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The effects of Au plating on joint formation and joint strength in small-scale resistance spot welding
(SSRSW) of Ni sheets have been investigated using tensile-shear testing, optical microscopy, scanning
electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). The results show that
the mechanisms of the joint formation during the welding of Au-plated Ni sheets involve solid-state
bonding, brazing, and fusion welding. The comparison between SSRSW of Au-plated Ni and bare
Ni sheets and large-scale resistance spot welding (LSRSW) of Zn-coated steels is also discussed.

I. INTRODUCTION used to improve the corrosion resistance of the sheet
steels.[5,11] The use of these coatings has significantlyTHE application of resistance spot welding in the fabrica- affected the weldability of sheet steels in two ways. First,

tion of electronic devices and components (e.g., batteries, these low-melting-point coatings require a higher welding
capacitors, and sensors) is generally termed as micro-, fine-, current or longer weld time in LSRSW. For example, in a
or small-scale resistance spot welding (SSRSW), since the study on LSRSW of sheet Zn-coated steel, Gedeon and
metal sheets to be welded are relatively thin or small in Eagar[12] have observed that the Zn coating melts at the
diameter (,0.2 to 0.4 mm).[1,2] There are many differences sheet/sheet faying interface to form a molten Zn disk at a
between SSRSW and large-scale resistance spot welding very early stage of welding. This molten coating is then
(LSRSW), which is used to join sheet metals of thickness pushed away from the central area under the electrode pres-
larger than 0.5 mm, mainly in the automotive and appliance sure to form a molten Zn halo. Therefore, the Zn-based
industries.[3–6] These differences are not only due to the coatings have, first, a reduced contact resistance because of
difference in the scale of the joints, but also due to the the low melting points and, later, an increased contact area
fundamental difference in the electrode forces (pressures) and, hence, reduced current density due to the formation of
used.[3,4] Simply downsizing from LSRSW to SSRSW may a molten Zn halo. To compensate, an increase in welding
lead to problems such as electrode sticking, metal expulsion, current or weld time is needed to achieve the minimum heat
and nonrepeatable welding.[2] Furthermore, metals to be input required for weld nugget formation (the melting of
welded in SSRSW are mostly nonferrous, while the work- the base steel) at the center. It has been observed that the
pieces in LSRSW are mainly steels and, to a much smaller required increase in welding current is related to the melting
extent, aluminum alloys.[2,3,7,8]

point of the coatings; the lower the melting point, the larger
The base metals (such as Ni, Kovar, and Cu) of many the increase.[13] Second, interactions between the coatings

electronic devices and components are frequently plated with and electrodes accelerate the deterioration of the electrodes.
materials (such as Au, Ag, and Ni) to improve corrosion Most of the research on LSRSW of coated steels has been
resistance or to obtain a unique combination of mechanical, devoted to this electrode deterioration problem.[11] In the
thermal, and electrical characteristics.[1,9] However, these present work, the effect of Au plating on the joint formation
plating materials may dramatically influence joining parame- and joint strength during SSRSW of 0.2-mm-thick Ni was
ters used during the subsequent assembly processes and investigated using metallurgical examination and mechani-
affect joint formation and quality, compared to the joining of cal testing.
the same base metals without plating materials. For example,
Biro et al.[10] have found that Au/Ni and Ni plating reduced
the power density required to form a joint during laser weld- II. EXPERIMENTAL PROCEDURES
ing of very thin aluminum sheets. A joint formed by a

