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Resistance microwelding of fine crossed nickel wires is of increasing industrial importance for electrical
connections in downsized electronic and medical devices, but the understanding of the process is very
limited. A study has, therefore, been performed to clarify the basic joining mechanisms, in which the
effects of main process parameters (welding current and force and weld time) were investigated by
detailed mechanical testing and metallurgical examinations. A bonding mechanism with main process
stages (wire cold collapse, surface melting, molten-phase squeeze-out and, solid-state bonding) was
proposed. A new technique has also been developed to optimize the process by initiating the welding
current well before the electrode force has reached its full nominal value.

I. INTRODUCTION

RESISTANCE cross-wire welding is one of the electric-
resistance welding processes, in which two wires are joined
to each other, usually at a right angle, by resistance heating
under the effect of electrode force.[1] At a large or “regular”
scale, cross-wire welded products (mainly of steels) include
such items as stove and refrigerator racks, lamp shades, baskets,
fencing, concrete reinforcing, etc.[1] At a small or microscale
(usually with a wire diameter less than 0.2 to 0.5 mm), resis-
tance cross-wire microwelding is commonly used in electronics
and instrument components, mainly for electrical intercon-
nections.[2,3] This latter area of resistance cross-wire welding
is becoming increasingly important because of the rapid down-
sizing of manufactured products.

In resistance welding in general,[1] the heat required to
form a joint between metals is generated by the resistance to
the flow of electric current through the workpieces and can be
mathematically described by

[1]

where Q is the heat generation, I is the welding current, R is
the resistance, and t is the duration of the current application
(weld time). The resistance includes contact resistance at the
electrode/workpiece and workpiece/workpiece interfaces and
bulk resistance of the base materials.[4] Among these resis-
tance components, the workpiece/workpiece contact resis-
tance, which is influenced mainly by material properties (such
as hardness and resistivity), surface characteristics (such as
cleanliness and roughness), and electrode force, may be the
most important factor affecting the process.[1,5,6] This is espe-
cially true in resistance microwelding because of the relatively
low values of welding current, electrode force, and resistivities
of nonferrous workpieces.[4,7]

It is generally considered that, in resistance cross-wire weld-
ing, “set down,” an indication of the extent to which the wires

Q � I2Rt

are compressed into each other, can be used to evaluate joint
strength.[1] For example, Moravskii et al.,[8] in an investigation
of resistance cross-wire microwelding of various fine wires
using a capacitor-discharge power supply, found that 30 to
35 pct setdown produced good joint quality, while Stroev
et al.[3] observed an optimum setdown of 30 to 50 pct in a
similar investigation, but on nickel lead-outs of 0.2 mm in
diameter. It has been shown[2,3] that inadequate heat generation
resulted in weak bonding with a low setdown, while weld-
metal expulsion took place when the heat generation was too
high, resulting a very high setdown but a low joint strength.
When the joint was of high quality, the bond interface between
the welded wires disappeared and the joint fractured through
the heat-affected zone (HAZ).[2,3] However, those investiga-
tions were mainly concerned with equipment development
and process optimization,[1–3,8] and there is, in general, a lack
of detailed research work published on resistance cross-wire
welding, especially on bonding mechanisms, at both large and
small scales.

The objective of this work was to study the weldability and
mechanism of resistance microwelding of crossed fine nickel
wires by carrying out closely controlled and monitored welding
trials and, subsequently, detailed mechanical testing and met-
allurgical examination.

II. EXPERIMENTAL

A 99 pct commercially pure nickel (Ni 200) drawn wire of
0.4 mm in diameter was used in this study. The principal impu-
rities in the wire as reported by the manufacturer are shown in
Table I. The wire was cleaned with acetone prior to welding,
but traces of sulfur, manganese, and, maybe, silicon were pre-
sent on or near the wire surfaces (Figures 1 and 2). These might
be due to the inclusions (Figure 1(b)) and/or residues of lubri-
cants (generally containing MoS, for example) used in the wire-
drawing process.

