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A novel technology has been developed for the resistance spot welding (RSW) of magnesium
to steel producing joint strength as high as 95 pct of that of Mg to a Mg joint. The mechanisms
of the dissimilar joining have been investigated using mechanical testing and metallurgical
examination employing scanning electron microscopy, energy-dispersive X-ray spectroscopy,
and X-ray diffraction. The results show that the mechanisms of joining during RSW of a
magnesium alloy to Zn-coated steel involve braze welding, solid-state bonding, and soldering.
The joint formation in comparison of RSW of Zn-coated steel with steel, Au-plated Ni, and
bare Ni sheets is discussed. A possible expansion of this technology also is suggested.
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I. INTRODUCTION

THE continued efforts by automobile manufacturers
to reduce vehicle weight have led to an increased use of
high strength-to-weight-ratio magnesium alloys in the
automobile architecture. Therefore, tasks of developing
magnesium-to-magnesium similar joints and magnesium
to others such as steel must be faced. The weldability of
magnesium alloys by various methods, including laser,!"
friction stir,” laser-tungsten hybrid,D] and resistance
spot welding (RSW),""! has been explored in detail.
However, only a few studies have focused on the
dissimilar joining of magnesium to steels. Butt joints
and overlap joints!® of Mg to steel were performed by
friction stir welding with a joint strength of around
70 pct of Mg base material and 3.7 kN (20 mm weld
seam length), respectively. Laser-GTA (gas tungsten
arc) hybrid welding was used to make overlap joints of
Mg to steel.”? However, it was hard to control these
processes to avoid metallic oxides like MgO, ZnO,
Fe,0s, or A0, 7 which could reduce the strength of
welds. The shear strength of dissimilar joints was
improved from 56 pct to 100 ?ct of the base material
by inserting a nickel interlayer.™

RSW is a primary joining method in the auto industry.
If dissimilar joints could be performed successfully by
RSW, then the costs could be attractive as a result of the
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lack of need for new equipment and the inherent low-cost
characteristics of RSW. Limited publications have
focused on characteristics of Mg/Mg similar RSW joints,
such as nugget growth characteristics,'” effects of surface
conditions and welding parameters,*'” and solidifica-
tion morphologies.') However, virtually no literature
has been published on the RSW of Mg to steel. Only a
few studies on RSW of Al to steel have been pub-
lished """ Mg-free Al foil was inserted between Al and
steel to suppress the formation of an intermetallic
layer.' An Al layer was cold rolled to steel as a
transition to aid the resistance welding process.'* A
laminate of steel and Al was inserted between Al and
steel so the same types of metals could face each other.!'”
The main problems of welding Al to steel using RSW are
the formation of brittle intermetallic compounds, wet-
ting of Al to steel, and large differences of electric
conductivity and thermal physical properties between Al
alloys and steel..'>!*! Some of these problems may be of
concern as well in RSW of Mg to steel. The objectives of
the current work were to develop an RSW process for
welding magnesium alloy to DP600 steel and to inves-
tigate the mechanisms of the joining process using
metallurgical examination and mechanical testing.

II. EXPERIMENTAL PROCEDURES

The materials used in this work were commercial-
grade twin-roll strip cast Mg alloy AZ31B and zinc-
coated DP600 steel sheets with thicknesses of 1.5 mm
and 1.2 mm, respectively. Lap-welded joints were made
by assembling test coupons that were cut to approxi-
mately 25 mm width and 100 mm length. Specimens
were cut parallel to the rolling direction of the sheets
and ultrasonically cleaned for 5 minutes in acetone.
Prior to welding, the surfaces of the magnesium,
coupons also were cleaned with a solution of 2.5 pct
(wt/vol) chromic acid to minimize surface oxides
because of their recognized negative effects on both
weld strength and RSW electrode life.!!
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Fig. 1-—AZ31 base material depicting the (a) microstructure and (b)
the as-received surface.

