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Abstract

Since electrode force is an important process parameter in small-scale resistance spot welding (SSRSW), its effects on the electrical,
thermal and mechanical behavior of the welding process when using direct current have been studied numerically in the present paper
using the finite element method. The variations of contact radius, current density distribution and temperature profile at the sheet/sheet
(S/S) and electrode/sheet (E/S) interfaces, the threshold weld times and the maximum diameters of the weld nuggets under three different
levels of electrode force are investigated. The calculated results show that increasing electrode force will increase the contact radius at the
contact interfaces and decrease the welding current density, and hence delay nugget initiation and growth. Increasing electrode force also
decreases the cooling rate at the nugget center after the welding current is turned off.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction on the process in SSRSW. However, detailed studies are re-
quired to better understand the effects of electrode force in
Small-scale resistance spot welding (SSRSW) is one of SSRSW.
the micro-joining processes, in which a weld is formed be- It is well known that resistance spot welding (RSW) is
tween two workpieces through the localized melting and co- a complex process in which coupled interactions exist be-
alescence of a small volume of the material(s) due to the tween electrical, thermal, mechanical, and even metallur-
resistance heating caused by the passage of an electric cumgical phenomena. Because of this complexity, it is very
rent[1,2]. SSRSW has been employed increasingly in the difficulty to obtain insightful information of welding pro-
fabrication of electronic components and devices to join cess through even the most ambitious experiments alone.
thin sheet metals of thickness less than 0.2—0.5 mm; how-On the other hand, numerical modeling provides a power-
ever, despite the ever-increasing application, there is lim- ful tool in studying these interactions. In fact, this is the
ited research work in this area. In comparison, extensive reason that, over the recent years, much development work
studies have been carried out on the “large-scale” resistancehas been carried out on the numerical modeling of LSRSW,
spot welding (LSRSW) of sheet metals thicker than 0.5 mm in which more and more details in RSW have been taken
[3]. into account in the computatiofis—11]. However, little nu-
Recent studies on SSRSW have indicated that it is anmerical work has been published for SSRSW in the open
unacceptable practice to “scale down” the welding proce- literature.
dures suggested for LSRSW in order to select process pa- An incrementally coupled electrical-thermal-mechanical
rameters for SSRSW since many differences existing be- algorithm has been developed recently to simulate SSRSW
tween SSRSW and LSRS\W—-6]. Both experimental and  using the finite element methdd]. The predicted nugget
numerical work has demonstrated the large difference in diameter in the SSRSW of mild steel using this finite ele-
electrode force is the fundamental reason for the other differ- ment model compares well with experimental results. This
ences between LSRSW and SSR$W6] and the relatively numerical model is also employed to study the differences
small electrode force applied has a much larger influence between SSRSW and LSRSW. The variations of contact
radius, welding current density, and temperature profile at
the sheet/sheet (S/S) interfaces are investigated and com-
* Corresponding author. pared between these two processes. The computational
E-mail address: bhchang@mail.tsinghua.edu.cn (B.H. Chang). results show that the difference in electrode force is the
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essential reason for the other differences between LSRSWand is continually applied for a short period after the current
and SSRSW. Compared to LSRSW, the much lower elec- is turned off. Unlike LSRSW, no water is used to cool the
trode force applied in SSRSW results in a relatively small electrodes because of the limited electrode dimensions in
contact area and hence a much higher welding current den-SSRSW.

sity, which in turn leads to a faster heating rate and higher Stepped electrodes (Class IlI) with a flat tip sur-
temperature at the S/S interface. A small contact area alsoface of 3.2mm diameter and mild steel (AISI 1008) of
results in a relatively small nugget size in SSRSW, which 0.2mm thickness are assumed in the computations. The
is only about 30—-40% of the electrode tip diameter. In con- temperature-dependent electrical, thermal and mechanical
trast, the nugget diameter in LSRSW is comparable to the property parameters of the electrodes and workpieces are
electrode tip diameter. In this work, the previously devel- from Ref.[8]. Computations were conducted at three levels
oped finite element model will be used to further study the of electrode force (50, 100 and 150 N), with a direct current
effects of electrode force in the SSRSW process. (DC) input of 1.0 kA.