The angle between the axes of crossed wires was about 90 deg
(Figure 3). The resistance microwelding system consisted of
a Unitek PM7/208 alternating-current (a.c.) controller (at 60 Hz),
a Unitek X16/230 a.c. transformer, and a Unitek 80A/115
weld head (air activated). Flat-ended, round RWMA class II
(Cu-Cr) electrodes, 3.2 mm in diameter, were used. Variables
in the experimental matrix included welding current, welding
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Table I. Chemical Impurities in Nickel Wire (in ppm)

Cu Co Fe Mg Mn Si Ti C S

�100 400 100 650 900 1000 �100 320 �10

(a) (b)

Fig. 1—As-received nickel wire: (a) wire surface and (b) cross section of wire.

by switching off the current for a portion of each cycle) in
the welding-current controller, and the root-mean-square value
was measured. Five nominally identical samples were made
at each condition. The breaking force of the joints was eval-
uated as an indication of joint strength by tensile-shear test-
ing using a Quad Romulus IV universal mechanical tester. Wire
deformation after welding was evaluated by the parameter of
setdown, which was calculated by the thickness of the joint
assembly before and after welding:

[2]

where A and B are defined in Figure 3(b). Cross sections and
fractured surfaces of the joints were examined by an optical

Setdown �
A � B

A
� 100 (pct)

Fig. 2—EDX analyses of as-received wire: (a) wire surface, (b) inclusions in Fig. 1(b), (c) near the surface, and (d) center of wire.

force, and weld time, since these are among the principal param-
eters that affect heat generation. The welding system was
programmed to first apply air pressure to the electrode-force
mechanism and then to initiate the welding current when the
electrode force reached a specific level (i.e., the firing force,
which was normally set to be approximately 90 to 97 pct of
the welding force). The current was altered by voltage (i.e.,
by changing secondary tap settings) and conduction angle (i.e.,

(a) (b)

(c) (d)
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microscope and/or scanning electron microscope (SEM) with
energy-dispersive X-ray (EDX) spectroscopy. Metallographic
samples were prepared by etching for 30 seconds with a solu-
tion containing 13 g CuSO4, 60 mL HCl, 3 mL HF, 3 mL
HNO3, and 150 mL water after 1 �m diamond polishing. The
microscale Vickers hardness was measured on cross sections
of joints under the load of 15 g. The static contact resistance
between wires was measured by the crossed-rod, voltmeter-
ammeter method[9] under the welding force without current.

III. RESULTS

A. Effects of Welding Current

Typical joint cross sections made with various welding cur-
rents are shown in Figures 4 and 5. The wires were squashed
and penetrated into each other to varying degrees, and the HAZ,
with a recrystallized microstructure, was obvious on etched
samples. Both the grain size and extent of the HAZ grew as
the current increased. Although the bond interface could be
identified because of the preferential etching in joints made
with lower welding currents, the line eventually disappeared,

with new grains growing across the bond interface as the
recrystallization progressed (Figures 4(d) and 5(b)). Some
annealing twins were formed even near the bond interface at
higher welding currents (Figure 5(c)). Expelled material (weld
flash) was also observed at relatively high welding currents,
as shown in Figures 4(c) and (d) and 5(d), and this appeared
to be a result of liquid phase squeezed out from the bond
interface (as discussed in detail later). When the current was
too high, melting of bulk material occurred, especially in the
electrode-wire contact area, as indicated by the solidified
columnar grains (Figure 4(e)), and severe electrode sticking to
the wire and weld metal expulsion were observed.

Figure 6 shows the effects of welding current on the joint
breaking force (as an indication of joint strength) and setdown.
The setdown increased monotonically as the current increased,
but the breaking force increased first and subsequently
decreased after further increasing the current. Corresponding
to the change in welding current, the fracture mode also
changed from interfacial shear fracture to tensile fracture
in the HAZ. This characteristic behavior of the breaking force
is believed to result from competition between the improve-
ment of interfacial bonding (determined by both the bonded
area and interfacial strength) and the local softening of the
wire in the HAZ (resulting from recrystallization). When the
interfacial bonding was weak, the joint failed through bond
interface. The increase in bonded area (as indicated by the
increased setdown) and/or interfacial strength (as indicated by
the disappearing of the bond interface in Figure 4) increased
the load required to fracture the bond. However, with the
increasing welding current, the HAZ near the bond interface
became the weaker region of the joint because of recrystal-
lization of the originally cold-drawn microstructure, and the
fracture mode switched to the HAZ failure. A further increase
of welding current resulted in a reduction in joint breaking
force as the recrystallization continued to progress. The vick-
ers hardness of the fully recrystallized HAZ and as-received
wire were approximately HV140 and 180, respectively, which
means that additional strength of the wire itself introduced
by cold drawing during wire manufacture was lost due to
the recrystallization. It should be pointed out that even when
the joint breaking force continued to decrease, the interfacial
strength would continue to increase as the bond interface
was disappearing (Figure 4(d)).

