range, and is
about the same length. The data in Table IV are not normalized for
length (only cross section) so the large thickness disparity between
the electrodes and terminal pin versus the Ni ribbon (5 mm, 4 mm,
and 0.1mm, respectively) makes it hard to see that the Peltier and
Thomson effects are really quite significant in this case. Dividing
the electrode entries by 50, and the terminal pin entries by 40 does
this, allowing the heating contributions to be compared on an
equivolume basis. Such a comparison is fair only at the beginning,
because otherwise the resistivity change with temperature is not
correctly factored in. The resistivity values used to calculate the
electrode and terminal entries in Table IV were averaged over the
temperature intervals shown in Figure 2, while the temperatures at
the Ni/Mo and Mo/Ni interfaces are much higher, and hence the
resistivity used to calculate the Joule effect heating should be
higher. For the case of Mo, the resistivity changes by about an
order of magnitude between 0 and 1450°C. A reasonable
comparison for the 1st melt and end values can then be made by
multiplying the "begin" value by the resistivity change with
temperature divided by the thickness disparity, 10x/50x (or 10x/40x
for the terminal) to see the Mo Joule heating effect at temperatures
near the melting point of Ni. For example, at the end of the weld, it
is calculated that about 1850 J/sec of heat are being supplied by
Joule heating in a 0.1mm thickness of the Mo electrode and terminal
on either side of the Ni ribbon. The Ni ribbon itself is providing
about 2180 J/sec. The Peltier effect is providing 6400 J/sec of heat
at the ribbon/terminal interface, and 5600 J/sec of cooling at the
electrode/ribbon interface. Itis clear that this will have a substantial
effect on the thermal balance. The Thomson effect is also significant
compared to Joule heating before the thermal gradients in the Ni
ribbon begin to diminish.

Effect of the Interfacial Resistance

The interfacial resistance must also be considered to complete the
analysis. Data from (6) suggests that the surface contact resistivity



for Cu alloy vs mild steel at room temperature is on the order of
1.25 x 10"4 ohm/in2, (or 7.7 x 104 ohm/cm2). This suggests that
the initial heating rate at the surface (per cm2) for Case I is of the
order of 700,000 J/sec! This resistance would correspond to that of
an Fe bar of | cm2 area nearly 90 cm long. Clearly, this rate cannot
be sustained for long, as the surface asperities which constrict the
current and are the main cause of surface resistivity will rapidly heat
and collapse, causing the surface resistivity to drop to a small value.
Nevertheless, it is clear that the early stages of heating are
overwhelmingly controlled by surface resistance. The Ni-to-Mo
weld finite difference calculations mentioned earlier which
incorporated the Joule and Peltier effects also incorporated a surface
resistivity term. These results, plotted in Figure 3, clearly
demonstrate the importance of both the surface resistance and the
Peltier effect. Temperature dependent physical properties were
used, except the Seebeck coeffient (which controls the Peltier
coefficient) was held constant at an average value. Additionally, the
surface resistivity (chosen as 100 (iQ/cm2) was set to zero when the
interface warmed to half the homologous melting point. The
calculated interfacial temperatures (both weld and electrode) show
clearly that the initial temperature rise is independent of the polarity
chosen, but that subsequent to reaching the melting temperature, the

Ni melting pt

1000 -

WI +
WI-

EI +
EI-
Current

+ 0| B3

Time (ms)

Figure 3: Calculated temperatures at weld interface (WI) and
electrode interfaces (El) for geometry shown in Figure 2 as a
function of Mo electrode polarity.

Peltier effect becomes evident. We found that after the initial
transient, the weld interface temperture for the wrong choice of
polarity was less than the electrode interface temperature!

Dynamics of Resistance Weld Heads

In the introduction, we asserted via an automotive analogy that low
inertia is an insufficient design requirement for acceptable follow in



resistance weld head design. Figure 4 is a simplified schematic of
an hypothetical resistance welding head, showing the various
masses, springs and bearings. For complex real systems analytical
calculation of the motion of a given point or points is a complex and
time consuming procedure, even using available powerful finite
element analysis programs. Indeed, sometimes the best procedure is
to perform an experimental modal analysis, and use the results to
understand the various motions possible, their resonant frequencies,
and their relative importance. This procedure, while involved, is
greatly facilitated by the computerized analysis and modelling
procedures now available to vibration specialists. Certainly, when
the resistance welders commonly used in industry were developed,
these procedures were far less common, and it is possible that modal
analyses made on small welding heads in our laboratory are some of
the first performed. However, by examining the dynamic behavior
of a simple linear single degree of freedom spring-mass-damper
system, we can gain considerable insight into the behavior of more
complex

Slide assembly which translates footpedal force to
welding force via spring; mass, beam, half of two
friction couples through bearings (with main frame and
upper electrode holder).