Both bare and Au-plated 0.2-mm-thick Ni sheets (Ni 200,combination of fusion welding and brazing was observed
annealed) were used in this study. The electrolytic Au platingin laser welding of Au/Ni-plated Kovar and Ni; the braze
was about 4-mm thick on both sides. Lap-welded joints werelayer caused a shift of the location of tensile-shear failure
made using either bare or Au-plated coupons approximatelyaway from the fusion boundary and into the heat-affected
40-mm long and 8-mm wide. The coupons being joinedzone or base metals. However, there is little work published
were arranged such that the rolling directions of the twoon how plating materials affect joint formation and joint
sheets were parallel to each other and to their long axis.quality in SSRSW.
The welding system consisted of a Unitek PM7/208 a.c.In the automotive industry, Zn-based coatings are often
controller, 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,
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fusion nugget/bond area vs welding current for both bare Ni
and Au-plated Ni lap joints. While both groups of joints
showed that the joint strength increased above a certain
welding-current threshold, the Au-plated Ni joints showedFig. 1—Schematic of the setup for tensile-shear test.
two distinct stages in the strength curve (Figure 2(a)). This
characteristic nature of the joint strength–current curve is
the result of different joining mechanisms for Au-plated Ni
joints. It can be seen by comparing Figure 2(a) with Figures
3, and 4 that Au-plated Ni joints were formed by brazing
and/or solid-state bonding at low welding currents and by
a combination of solid-state bonding, brazing, and fusion
welding at higher welding currents, while the bare Ni sheets
were joined by fusion welding. Further details of the joint
formation in SSRSW of both bare Ni and Au-plated Ni
sheets are presented as follows.

For bare Ni sheets, when the welding current was lower
than 1200 A, no joint was made; only partial surface melting
occurred at the faying surfaces (Figure 5). The rolling direc-
tions on the coupons in Figure 5 were arranged perpendicular
to each other, to have clearer contrast between local melting
and the original surface. When the welding currents ranged

(a) between 1200 and 1300 A, joints formed, but failed through
the nugget (Figure 6(a)). When the welding current was
higher than 1300 A, joints failed through the base metal
(corresponding to the maximum breaking load) and a pullout
button was produced during subsequent tearing (Figure
6(b)). Weld-metal expulsion (Figure 6(b)) and severe elec-
trode sticking were observed when the welding current was
above about 2000 A.

For Au-plated Ni sheets, when the welding currents ranged
from 1600 to 1800 A, bonding started to occur between the
Au plating layers, and the joint failed mainly through the
faying surfaces in the tensile-shear test, with a small central
region torn out of one of the plated surfaces (Figure 7). The
EDX analysis of the fractured faying surfaces indicated that
this bonded region was still pure Au. Detailed SEM analysis
of the fractured surfaces showed that the bonding was incom-
plete, with patches of original plating-surface morphology(b)
indicating that these regions were not in contact during weld-

Fig. 2—(a) Tensile-shear force (as a measurement of joint strength) and ing because of the surface roughness (Figure 7(b)). High-
(b) diameter of fusion nugget (or bond area) vs welding current for bare

magnification examination of the faying surface a littleand Au-plated Ni joints.
farther from the torn central region revealed small regions
of ductile-shear failure surrounded by the original rough
porous Au-plated surface (Figure 7(c)). Comparing this bondwere cleaned by swabbing with alcohol, while no cleaning
with a braze formed later as the welding current increased,was performed on the Au-plated samples.
this joint is considered to be formed by a solid-state bondingJoint quality was evaluated by tensile-shear testing (Figure
process (probably forge welding), since localized high-1), using a Quad Romulus IV universal mechanical strength
temperature deformation and bonding should precedetester at a crosshead speed of 90 mm/s. Diameters of the
melting.solid-state bond area, braze area, and fusion nugget were

When the welding current was above 1800 A for Au-determined from the fractured faying surfaces, the diameter
plated Ni joints, melting started to occur in the center of theof pullout buttons in tensile-shear testing, and/or the joint
bond area (Figure 8), and this melting formed a braze layercross sections. Tested samples also were examined using
between the two Ni sheets. However, the braze layer contrib-optical microscopy, scanning electron microscopy (SEM),
uted little to the overall joint strength when the weldingand energy-dispersive X-ray spectroscopy (EDX). Metallo-
current was below 2000 A (Figure 2(a)), which was probablygraphic samples were prepared by etching for 3 minutes
due to the existence of small but numerous voids as a resultwith a solution containing 13 g CuSO4, 60 mL HCl, 3 mL
of gases trapped between the sheets (Figure 8(b)). The jointsHF, 3 mL HNO3, and 150 mL water.
failed through the solid-state-bonded and brazed layers. The
EDX analysis of the fractured faying surfaces indicated that