The observation that joint breaking force increased before
reaching its maximum with an increase of setdown is consis-
tent with previous work,[1–3,8] but the optimum setdown in
this work, at about 80 to 90 pct, was much higher than that
reported in the literature.[3,8] This may be due to many differ-
ences in experimental conditions (such as wire compositions
and properties and welding power supplies).

B. Effects of Weld Time

The effects of weld time on joint microstructure, breaking
force, and wire setdown are shown in Figures 7 and 8. The
microstructures showed that the peak temperature was not
affected much by the weld time, because the HAZ area and
grain size did not show any significant evolution against the
weld time (Figure 7), compared to the changes caused by the
current (Figure 4). Even after the first cycle, the recrystallized
microstructure was almost fully developed near the bond
interface, similar to specimens with as much as 12 cycles of

(a)

(b)

Fig. 3—Schematic illustrations of cross-wire joint: (a) joint and (b) definition
of setdown.
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Fig. 4—Cross sections of joints made at different welding currents, with welding force of 6 kg and weld time of six cycles: (a) 243 A before etching, (b) after
etching of (a), (c) 594 A, (d) 846 A, and (e) 950 A.

weld time. However, both joint breaking force and setdown con-
tinued to increase until about three cycles. Most joints frac-
tured through the bond interface when the current was below
483 A (Figure 8(a)). Some of the joints made at a current of

483 A when the weld time was above six cycles, and the all
joints made at a current of 594 A, fractured in the HAZ. Fig-
ure 6 appears to confirm again, as compared to Figure 8,
that the parameter of setdown was important in determining
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(a)

(b)

(c)

Fig. 5—Details of highlighted areas in Fig. 4: (a) area A, (b) area B, and
(c) area C.

(a)

(b)

Fig. 6—Effects of welding current on (a) joint breaking force and (b) setdown.

joint strength before the joint strength reached its maximum,
as also suggested by previous work.[3,8]

Some joints were quenched into water immediately after
welding to investigate the effect of natural cooling on the evo-
lution of microstructure. The recrystallization structure was still
identified in water-quenched joints made at the shortest weld
time. This implies that the recrystallized microstructure was
developed during the welding sequence, i.e., as dynamic
recrystallization. During the holding and air-cooling, static
recrystallization continued, resulting in only slight additional
grain growth with the formation of annealing twins.

C. Effect of Welding Force

Figure 9 shows a typical indentation on a wire from a cross-
wire assembly that was subjected only to welding force but no
current, which would be close to the initial contact area. The size
and contact conditions of this initial contact area, as deter-
mined by the welding force, wire hardness, and surface condition,
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(a)

(b)

(c)

Fig. 7—Cross sections of joints made at different welding times, with weld-
ing current of 483 A and welding force of 6 kg: (a) 1 cycle, (b) 3 cycles,
and (c) 12 cycles.

(a)

(b)

Fig. 8—Effects of weld time on (a) joint breaking force and (b) setdown
at different welding currents.

Fig. 9—Indentation on nickel wire with welding force of 6 kg without current.

would affect the initial contact resistance.[7] A greatly increased
contact area during welding (comparing Figures 9 to 4) would
cause a sharp drop in contact resistance, which implies that,
with such a special joint geometry in this work, the initial
contact resistance would play a major role in determining heat
generation (Eq. [1]). This was confirmed by the experimental
observation, in which the microstructure did not change much



Detailed SEM/EDX analysis was performed on the flashes
formed at the edge of the bond interfaces (Figures 4 and 7).
The results, showing a solidification structure and high levels
of impurities (Figures 11(a) and (c) and Figure 12(b), as com-
pared to Figure 1), suggested that the flash comprised traces

after the first cycle (Figure 7). Therefore, the initial contact resis-
tance was also investigated experimentally.