2.2. Contact resistance model
2. Numerical modeling

As is well known, the resistance includes two bulk resis-

2.1. Physical model tances of the electrodes, two bulk resistances of the work-
o . . pieces, two contact resistances at the E/S interfaces and one
The set-up for SSRSW in this work is shown fig. 1 contact resistance at the S/S interface. Both the electrodes

During the welding, an electrode force is applied to achieve and the sheet material have well-defined values of electrical
good contact at the electrode/sheet (E/S) and S/S interfacesresistivity together with other material properties. However,
Then, an electric current passes through top and bottomthe contact resistances at the interfaces are not well defined.

electrodes and heats the workpieces by Joule heating: Several models have been developed to deal with the contact
0 = IRt ) resistancg8—11], but almost all of the approaches involve

a great deal of trial-and-error. To eliminate the uncertainty
where Q is the heat generation, the welding currentR caused by the trial-and-error methods, a fundamental-based

the resistance, antithe duration of current (weld time).  contact resistance model proposed by Li efi#] is used in
When the temperature at the S/S interface reaches the meltthe present computations (see R6f.for details on how this

ing point of the material, a molten nugget begins to form and contact resistance model is adopted in modeling SSRSW).
grow. When the welding current is turned off, this molten  In this contact resistance model, the contact resistances
nugget will solidify to form a spot weld that joins the work- ~are derived from the work of Kohlraus¢h?2], in which a
pieces together. The electrode force is maintained during relationship was developed between the voltage drop across

the whole process to ensure the electric current continuity, @ metallic contact interface and its resistance. According to
the model, the voltage drop across the contact interface can

be estimated by the following equation:

ctmum'rﬂ FORCE V2= 4L(T52 — Toz) (2

*Z whereV is the voltage drop across the contact interface, and
i Ts and T are the contact supertemperature and the bulk
i temperature at the interface, respectivélyis the Lorentz

i constant with a value of about®x 108 (V/°C)? for iron

i [13]. In the present computationg at the S/S interface is
!

!
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specified to be the solidus of mild steel (15@), and that
at E/S to be the melting point of the electrodes (108%
From EqQ. (2) one can obtain the voltage drop across
e the interface at any bulk temperatur@p) below Ts.

R Based on this temperature-dependant voltage drop, the
temperature-dependant contact resistance of the interface
can be calculated by dividing by the welding current. Fur-
thermore, the contact resistance value can be converted to
an equivalent electrical resistivity using the geometrical
information of the contact elements at the interfaces. For a
temperature of abovEs, the contact resistance disappears,
and the electric resistivity values of the mild steel sheets

Fig. 1. Schematic set-up for RSW. are used for the contact elements.
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Fig. 2. Upper-half of the finite element mesh used in the computations. 25+

2.3. Finite element model 20
In the numerical model, an initial mechanical status (con-
tact area, stress and strain distribution, etc.) is first calcu-
lated. An electrical-thermal analysis is then used to calculate
the Joule heating and temperature development at a small
time increment. The temperature field calculated is then im-
posed into a thermal-mechanical analysis to calculate a new
mechanical status that is updated in the electrical-thermal
analysis to account for the variations of actual contact ar- 05— . , , ,
eas. This procedure continues until the welding process is 0 10 20 30 40 50 60
completed. Time, ms
. B(_acause of the axisymmetry of the ,We'd'”g set-up shown Fig. 3. Variations of contact radius at the: (a) S/S and (b) E/S interfaces
in Fig. 1, only one half of the model is considerdeg. 2 under different electrode forces.
shows the upper-half of the two-dimensional finite ele-
ment meshes used in the computations. Three types of
elements are used: a thermoelectric solid element for the
thermal—electrical analysis; an isoparametric solid element 3. Results and discussion
for the thermal-mechanical analysis; and a node-to-surface
contact element for coupling the two analyses. A layer of 3.1. Contact radius
thermoelectric solid element of 0.01 mm thickness is used
to simulate the contact resistance at the interfaces in the Fig. 3shows the variations of contact radius at both the S/S
thermal—electrical analysis. The mesh structure consistsand E/S interfaces. For all three load levels, the initial contact
of 1906 nodes and 1708 solid elements, which has beenradius at the S/S interfaces are larger than the electrode
shown by a mesh convergence study to provide a suffi- tip radius Fig. 3a)) because that the region outside the
ciently refined mesh. All computations were accomplished nominal contact radius (i.e., the electrode radius) is pushed
on a Pentium 500 personal computer. into contact under the electrode force. The contact radius
In the electrical-thermal analysis, the electrical bound- reduces greatly after a short period of heating, due to the
ary conditions are set by a zero potential at the bottom uneven thermal expansion at the workpieces. The thermal
end of the lower electrode, and a DC applied at the top heating at the central portion of the workpieces leads to a
end of the upper electrode. At the E/S and S/S interfaces,thermal expansion at the region and hence forces the two
the current flow is only permitted across the areas where workpieces to become separated at the edge of the portion. It
the E/S and S/S surfaces are in contact, while no currentis obvious that the magnitude of the contact area depends on
flow is allowed when those surfaces are separated. In thea balance between the electrode force applied and the force
thermal-mechanical analysis, electrode force is applied as arresulting from the uneven thermal expansion. The contact
evenly distributed pressure at the top end of the upper elec-radius continually decreases but at a relatively slower rate
trode. The axial displacements at the bottom end of lower until it reaches a minimum valu€&ig. 3a)), after which the
electrode, together with the radial displacements of the cen-contact radius increases slightly due to the softening of the
tral line, are all constrained. workpieces at high temperature.