III. RESULTS the brazed region (region C in Figure 8(b)) was actually a
Au-Ni alloy rather than pure Au, as in the solid-state-bondedFigure 2 shows the maximum tensile-shear force (used

as a measurement of joint strength) or the diameter of the region (region B in Figure 8(b)). When the welding current
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Fig. 3—Cross sections of (a) through (d ) Au-plated Ni and (e) bare Ni joints (the welding currents are given below the photos) showing different types
of bonds. I: solid-state bond, II: braze, and III: fusion nugget. Large voids are indicated by arrows and part of the fusion boundaries are indicated by dash
lines. Details of region A in (b) are shown in Fig. 4.

was above 2000 A, the strength of the brazed joint increased area and accumulated near the periphery of the braze layers
(Figure 9(c) and the arrows in Figure 3). The joints failedconsiderably (Figure 2). At these higher welding currents,

most of the voids seemed to be pushed away from the central through the solid-state-bonded layer and the weak braze (the
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Fig. 4—Details of region A in Fig. 3(b) showing that Au and Ni mixed
to form an Au-Ni alloy at the interface between the Au plating and Ni (a)
substrate. The dashed line indicates part of the upper boundary between
the braze and the solid-state bonded Au layer. The composition of different
regions is listed in Table I.

(b)

Fig. 6—(a) A bare-Ni joint made at 1233 A and failed through nugget and
(b) a bare-Ni joint made at 2217 A and failed through base metal. A
pullout button was produced during subsequent tearing after the base metal(a)
failure occurred.

strong braze (the area with one or a few voids, Figure 9(b))
occurred during subsequent tearing during the tensile-shear
testing. Cross sections near the braze periphery also showed
that the braze layers penetrated into the interface between
the Au plating and Ni substrate (Figure 4). This penetration
is a result of the mixing of Au and Ni at the interface,
producing an alloy with a lower melting point than both Au
and Ni. The EDX analysis indicated that the braze layers
were Au-Ni alloys with about 15 to 21 wt pct Ni (Table I).
Figure 4 also shows the solid-state-bonded pure Au layer
(regions E through F) between two thin alloyed braze layers
near the original Ni interfaces. Therefore, for these condi-
tions, the joint is really formed by a combination of solid-
state bonding and brazing, often with a partial or complete
ring of accumulated void near the interface between the(b)
weak and strong braze areas (Figure 9(c)).

Fig. 5—A faying surface from a bare Ni joint made at 1197 A and failed
When the welding current reached 2500 A for the Au-along interface during testing showing (a) a ring of partial surface melting

plated Ni joints, a fusion nugget (as a result of the meltingand (b) details of area A in (a).
of the Ni substrates) started to form (Figure 3(c)), with only
gradual increases in joint strength being observed (Figure
2(a)). The mixing of the two liquid phases (the molten Au-area with numerous voids and next to the solid-state area,

Figure 9(c)) and then through base metal (Figure 9(a)), reach- Ni braze and melted Ni substrates) was incomplete (Figure
3(c)), and this poor mixing was still obvious even as theing the maximum breaking load. The fracture of the central
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(a)(a)

(b) (b)

Fig. 8—(a) A fractured faying surface of Au-plated joint made at 1977 A
showing melting at the center of the bond area and (b) details of area A
in (a). Note B is solid-state bonded region, C is brazed region, and D is a void.

welding current increased (Figure 3(d)). The welded joint of
Au-plated Ni sheets now consisted of an outer solid-state-
bonded halo, an inner brazed halo, and a fusion nugget in
the center. In the current range from 2500 to 3100 A, most
joints failed through the solid-state-bonded layer, the weak
braze, and then through the base metal. The fracture through
the strong braze and nugget region occurred during subse-
quent tearing after the maximum breaking load during tensile-
shear testing. The fractured-nugget region also showed a
result of incomplete mixing of Au and Ni (Figure 10(b)). At
welding currents above 3100 A (Figure 11), the joints failed
again through the solid-state-bonded layer, the weak braze,
and then the base metal, but a “pullout button” was produced