Figure 10 shows the relation between joint breaking force,
setdown, and initial contact resistance between wires, in which
all the joints fractured at the bond interface in tensile-shear
testing. As the welding force increased, the initial contact resis-
tance decreased and setdown increased, both as expected. But,
there appeared to be an optimum welding force in terms of joint
breaking force. Furthermore, Figure 10 appears to indicate that
an increased setdown would not necessarily result in a higher
joint breaking force when interfacial failure occurs. This is
opposite to the trends observed in Figures 6 and 8 and in the
literature.[3,8] In other words, setdown, as an indication of wire
deformation, may not be a sufficient predictor of joint strength.
Possible reasons for the optimum in welding force in Figure 10
will be discussed later.

IV. DISCUSSION

A. Bonding Mechanism

Depending on joining processes employed (fusion welding,
brazing/soldering, and solid-state bonding), roughly three app-
roaches are used to eliminate surface contamination (mainly
oxide films), which is the greatest single impediment to metal-
lurgical bonding between two metallic surfaces.[10,11,12] One
is the use of a chemical flux, which removes oxide films from
surfaces being joined (as in brazing and soldering): this is irrele-
vant in this work, since no fluxes were used. Another approach
is by melting and/or washing away of oxide films, as in fusion
welding, when the adjacent base metal becomes molten. The
last, as in solid-state bonding processes, is by breaking up
oxide films by mechanical means (e.g., surface extension due
to plastic flow, as in pressure welding). The last two (i.e., melt-
ing and plastic flow) are possible in this work, since both resis-
tance heating and electrode force (pressure) are available. The
present work suggests that resistance microwelding of crossed
fine nickel wires is a mixture of effects in which the joint is
formed mainly by solid-state bonding, but with a transient
molten film at the faying interface, similar to some other resis-
tance welding processes (such as flash welding, high-frequency
welding, and, possibly, projection welding[10]), such that thin
films of molten metal are formed at faying surfaces and sub-
sequently squeezed out by forging force.
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Fig. 10—Effects of welding force on joint breaking force, setdown, and ini-
tial contact resistance between wires.

(c)

(b)

Fig. 11—Fractured surface of a joint made at welding force of 1 kg, weld-
ing current of 355 A, and weld time of nine cycles: (a) fractured surface,
(b) details of area A, and (c) details of area B.

(a)
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(a)

(b)

Fig. 12—EDX analyses of area A and B in Fig. 11: (a) area A and (b) area B.

Fig. 13—Main stages in resistance microwelding of crossed fine nickel wires.

pear due to expansion and cleaning of the faying surface, and
any further heat generation would come mainly from the bulk
resistance. The bond interface would ultimately disappear as
new grains grow across the interface as a result of dynamic
recrystallization and, probably, also as remaining impurities
diffuse away. After stage 4, the current is turned off and the
temperature may still be high enough to promote static recrys-
tallization with annealing twins forming near the interface.
Electrode force serves also as the forging force in stage 4.
Therefore, resistance cross-wire microwelding of fine nickel
wires is basically a solid-state joining process with transient
surface melting at the early stage of the process. It is believed
that sufficient surface melting and subsequent squeezing out of
this transient molten phase is a prerequisite for strong solid-
state bonding.

of the molten metal squeezed out from the bond interface.
This molten metal, containing high levels of impurities because
of the surface contamination on the original wire surface (oxides
and other impurities, as shown in Figure 2), was squeezed out
by the welding force to form the flashes. Relatively clean fay-
ing surfaces (Figure 9(d)) were, thus, created to form metallur-
gically sound bond interfaces during welding, as indicated
by the ductile-shear fractured surface (Figure 11(b)). Elimination
of surface oxide films by solid-state plastic flow was not observed
in this work, which appears to be consistent with the experi-
mental observations that nickel is among the most difficult
metals to be pressure welded.[12]