Contact radius, mm
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While the variations of contact radius demonstrate the 2000+ @)
similar trend for different electrode forces, a large differ-
ence exists in the minimum contact radius when the elec-
trode forces are different. The reduction in contact radius is
the most significant when the electrode force is 50N with
a minimum contact radius of about 50% of the electrode
tip radius. Increasing the electrode force increases the min-
imum contact radius. As can be seen, the minimum contact
radius is about 90% of the electrode radius when increas-
ing the electrode force to 150 N. This is already similar to
the LSRSW situation, where the minimum contact radius is
almost equal to the electrode radius at the S/S inteff@jce 04+——— —— .

The variations of contact radius at the E/S interface under 00 04 08 12 18
three different levels of the electrode forces are shown in Radius, mm
Fig. 3(b). For all three cases, it can be found that the contact
radius is equal to the electrode tip radius at the beginning 25007 (b)
of welding at different electrode forces. When the welding ]
current is applied, the contact radius begins to decrease due 20001
to the thermal expansion of the workpieces, which is similar
to what happens at the S/S interface. However, the decrease
in contact radius is different for different electrode forces.
The decrease with lower electrode force (50 N) is much more
significant than that with higher electrode force (150 N).
When the electrode force is 150 N, it is again very similar
to LSRSW where there is a little change in contact area at
the E/S interfacg6]. ComparingFig. 3(@) and (b) indicates
that, under the same electrode force, the contact radius at 0 , , — :
the E/S interface is larger than that at S/S interface, except 00 04 08 12 16
at the beginning of welding when the contact radius at the Radius, mm

SIS is larger. Fig. 4. Variations of current density distribution at the: (a) S/S and (b)
E/S interfaces at different welding times with electrode force of 50 N.
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3.2. Welding current density

Fig. 4 shows the changes in the distribution of welding is affected by both contact area and temperature-dependent
current density at different weld times when the electrode resistances (both contact and bulk). Similar trends in the
force is 50 N. The nominal current density, which is defined changes of the current density distribution have been ob-
by the welding current divided by the cross-section area of Served at the E/S interface except for no melting occurs at
the electrodes, is about 124 A/Am the interface Kig. 4(b)).

At the beginning of welding, the current density dis- When the electrode force is varied, the evolution pattern
tributes evenly at the S/S interface and is below the nominal of the current density distribution stays unchanged; however,
value (124 A/mm) due to the larger contact area than the the time scales of the pattern are differeRig( 5a)). For
electrode tip surfaceé={g. 3a)). The current density then in-  €xample, when the weld time is 25ms, a current density
creases rapidly due to the reduction in the contact area. Forconcentration (larger than 1000 A/mijnoccurs at the S/S
example, the current density when the weld time is 10 ms is interface when the electrode force is 50 or 100 N while the
almost double the nominal current density because of the ac-current density is still distributed evenly when the electrode
tual contact area (with a radius of 1.1 mm) is about one-half force is 150 N. At the E/S interfaces, the current density is
of the electrode tip surfacéig. 4(a)). The current density ~ also higher when the electrode force is lower because of the
is also higher towards the central portion of the contact areasmaller contact ared&{g. 5b)).
because the temperature is higher in the portion and hence
the contact resistance is lower. Once a molten nugget is3.3. Temperature distribution and nugget formation
formed, the current density concentrates in the nugget region
because the contact resistance disappears in the region (e.g., The thermal history in RSW determines a number of met-
when the weld time is 20 ms iRig. 4(a)). It is also interest-  allurgical behaviors of the joint (e.g., the diameter of the
ing to note that a current peak exists at the periphery of the molten nugget, and weld and heat-affected zone microstruc-
nugget because the current tends to flow into this low resis-ture) and hence affects the joint qualifig. 6 shows the
tance regiori6]. Therefore, the current density distribution development of the temperature profiles at the S/S and E/S
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) o ) ) Fig. 6. Temperature distributions at: (a) S/S and (b) E/S interfaces at
Fig. 5. Distributions of welding current density at: (a) S/S and (b) E/S different welding time when the electrode force is 50 N.
interfaces under different electrode forces for weld time of 25ms.