The microstructure of AZ31B is shown in Figure 1(a).
The AZ31 alloy consisted of equiaxed grains with an
average grain size of 7.5 um, measured according to
ASTM E112-96. Rolling tracks are shown clearly on the
surface of the AZ31B sheets (Figure 1(b)). An inspec-
tion of the DP600 steel microstructure with scanning
electron microscopy (SEM) in Figure 2(a) showed the
typical dual phase (DP) structure comprising martensite
islands within the polygonal ferrite matrix. The surface
of the DP600 steel was hot-dipped with zinc. The
thickness of the zinc layer was about 9 um to 12 um
measured by SEM (Figure 2(c)). Energy dispersive X-
ray (EDX) showed the zinc layer contained 3 wt pct Fe
and 97 wt pct Zn.

The specimens were welded using a median-frequency
DC RSW machine (custom mode for University of
Waterloo by Centerline Ltd, Windsor, Canada, Model
No. 3005/T96302) in the constant current mode. A
schematic diagram of the welding arrangement is shown
in Figure 3. An electrode cap (FF25) with a sphere radius
of 50.8 mm and face diameter of 16 mm, manufactured
from a class Cu—Cr—Zr alloy, was used at the magnesium
side, whereas a flat-face electrode was used at the steel
side. The bulk resistance of magnesium is less than one
third of steel (44.6 nQ x m for the magnesium alloy and
153 nQ x m for steel at 293 K (20 °C)),”! and the ther-
mal conductivity of AZ31B Mg alloy is 96 W/m x K,
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Fig. 2—DP600 steel base material depicting the (a) microstructure,
(b) as-received surface, and (c) thickness of the Zn coating.

which is about twice that of steel. So, if symmetric tip
contours were used to weld Mg to steel, then the heat
generation and peak temperature at the steel side would
be much higher than those on the magnesium side, which
could induce the melting of steel, evaporation of magne-
sium, cracks, pores, and segregation in the fusion zone
(nugget). Use of a domed electrode against the Mg surface
and a flat electrode against the steel surface were planned
to balance workpiece heating by reducing the current
density and by increasing the cooling rate of the steel side.
The welding force and current were fixed as 4.0 kN and
20 kA, respectively, whereas the welding time was
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Fig. 3—Schematic diagram of workpieces and electrodes for welding.

changed from one cycle to 16 cycles (60 cycles per second).
Four welding samples were made under each welding
condition—three for tensile shear test and one for
microstructural analysis.

Tensile-shear tests of welds were conducted on an
Instron universal test machine (Instron, Norwood, MA)
at a constant crosshead speed of 1 mm/min. Special care
was taken to minimize the effect of misalignment
between the axis of the weld coupons and the loading
axis. The thickness of both end sections of the welded
specimens was shimmed to the same value as the
thickness of the welded region to minimize bending
moments. All welded tensile-shear coupons were
strained to fracture, and the maximum load was used
to indicate the strength of the welds.

After welding, specimens were cut, mounted, pol-
ished, and etched. The composition of the etching
solution was 20 ml acetic acid, 20 ml water, 3 g picric
acid, and 50 ml ethanol. Microstructures and fracture
morphology were examined using a JEOL JSM 840
SEM (Japan Electron Optics Ltd., Tokyo, Japan) with
20 kV operating voltage equipped with EDX (Oxford
Instruments Microanalysis Group High Wycombe,
Bucks, United Kingdom). The phase constitution of
fractured joints was analyzed by X-ray diffraction
(XRD) analysis using a Rigaku AFC-8 diffractometer
with Cu target (Rigaku Corporation, Tokyo, Japan).

III. RESULTS

A. Mechanical Properties

Figure 4(a) shows a typical weld cross section. The
melted area of magnesium was revealed by etching, and
its maximum diameter was defined as D;. The diameter
of the bonded zone on the fracture surfaces was defined
as D, (Figure 4(b)). The diameter of melted Zn at the
steel—electrode interface was defined as D5 (Figure 4(c)).
As shown in Figures 4(b) and (c), no expulsion was
observed at either faying surfaces or electrode-work-
piece interfaces.