Spring (also has mass)

Upper electrode holder &
electrode; cantilever
mounted beam (and mass)
on slider which is half of
friction couple with slide

Main frame of
weld head;
beam and mass;
half of friction
couple through
bearings

Lower electrode holder &
electrode; cantilever mounted

beam (and mass) on main
frame.

~To footpedal for applying load

Figure 4: Schematic of'typical small resistance weld head



systems. The mathematical analysis of such a system is well-
developed and tractable, yet exhibits much of the character of the
behavior of more complex systems. It is often observed that in
multiple degree of freedom systems, the lowest order modes are
dominant.

There are two important regimes in vibration analysis: forced and
free. Forced vibration refers to a regime where the system is driven
by a periodic external force. Ifthe periodic force is sinusoidal this is
referred to as harmonic motion. An AC type welder, where current
pulses occur at periodic intervals, would exemplify this regime. Free
vibration refers to a situation where the system is given some initial
stimulus to which it responds. A capacitive discharge or DC welder
is more characteristic of this type. Referring to the simple single
degree of freedom system, the simplest type of free vibration to
analyze is one where the system is removed from equilibrium (by
stretching or compressing the spring) and then released. The
solution of Newton's second law of motion in the form:

m: (d2x/dt2) +b (dx/dt)+ k' x=0

where m = mass, b = damping coefficient, k = spring constant,

and subject to the appropriate boundary conditions, will decribe how
the system evolves with time. Many elementary texts on differential
equations, for example (9), use this as an introductory example of
Laplace transformation solution methods. The behavior of the
system under conditions of no damping, critical damping, and
overdamping are shown in Figure 5. While the rate of return to the
equilibrium condition is fastest for the no damping case, it is clearly
unacceptable because of oscillation. This oscillation takes place at
the so-called natural frequency of the system, which is given by:

fa = (1/27¢) + (k/m) °5

—Critically damped

Figure 5: Free response of system with variable damping. Upper
curve is over damped, oscillatory curve is underdamped.



For cases where less than a critical amount of damping takes place,
oscillatory behavior still takes place, but the system eventually
returns to equilibrium, and the damped natural frequency is slightly
modified by the damping term:

fd = fn<1-C2)05

where £ = b /(2[km]°-5). It can be shown that the logarithm of the
ratio of sucessive amplitudes (the so-called logarithmic decrement;
8 = logl0 (AxJ/AXJ), where Axi is the peak displacement from
equilibrium for swing "i" in a given direction) can be used to
conveniently measure the damping in a system via the equation:

5 =logll (Axi/Axitl) = 27t" / [(K2)0'5]
which simplifies to 8 = 2K( for £ ~ 0.3 or less.

When the critical amount of damping is present (£ = 1), oscillatory
motion ceases, the system returns to equilibrium in the shortest
period of time, and the natural frequency concept becomes useless.
Higher values of damping merely slow the return to equilibrium
down. Measurement of a typical small resistance welding head in
our laboratory gave a value of £ ~ 0.05.

The next most complex step involves shocking a system initially at
equilibrium. If the shock involves applying a step function force
(F0) it may be shown (10) that the system responds as shown in

Figure 6. This situation is very close to what happens in a
resistance welder, except that the force applied by the thermal
expansion of the sample is not a square wave, and it decays to zero
after some period of time. The ordinate of Figure 5 is expressed in
multiples of the equilibrium static displacement that the step force
would produce. For insufficient damping, the dynamic response is
nearly twice the static displacement which should result. Another
important method of displaying the resulting displacement of a
system which has been shocked is the response spectrum curve.
This shows the maximum displacement which will occur sometime
during the response of an undamped single degree of freedom
system (though it does not show actual displacement versus time) as



Figure 6: Time response of system to step function load F0 applied
at time zero. C(in is 2jt fn.

the time of application of the shock varies with respect to the natural
period (inverse of the natural frequency) of the system. The
response spectrum diagram of a half cycle sinusoid is shown in
Figure 7. It is clear that in order to respond in an accurate manner
(i.e. near the static response value or ordinate = 1) one must choose
a value of t/xn > 2.3. The value where t/xn = 1/3 apparently gives
the correct response magnitude, but it is delayed in time, with the
response being achieved long after the shock is over. The
implication of these diagrams (an excellent compilation is given in
(11) along with actual time response curves) is that the time of
application of the shock must be long with comparison to the natural
period of response of the system. Furthermore, gentler shocks are
more accurately followed, and the effect of damping is generally
positive in controlling the overshoot of the system (as long as it is
not excessive).