S/S interfaces at different electrode forces have basically
interfaces when the electrode force is 50 N. At the S/S inter- observed the same pattern as thosEim 6.
face, the workpieces are heated evenly at the beginning of Fig. 7 shows the thermal cycles of the central points at
welding (e.g., when the weld time is 2 mshig. 6a)). As the S/S and E/S interfaces under different electrode forces.
the weld time increases, the temperature at the center of theThe computations also include the cooling period in which
workpieces increases more rapidly than that at the edge dughat welding current is turned off while the electrode force
to two reasons. First, the heat loss is more significant at theis still applied. At the S/S interfacd={g. 7(a)), decreasing
edge resulting from the heat transfer to the outside portion of electrode force increases the heating rate and decreases the
the workpieces. Second, the current density is higher at thetime required for nugget initiation (from 10 ms when the
center and hence the central part is heated more intensivelyelectrode force is 50N to 42 ms when the electrode force
Once the hottest point (i.e., at the center of the workpiecesis 150 N). This is obviously due to the smaller contact area
in Fig. 6(a)) reaches the melting point of the workpieces and (Fig. 3) and hence the higher current densifyg; 5 when
a molten nugget is formed. This nugget grows very rapidly the electrode force is decreased. If the weld time is kept
initially and reaches its maximum diameter within a very constant, it can be deduced that the threshold welding current
short period (e.g., only about 3 mshig. 6(a)). The nugget  will increase when the electrode force is decreased since the
grows little after 14 ms, which indicates that the system has heat generation is proportional to the welding current and
almost reached a thermal equilibrium. weld time, as shown iEq. (1)

Similar to that at the S/S interface, a uniformly distributed  In practice, a shorter threshold weld time indicates a faster
temperature at the E/S interface can be seen at the beginningrroduction rate, and a lower threshold welding current indi-
(Fig. 6(b)), and then the temperature increases more quickly cates that a welding machine with a smaller capacity could
at the center than that at the edge. Obviously, the temperaturéoe used if the electrode force is decreased. However, too low
at the E/S interface is much lower than that at the S/S surfacean electrode force may result in other problems, such as an
due to the much better thermal conductivity of the electrodes. increased electrode—sheet stick[A¢gh]. The peak tempera-
The variations of the temperature profiles at the E/S and ture at the nugget centers is also higher when the electrode
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] of the larger contact area and lower current density under
0

higher electrode force; however, the effect is relatively small.

Time, ms

Fig. 7. Temperature history of the central point at: (a) S/S and (b) E/S 4 Concluding remarks
interfaces (dashed lines indicate the welding current is off). )

The effects of electrode force on the SSRSW process
when using a DC is investigated using the finite element
method. The variations of contact radius, current density
) . Histribution and temperature profile at the S/S and E/S in-
is turned off. This is resulted from the decreased heat 9€N-terfaces. the threshold weld times and the maximum diame-

eraugn because_of.the increased nugget dlametgr and th(?ers of the weld nuggets under different electrode forces are
relatively even distributed current density. Increasing elec- investigated. The main results are summarized as follows:
trode force also decreases the cooling rate at the nugget cen-

ter, which may be beneficial when welding a material that 1. The contact radius at both E/S and S/S interfaces de-
will experience solid-state phase transformation(s) during  creases during the welding process. Increasing electrode

force is lower Fig. 7(a)). The temperature at the nugget

the cooling period3]. However, the effect of electrode force
on the cooling rate in this study is very small when weld-
ing high-strength low-alloy steels because all three cooling

rates are much faster than the critical rate to form brittle 2.

microstructurg3]. Other methods (such as long weld time)
are required to slow down the cooling rate when welding
high-strength low-alloy steel8]. Similar to the S/S inter-

force increases the contact radius at both interfaces. The
minimum contact radius at the E/S interface is larger than
that at the S/S interface.

The welding current density distributes evenly initially,
and then increases with the decreasing of contact area
at both interfaces and finally concentrates at the molten
nugget region. Increasing electrode force decreases the

face, the heating rate at the central point at the E/S interface is
also decreased with an increasing electrode fdfae {(b)), 3.
which can be also attributed to the increased contact area and
hence decreased current density when the electrode forces
is increased. However, the electrode force has little effect on
the peak temperature at the E/S interfadég.(7(b)).

Fig. 8 shows the nugget initiation and growth when the 4.
electrode force is varied. It can be seen that after the melting

current density because of the increased contact area.
The temperature at the central part of the workpieces is
the highest at both interfaces. A molten nugget initiates at
the S/S interface center. The temperature increase more
quickly under a lower electrode force because of the de-
creased contact area and increased current density.

A shorter threshold weld time or lower threshold welding
current is needed for nugget initiation when the electrode
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