Figure 5 shows the growth of nugget size, fracture
surface diameter, and melt Zn diameter (D;, D,, and
Dj). It shows that all diameters increased with welding
time. However, D, and D3 reached a relatively stable
level after eight cycles, but D; continued to increase with
increase of welding time. It also was observed that the
order of the three diameters was D3 > D, > D;.

Figure 6 shows the depth of indentation of the
magnesium surface. It increased with welding time and
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Fig. 4—Measurements of weld dimensions by the following different
methods: (a) cross section of weld, (b) fracture surface, and (¢) mel-
ted zinc at steel-electrode interface.
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Fig. 5—Growth of weld dimensions with welding time depicting the
cross-section nugget size (D)), fracture surface diameter (D,), and
melt Zn diameter at the steel-electrode interface (D3).

became constant after eight cycles. The maximum
indentation was lower than 10 pct, which is acceptable
according to the American Welding Society (AWS)
Standard D17.2 for aerospace.l'® The indentation of the
steel side was zero even with a welding time of 16 cycles,
as expected because of a flat electrode being used.
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Fig. 6—Indentation vs welding time on the magnesium side.
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Fig. 7—Tensile-shear strength of magnesium/steel dissimilar welds vs
the welding time.

Figure 7 shows the relationship between strength and
welding time. The strength of the joints increased with
welding time and became constant after eight cycles. The
strength of welds reached the AWS D17.2 requirement
when the welding time was more than three cycles. The
largest force was around 5 kN, which was greater than
95 pct of the strength of optimized AZ31B to AZ31B
spot joints.'”" All specimens failed in an interfacial
failure mode, which indicated that cracks propagated
through the fusion zone.

B. Fracture Morphology

Figure 8 shows the fracture morphology of a weld
with one cycle welding time. Three different kinds of
regions were found on both Mg and steel sides, identified
in the figures as regions I, II, and A (Figure 8(a)). Region
I (Figure 8(b)) had a surface chemistry of 46.3 wt pct Mg
and 53.7 wt pct Zn. The free surface of region I indicated
that it was formed from liquid melted and squeezed out
with a surface morphology imprinted by the Mg as-
received surface (Figure 1(b)), and it was not joined to
the other side. Region II was the joint area with a
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diameter of D, producing a joint with 1.5 kN strength.
The EDX analysis indicated this area comprised about
80 wt pct Zn, 13 wt pct Mg, 5 wt pct Al, and 2 wt pct
Fe. It suggests that the Mg and steel sheets were joined
(soldered) by molten and resolidified Zn. Small but
numerous voids were found on the fracture surface of the
joined area (Figure 8(c)), which may be a result of gases
trapped between sheets.!'® The details of area A in
Figure 8 showed that the bonding was incomplete, with
patches of original plating-surface morphology, indicat-
ing that these regions were not melted (Figure 8(d)). The
tracks in Figure 8(d) were similar to those of the original
magnesium surface (Figure 1(b)). This observation sug-
gested that the two areas were in contact with each other
during welding. However, because the heat generation
was insufficient, they were not melted or joined.

Figure 9 shows the fracture morphology of the Mg
side of a fractured joint made with three cycles welding
time. Table I summarizes the EDX analysis of different
regions. In Figure 9(a), the fracture surface could be
divided into the following regions according to their
morphology: region I (Figure 8(b)) was smooth, free
surface, and the weight percent ratio of magnesium to
zinc was about 1:1 (Table I), suggesting it was equiva-
lent to region I of the one-cycle weld. Region II
(Figure 9(c)) also had a similar fracture morphology
and chemical composition with that of the bond zone at
one cycle. The chemical compositions of regions IIT and
IV was the same as AZ31B base material (Table I).
Region IIT looked more dense, and nearly no pores
could be found in this region (Figure 9(d)). However,
pores were visible in region IV (Figure 9(e)). A clear
boundary between regions III and IV was evident on the
fracture surface (Figure 9(f)).