Therefore, based on the previous results and discussion, a
process sequence of resistance cross-wire microwelding of
fine nickel wires is proposed, as shown in Figure 10. An inden-
tation between crossed wires would occur in stage 1 (Figure 9),
since point contact between the wires would deform when
subjected to the electrode force. After the current is turned on,
surface melting occurs at the contact area (stage 2 in Figure 13)
because of the high initial contact resistance (and, hence, heat
generation). Dynamic recrystallization would occur near the
bond interface as the temperature filed builds up around the
interface. The molten phase would be almost immediately
squeezed out, carrying some of the surface contaminants/impu-
rities as the wires rapidly collapsed at the elevated temperature,
resulting in relatively clean faying surfaces for metallurgical
bonding (stage 3 in Figure 13). The first three stages would be
completed within the first couple of cycles. The wires would
continue to collapse/deform due to the combined effect of ele-
vated temperature and electrode force (stage 4 in Figure 13),
but the heat generation would be greatly reduced, since most
of the contact resistance at the faying interface would disap-



B. Process Optimization

As observed in Section III–C, setdown may not be a suffi-
cient criteria to be used to evaluate joint strength, which dis-
agrees with some previous observations,[3,8] even when only
interfacial failure occurred. To further study the relation
between joint strength and setdown, all the mechanical-test
results at different welding conditions but with interfacial fail-
ures are plotted in Figure 14 (i.e., each data point was at a
different weld time, welding current, and force). It is interes-
ting to note that the data could be roughly separated into
groups according to welding force, in which, at each weld-
ing force, joint strength (indicated by the joint breaking force)
increased with increasing of setdown as a result of combined
changes in welding current and weld time. But, this is not
true when groups welded with different welding forces were
compared.

Two data points (A and B in Figure 14) with similar set-
downs were selected to investigate why the strength values
were so different. A granular fracture surface (Figure 15(b)),
similar to the solidification microstructure in Figure 11(c),
was observed with the weak bond interface, while a ductile
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Fig. 14—Joint breaking force vs setdown, with welding force indicated in
the legend.

Fig. 15—Fractured surfaces of joints A and B in Fig. 14. (a) Joint A (at welding current of 231 A, welding force of 6 kg, weld time of six cycles, and setdown
of 48 pct). (b) Details of the center in (a). (c) Joint B (at welding current of 237 A, welding force of 1 kg, weld time of six cycles, and setdown of 52 pct).
(d) Details of the center in (c).

(a) (b)

(c) (d)
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(a)

(b)

Fig. 16—Cross sections of joints C and D in Fig. 14. (a) Joint C (at welding
current of 316 A, welding force of 9 kg, weld time of six cycles, and setdown
of 78 pct). (b) Joint D (at welding current of 408 A, welding force of 6 kg, weld
time of six cycles, and setdown of 84%).

Table II. Effects of Firing Force on Joint Breaking Force

Firing Force (kg) Welding Current (A) Joint Breaking Force (kg) Set Down (Pct) Fracture Mode

1.0 347 � 62 5.8 � 0.4 74 � 3 interfacial (two samples),
HAZ (three samples)

5.8 396 � 58 3.6 � 0.8 80 � 1 interfacial (five samples)

Note: welding force � 6.0 kg; weld time � six cycles.

fracture surface (Figure 15(d)) was associated with the strong
bond interface. The EDX analysis confirmed the relatively
high level of impurities (as in Figure 12(b)) and low impuri-
ties (as in Figure 12(a)) on the fracture surfaces in Figures 15(b)
and (d), respectively. Therefore, it is postulated that a low
initial contact resistance and, hence, heat generation due to the
higher welding force in the case of point A in Figure 15 would
produce only limited surface melting and, at least, part of the
molten phase produced would be trapped between the faying
surfaces, resulting in a weak bond. The setdown in this case

was mainly achieved by “cold” deformation/collapse. In case B
of Figure 15, the lower welding force would result in a high
initial contact resistance and, hence, heat generation, which
would form sufficient molten phase to be squeezed out to
produce relatively “clean” surfaces for bonding. In this situa-
tion, the wire deformation, which helped to squeeze out the
surface melting, was achieved by rapid temperature buildup
even though the welding force was relatively low (hereafter
referred as “hot” deformation/collapse). In other words, since
the joint strength, as indicated by joint breaking force, is
really determined by the product of the bonded area and bond
interfacial strength, the interfacial strength was quite different
in the cases of points A and B in Figure 14, although both had
similar bonded areas (as measured by the setdown). The dif-
ference between cold and “hot” collapse could be further
demonstrated by the data points C and D in Figure 14, both
with similar setdowns (Figure 16). A recrystallized microstruc-
ture was associated with a strong bond interface (Figure 16(b)),
while a cold-pressed microstructure with little recrystalliza-
tion was associated with a weak bond interface (Figure 16(a)).
Therefore, not only a sufficient setdown, but also an appro-
priate local temperature history associated with this setdown
is important to produce a strong bond interface.