(c) in the subsequent tearing after the maximum breaking load.
Severe electrode sticking was experienced when the weldingFig. 7—(a) A fractured faying surface of Au-plated joint made at 1726 A:
current exceeded 2800 A. However, weld-metal expulsion(b) details of the area A in (a) showing an incomplete bond area (indicated

by the original plating surface morphology at B, with region C showing was not observed even when the welding current was above
fractured Au plating and region D showing fractured faying surface); and 3200 A in Au-plated Ni joints, which may be due to the
(c) high-magnification photo of fractured faying surface further from the

existence of the solid-state-bonded rim, which contained thecenter, showing small regions (e.g., E) of ductile fracture and the original
molten metal and prevented it from splashing.Au-plating surface surrounding them.

IV. DISCUSSION
The effects of Au plating during SSRSW of Au-plated

Ni sheets are discussed in this section under the following
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Table I. Composition of the Solid-State Bonded and
Brazed Areas

Locations in Figure 4 Au (Wt Pct) Ni (Wt Pct)

B 79 21
C 85 15
D 81 19
E 100 0
F 100 0

(a)

(a)

(b)

(b)

Fig. 10—(a) A fractured surface of Au-plated joint made at 2621 A and
(b) details of region A in (a). Note region B is Au-Ni alloy and region C
is mostly pure Ni.

(c) between SSRSW of Au-plated Ni sheets and LSRSW of
Zn-coated steels are also discussed.Fig. 9—(a) A fractured faying surface of a fully developed brazed joint

of Au-plated Ni sheets made at 2271 A (note the base metal failure); (b)
details of the fractured brazed area A in (a); and (c) details of B in (a).

A. Joint FormationNote C is solid-state bonded area, D is a riverlike void resulted from
accumulated small voids, and E is brazed area. A small region of weak It appears from the previous section that three joiningbraze exists between C and D.

mechanisms (solid-state bonding, brazing, and fusion weld-
ing) occurred in SSRSW of Au-plated Ni sheets, while fusion
welding may be the only joining mechanism during SSRSW
of bare Ni sheets. In LSRSW of Zn-coated steels,[12] notopics: the mechanisms of joint formation, the effect of Au

on required welding current, and the increased joint strength solid-state bonding was observed; only the melting of Zn and
fusion welding of the steel occurred. A schematic diagram ofin Au-plated Ni joints at high welding currents. Differences
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According to the Au-Ni binary-phase diagram (Figure
13),[18] complete liquid and solid solubility occurs at high
temperatures, but there exists a composition at 18 wt pct Ni
with a minimum melting point of 955 8C, which is lower
than the melting point of Au at 1064 8C. Therefore, when
welding Au-plated Ni, melting would start at the Au-Ni
interface due to the mixing of Au and Ni to form the low-
melting-point alloy at 18 wt pct Ni (Figure 12(b)). It was
confirmed by the EDX analysis (Table I) that the brazed
layer is very close to the composition of Au-18 wt pct Ni.
Preferential melting at the Au/Ni interface is evident from
the braze penetration into the interface at the periphery of
the braze layer (Figure 4). As the welding current is
increased, the molten Au-Ni alloy at the Au/Ni interface
will grow to consume the Au plating to form a braze between
the Ni substrates (Figures 3(b), 12(c), and 12(d)). But, braze

Fig. 11—A tested joint of Au-plated Ni made at 3216 A showing a pullout layers formed at low welding currents are filled with small
button was produced during subsequent tearing after the base metal voids as a result of gases trapped between the sheets (Figure
failure occurred.

12(c)). Most of the voids are pushed away and accumulated
near the periphery of the braze layers at high welding cur-

joint formation during SSRSW of Au-plated Ni is given to rents, leaving a relatively dense and strong braze at the
assist the following discussion (Figure 12). center (Figure 12(d)).