Four equivalent regions also were found on the steel
side of the fractured three-cycle weld (Figure 10). The
morphology and element composition (Table IT) of
region I on the steel side were similar with those of the
Mg side, whereas regions II, 111, and IV were different.
According to the EDX results, region II was bare steel,
indicating fracture of this area occurred at the steel-Zn
interface. Black (A) and grey (B) areas were in regions
IIT and IV. The majority element of areca A was Mg,
whereas in area B, it was Fe. Fracture surfaces of areas
A (Figure 10(b)) and B (Figure 10(c)) indicated that the
fracture path followed either the Mg-steel interface
(area B) or through the Mg fusion zone (area A). It
should be noted that the black areas in region III were
more extensive than those of region IV, suggesting a
better joint strength of Mg to steel in region III.

With a further increase in welding time, the width of
region Il became narrower from about 450 um at three
cycles to 270 um at eight and 16 cycles (Figures 9(a), and
11(a) and (b)), and numerous secondary cracks were
formed in this region during tensile-shear testing
(Figure 11(c)). Pores only rarely were found in the
periphery of region IV, which was different from the
behavior at three cycles welding time. The strength of these
welds became much higher than the standard (3.1 kN).

XRD analyses were performed on the four regions as
shown in Figure 12. The majority phases in regions I
and II were Mg, Zn, and MgZn,. The intensity of Zn in
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Fig. 8—Fracture morphology of weld with one cycle welding time, at (a) steel side; (b) details of region I, the squeezed Zn; (¢) details of region
I1, the joined area; and (d) details of zone A, the unmelted area.

Fig. 9—Fracture morphology of weld made with three cycles at the magnesium side, depicting an (a) overview, (b) details of region I, (¢) details
of region II, (d) details of region 11, (e) details of region IV, and (f) transition from region III to region IV.

region II was higher than region I, and a few Mg alloy base material except for a little AlsMg;;Zny,
AlsMg;,Zn, phase particles also were detected in this which does not exist in the AZ31B base material. It is
region. Regions III and IV were almost the same as the believed that the appearance of AlsMg;,;Zn, phase was a
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Table I. Elemental Composition of Different Areas
in Figure 9(a) in Wt Pct

Table II. Elemental Composition of Different Areas
in Figure 10(a) in Wt Pct

Area Mg Zn Al Fe Area Mg Zn Al Fe Cr Mn C
I 47.9 50.4 1.6 0.1 I 489  SI.1 — — — — —
II 8.6 90.2 1.2 0 II — 56 109 809 1.0 1.6 —
11 96.2 1.1 2.6 0.1 AinIII 979 — 2.1 — — — —
v 97.6 — 2.4 — B in III 34.5 — 87 517 — — 5.1

Fig. 10—Fracture morphology of weld made with three cycles at
steel side, depicting () an overview, (b) details of area A, and (c) de-
tails of area B.
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result of the dissolution of extra Zn into the Mg welding
pool. No large amount of brittle Mg-Zn phase was
formed in the nugget because most of the the zinc layer
was squeezed out of the central nugget region and
deposited as regions I and II.

C. Microstructures

Figure 13 shows a cross section of magnesium to steel
welded with three cycles. Three regions with different
morphologies and compositions also were found along
the Mg-steel interface that correspond to the fracture
surface features discussed (Figure 9(a)). Region II con-
sisted of two solder layers (because the melting temper-
ature is less than 723 K (450 °C)!'®) that were
characterized by different chemical compositions and
marked as B and C. Layer B consisted of 12.4 wt pct
Mg and 87.6 wt pct Zn (Table III), which was similar to
that of region II of fracture surfaces (Figures 8(c) and
9(b)) and should contain a similar phase composition. In
layer C, the ratio of Mg to Zn was 1:1, which was the
same as that observed in region I in Figures 8(b) and
9(b). Equiaxed grains were found in region IIT (Fig-
ure 12(c)), the size of which was larger than those of the
base material. So it is believed that in region III,
magnesium was melted partially, and the joint really is
formed by a combination of solid-state and fusion
bonding. Region IV was in the center of the Mg fusion
zone (i.e., D;), as shown in Figure 4(a). In region 1V,
magnesium alloy was melted and was braze-welded to
steel. As to the solidification morphology of the steel
side, no melt was found even in the center of the nugget.