With the concepts of cold and hot collapse, the existence
of an optimum in welding force in Figure 10 could be easily
understood. An increase in welding force, if it did not affect
heat generation too much, would increase the bonded area,
resulting in an increase of the joint breaking force (hot col-
lapse). However, a further increase in welding force would
reduce heat generation too much to achieve high interfacial
strength, resulting in a low joint breaking force, even though
a relatively large wire deformation was achieved (cold collapse).

Therefore, optimized process parameters need to produce
sufficient surface melting at the very beginning of the welding
sequence. This molten metal, carrying the surface contamina-
tion, needs to be squeezed out to produce “clean” surfaces for
a strong bond. A relatively large bonded area is also required,
since the load-carrying capacity of the joint is determined by
both interfacial strength and bonded area. Either a high welding
current or low welding force seems to be effective to produce
sufficient molten phase. However, too high a welding current
would cause electrode sticking and degrade the wire properties
in the HAZ, and too low a welding force cannot produce a
sufficiently large bonded area. On the other hand, although
a large welding force can increase the bonded area, it
would also reduce the initial contact resistance and, hence,
heat generation, which produces insufficient surface melting.

The ideal situation would be to use a lower electrode force
at the beginning of welding to obtain sufficient heat genera-
tion and, successively, to increase the force to obtain a large
bonded area. This idea was tested as shown in Table II, in
which the effect of firing force on joint strength was evaluated.
The welding apparatus used in this work takes several mini-



and the larger welding force then worked as a forging force
to enlarge the bonded area while squeezing molten metal out.
Figure 17 shows the fractured surfaces of those joints. The
joint with low firing force showed a ductile dimpled shear
morphology on almost all the fracture surfaces. On the other
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seconds to build up the electrode force from zero to a nominal
value, as air flows into the electrode actuator. A relatively low
firing force, that is, initiating the welding current well before
the electrode force had increased to its set point, resulted in
high heat generation to produce sufficient surface melting,

Fig. 17—Fractured surfaces of joints made with (a) high firing force of 5.8 kg and (b) low firing force of 1 kg. Both joints had welding force of 6 kg. (a) Joint
with high firing force. (b) Joint with low firing force. (c) Details of area B in (a). (d) Details of area A in (b). (e) Details of area C in (a).
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hand, the joint with a large firing force indicated a granular
and relatively flat shear morphology in the center, while the
outer region appeared to be just unbonded, deformed original
surfaces. This experimental trial has clearly demonstrated
that setting a low firing force relative to the higher welding force
could be used to improve both the interfacial strength and bon-
ded area. This differs significantly from the general industry
practice where firing force (point of current initiation) is usually
set at 90 to 97 pct of the full welding force.

V. CONCLUSIONS

Resistance microwelding of crossed fine nickel wires was
investigated by means of detailed mechanical testing and
metallurgical examinations. The main conclusions include the
following.

1. The welding current and force had the greatest effects on
joint microstructure evolution and, hence, joint strength,
compared to weld time. Increasing the welding current
increased the joint breaking force, but too high a current
caused a lower breaking force because of recrystallization
softening in the HAZ. An optimum welding force was
observed, with a low welding force resulting in a low joint
breaking force because of the low bonded area and exces-
sive welding force reducing the breaking force because of
low interfacial strength

2. It is proposed that resistance microwelding of crossed fine
nickel wires includes the following stages: (1) cold-wire col-
lapse, (2) surface melting, (3) molten-phase squeeze out, and
(4) solid-state bonding. it is believed that sufficient surface
melting and subsequent squeezing out of the molten phase
is needed to produce fresh metal surfaces for strong solid-
state bonding.

3. Sufficient local heat generation is the key to high-quality
welds, first, to generate sufficient surface melting and,
second, to facilitate plastic deformation (measured as set-

down) in order to squeeze out the molten metal and expand
the bonded area. This requires a proper balance of high ini-
tial contact resistance and sufficiently high welding force,
which could be easily realized by setting a low firing force
compared to the nominal welding force.
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