In theory, two ideal metallic surfaces (e.g., both perfectly Eventually, the temperature at the joint center will rise
clean and atomically flat) will bond together if brought above the melting point of Ni at 1455 8C as the welding
into intimate contact, because they will be drawn together current increases: a fusion nugget is formed (Figures 3(c)
spontaneously by the interatomic forces until the distance and (d) and 12(e)), and this nugget grows as the welding
separating them corresponds to the equilibrium interatomic current increases. Mixing of the two liquid phases (molten
spacing.[14,15] In reality, heat and/or pressure are applied Au-Ni braze and melted Ni substrates) is initially very poor
to overcome the impediments of engineering surfaces (i.e., (Figure 3(c)), but increases with increased welding current
surface roughness and contamination) to make a metallurgi- (Figure 3(d)), presumably as a result of stronger electromag-
cal joint; both are available during resistance spot welding netic stirring as the current is increased. Figure 12 illustrates
in forms of electrode force (pressure) and resistance heating. the main steps of the joint formation during SSRSW of Au-
There are three major types of joining mechanisms: solid- plated Ni sheets: solid-state bonding, followed by brazing
state bonding, brazing/soldering, and fusion welding.[14,15] and fusion welding. For bare Ni sheets, fusion welding
Solid-state bonding is mainly achieved by deformation becomes the only joining mechanism, because no low-melt-
where no melting occurs; therefore, by definition, solid-state ing-point plating is present on the surfaces and the surface
bonding occurs at temperatures lower than the melting point oxides prevent solid-state bonding from occurring.
of the metals to be joined, if the interfaces are brought into In LSRSW of Zn-coated steels, no solid-state bonding
contact and the pressure/temperature combination permits was observed, but melting of the Zn coating was observed;[12]

localized high-temperature deformation. Fusion welding and therefore, soldering (since the temperature is less than 450
brazing/soldering are achieved by melting and epitaxial 8C) is possible in welding of Zn-coated steels. However,
solidification, but localized melting of base metals occurs the joint formed by the Zn soldering offers little practical
in fusion welding, and (in initial stages, at least) only the significance, because Zn is low in strength and the con-
melting of filler metals occurs in brazing/soldering. strained thin Zn layer tends to cleave parallel to the basal

In the present case of Au-plated Ni sheets, Au is not plane, making it brittle. The molten Zn is later pushed away
oxidized, so the surface of Au is relatively clean, with only from the center during welding; hence, only a very small
a layer of adsorbed gases and water vapor.[16,17] Most engi- amount of Zn is trapped at the center area and mixed with
neering metals, including nickel, have a metallic oxide layer Fe to become part of the nugget.[12] Unlike LSRSW of Zn-
beneath the adsorbed gases and water vapor, because oxide coated steels, Au plating is always part of the Au-plated Ni
formation is favored thermodynamically.[16,17] Therefore, joints (as in the solid-state-bonded/brazed layers and fusion
solid-state bonding is relatively easy to achieve between Au nuggets), and brazed Au-plated Ni joints can be even
layers, since the applied heat and pressure are only needed stronger than the bare Ni joints (Figure 2). Resistance braz-
to overcome surface roughness and bring the interfaces into ing, in fact, is used to hermetically seal electronics packages
intimate contact. In this connection, gold also has a lower (e.g., Au-plated Kovar devices[1]).
melting temperature than nickel, favoring more deformation
at a given temperature. These facts may explain why a solid-

B. Welding Current and Joint Strengthstate bond (probably by forge welding) is observed in Au-
plated Ni sheets, while the surface contaminants (mainly Similar to the effect of Zn in LSRSW of Zn-coated

steels,[11] Au greatly reduces the contact resistance becausenickel oxides) and higher hardness of bare Ni sheets would
prevent such a bond from occurring in bare Ni joints. It is of its low resisitivity and low hardness. Our static contact-

resistance measurements have indicated that an interfacebelieved that in LSRSW of Zn-coated steels, the presence
of the oxide also inhibits solid-state bonding, and the low between Au-plated Ni sheets has a contact resistance about

7 pct of that for a Ni/Ni interface at room temperature.melting temperature of the Zn favors melting.
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(a) (b)

(d )(c)

(e)

Fig. 12—Schematic diagram of joint formation during welding of Au-plated Ni sheets: (a) solid-state bonding, (b) melting initiates at the Au/Ni interface,
(c) brazing at low welding current (with small but numerous voids resulted from trapped gases), (d ) brazing at high welding current (with accumulated
voids at the periphery of the braze), and (e) fusion nugget formed. Note the sketches are not in proportion in dimensions, and especially the thickness of
the Au plating is exaggerated to permit better visualization of the stages.