Figure 7:  Response spectrum diagram to haversine force input
(shown inset), x is the natural period of the system.



It has been known for many years in the field of camshaft design
that the third derivative of displacement (sometimes called the "jerk™)
must be controlled(12) in order to have a positionally accurate

motion control not prone to excessive vibration. (By making the
assumptions of uniform I2R heating and R linearly increasing with
temperature it is possible to relate expansion vs time to current vs
time; from which it can be shown that the initial third derivative of
the displacement is proportional to the square of'the slope of current
vs time). Also important is a cam ramp time which is long in
comparison to the natural period of the cam follower mechanism,
and a cam that is stiff enough to resist the force applied to it by the
follower. Poor dynamic design of a cam and follower can lead to
follower "jumping" or loss of control, even when the spring loaded
follower should be able to accelerate fast enough to follow the
nominal acceleration profile of the cam. One other desirable feature
is that enough damping must be present to damp out any vibrations
generated before the system has to actuate again (i.e. during the
"dwell" time when the cam is not actively controlling the motion of
the follower). Returning to resistance welding, capacitive discharge
type power supplies provide a very difficult shock load for a
mechanical system to follow. From measurements made on our
typical small welding head, the compliance and mass of the upper
arm and its mounting slide result in a calculated natural frequency of
only 25 Hz. However, this assumes that the slide carrying the upper
electrode can actually move during the period of the weld. If one
assumes a cantilever mount (i.e. the slide mount essentially remains
motionless during the force application period), and relies on the
elastic deflection of the electrode arm to follow the part expansion,
then the natural frequency calculated from beam theory(10) is about
2.5 kHz. For a load application period of a few (1 to 5)
milliseconds, this gives a ratio of t/xn of (0.00lto 0.005) / (1/2,500)
= 2.5 to 12.5 which is excellent. Excellent, that is, for a gentle half
sinusoid load profile (or the even gentler classical cycloidal motion
typical of camshafts). However, the deflection which must be
accomodated by elastic bending of the electrode holder will cause the
opposed electrodes to lose parallelism (like a rocker type head,
which the slide type head was supposed to improve upon), and
hence promote spatter because of non-uniform loading of the
pressurized molten zone.

Even though forced vibrations have not been discussed, it is clear
that for AC type power supplies, the natural mechanical response
frequency of the system must not be too near twice the power
frequency or any of its harmonics if a resonance situation is to be
avoided. It is unfortunate that SCR's do not chop the tails off of
sinsoidal current pulses rather than the beginnings, as chopped AC
current pulses are clearly not a gentle load to follow. Fortunately
each one is a relatively small contribution to the overall heat input.

To summarize, it is recommended that Resistance welder power
supply and head designers should take a page from the book of
camshaft designers. They should attempt to better tailor the
electrical pulse (and the expansion resulting) to the capabilities of the
mechanical system which must control it. Additionally, the effect of



damping on the mechanical response of a resistance weld head needs
to be further investigated if our initial measurements of it are
indicative of general practice.

Summary

In this work certain important but often overlooked aspects of
resistance welding have been discussed. Joule heating due to both
both surface and volume resistivities has been compared to Peltier
and Thomson heat effects for two different situations. In one case
the Joule effect is predominant, and in the other the Peltier effect has
an important effect on heat generation. This has served to illustrate
under what conditions the thermoelectric effects need to be
considered. Concepts of dynamic response of mechanical systems
to shocks and mechanical design procedures more commonly
applied to camshafts have been applied to resistance welding heads.
These illustrate that low inertia design by itself is not enough to
provide good follow behavior. Additional requirements for
damping and tailoring the impulse by controlling the current vs time
behavior have been highlighted.
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Table IV  Calculated Relative Powers of Thermoelectric and Joule Effects for Case 11

Location
Interface Weld Interface
Interface
Mo Ni Mo
Electrode solid liquid
9,300 J/s 230 - 7,400
33,000 2,000 43,000
41,000 530 1,650 43,000
-370 370 -47
-4,100 6,400 -450
-5,600 6,400 -450
0 0 - 0
400 -780 ¢ -370
(0<T<760) (425<T<760)
-90 1360

(760<T<1000) (760<T<1450)

Cu
Electrode

2,800

5,600

5,600



end

400
(0<T<760)
-520
(760<T<1300)

-220

-370
(425<T<760)
1360
(760<T<1450)

-70