In this connection, Holm[19] has reported that the contact A for the bare Ni sheets (Figure 2(b)). However, the Au-
plated Ni joints formed by solid-state bonding are weak (atresistance of Au/Au interfaces is about 40 times less than

that of Ni/Ni interfaces at room temperature. Later, gold about 100 N of tensile-shear force), which is probably due
to the porous nature of the Au plating and the incompleteincreases the contact area by forming a molten Au-Ni braze

and, thus, reduces the current density. Both these factors bonding. On the other hand, the fusion nuggets in the bare
Ni joints at this strength level (100 N) were not fully devel-would require an increase in welding current/welding time.

The required increase in welding current for Zn-coated steels oped in size (at about 0.5 mm in diameter). The strength of
the bare Ni joints was about 200 N when the welding currentis generally about 25 to 100 pct compared to uncoated

steels.[11] In the present work on Au-plated Ni sheets, the was about 1900 A, the point when the fusion nuggets were
almost fully developed (at about 0.9 to 1.0 mm in diameter).required increase in welding current depends on the types

of joints desired or, more importantly, on the joint strength If Au-plated Ni joints are required to match this strength
level, well-developed brazed joints would be needed (Figurerequired. For example, a simple comparison of the threshold

welding currents indicate 1600, 1800, and 2500 A for solid- 2). This requires a welding current above 2100 A, compared
with that of 1900 A for bare Ni sheets, which is only aboutstate bonding, brazing, and fusion nugget formation, respec-

tively, for the Au-plated Ni joints, which are increases of a 10 pct increase. At even higher welding currents, the
strength of these brazed joints continued to increase withabout 30, 50, and 110 pct compared with the current of 1200
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Fig. 14—Shear force vs the diameter of braze area or fusion nugget for
the Au-plated and bare Ni joints, respectively.

Fig. 13—Au-Ni binary phase diagram.[18] V. CONCLUSIONS

The effects of Au plating on joint formation and joint
strength during SSRSW of thin-sheet nickel were investi-

increased welding current, whereas the bare Ni joints leveled gated. The major conclusions are summarized as follows.
off at a lower strength.

1. The bonding mechanisms during SSRSW of Au-platedVarious failure modes were observed during tensile-shear
Ni may be solid-state bonding at low welding currents,testing of the bare Ni joints: interfacial failure, weld failure,
a combination of solid-state bonding and brazing at inter-and base-metal failure (button pullout). Interfacial failure
mediate welding currents, and a mixture of solid-stateresults due to weak bonding between the metal sheets (Figure
bonding, brazing, and fusion welding at high welding5). Once a fusion nugget is formed in a bare Ni joint, the
currents.joint fails through the nugget when the nugget is small

2. The Au plating increases the threshold welding current(Figure 6(a)) or through the base metal when the nugget
required to form a joint during SSRSW of Ni sheets, duediameter is above a certain size (Figure 6(b)), and a pullout
to the reduction of contact resistance. The increases inbutton was produced during the subsequent tearing. This is
threshold welding currents for the Au-plated Ni sheetsconsistent with the observations made in LSRSW of steels.[5]

compared to the bare Ni sheets are about 30 to 110 pct,However, the failure modes for Au-plated Ni joints are more
depending on the bonding mechanisms involved.complex because of the combined joining mechanisms.

3. At high welding currents (.2100 A), the brazed jointsJoints with only a solid-state bond and weak braze failed
of Au-plated Ni sheets are stronger than the bare Ni jointsthrough bonded areas (Figures 7 and 8). Once a strong braze
even without a fusion nugget formed.was formed, base-metal failure occurred, and the fracture
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