Figure 14 shows the microhardness distribution along
the center of a weld made at 16 cycles. On the
magnesium side, hardness was highest at the interface
and decreased along the thickness direction. However,
on the steel side, the highest hardness area was between
the interface and the center of the sheet. It is believed
that the enhanced hardness of the Mg side was a result
of alloy strengthening, and the area near the interface
had more alloying elements. Because the electrical
conductivity of steel is much lower than magnesium,”
the heat generation on the steel side would be higher
than that on the magnesium side. The steel then could
serve as a hot anvil to heat the magnesium. Because of
the heat losses from both magnesium and electrode/
steel, the highest temperature occurred in the center of
the steel thickness, which could promote martensite
transformations, increase the martensite content, and
then lead to higher local hardness.[*->"]
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Fig. 11—Fracture morphology of magnesium side at (a) eight cycles,
(b) 16 cycles, and (c) details of region II in eight cycles.

IV. DISCUSSION

The dissimilar joining of AZ31 to DP600 is dis-
cussed in this section under the following topics: the
mechanisms of joint formation and the effects of the
Zn soldering layer on the weld strength. A comparison
of Mg/steel with Zn-coated-steel/Zn-coated-steel,*"
Au-plated-Ni, and bare-Ni/bare-Ni are discussed.!'®!
A possible expansion of this technology also is
discussed.
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A. Joint Formation

A schematic diagram of joint formation is provided to
assist the following discussion (Figure 15). In the first
stage of welding (Figure 15(a)), Mg and steel sheets are
soldered together by the Zn layer on the steel surface.
The contact resistance of the faying surface initially will
be higher because of the presence of surface oxides. So,
heat generation at the faying surface initially would be
higher than in the bulk material. For a short welding
time, a nonwelded region may appear in the middle of
the spot, as shown in Figure 8(d). A similar phenom-
enon was found in RSW of steel with a short welding
time*? because resistance heating was most intense
close to the periphery of the contact area, causing the
temperature of this region to rise sharply.”* However,
even the donut-shaped soldered joint can produce
significant strength, about 1.5 kN, as shown in Figure 7.
According to the Mg-Zn binary-phase diagram on the
freezing of eutectic alloys, the formation of Mg,Zn,; is
suppressed sometimes, and a metastable eutectic struc-
ture, MgZn, + (Zn), forms before the melting of the Mg
base material, which has been confirmed by the XRD
data from region II.

With subsequent heating, the zinc layer is melted
completely, and the shape of the fusion zone changes
from donut to circle, as shown in Figure 15(b). The
magnesium near the interface begins to dissolve in the
zinc, but the bulk material is still solid and no melting
of magnesium occurs because the melting point of Mg
base material is higher than that of Zn or Mg-Zn
phases. Because of the electrode force, liquid Zn and
MgZn, are squeezed out, and magnesium directly
touches bare steel (Figure 15(c)). The elemental com-
position in regions III and IV is the same as AZ31B
base material, and the XRD results show that they
mainly consist of Mg and very few particles of
AlsMg;1Zny. So it could be concluded that most of
the Zn is squeezed out to the peripheral region (regions
I and II in Figures 9(b) and (c)) of the nugget at the
third stage. Because of the nonuniform thermal expan-
sion, a gap between the Mg and steel sheets is formed
around the joined area.*¥

With Zn being squeezed out, solid-state bonding
occurs at the center (region III) because no melting of
magnesium was observed. As pointed out by many
researchers, temperature, pressure, and surface condi-
tion are the most important factors for solid-state
joining.*” In the present study, the pressure applied by
the weld force is about 50 MPa to 140 MPa. The bare
steel surface is very clean from the protection of the Zn
coating before welding and the cleaning effect during
welding. Moreover, the interface of steel and Mg is
sealed mechanically by the squeezed zinc during weld-
ing; therefore, no metallic oxides could be formed
during welding. All these elements create a condition
similar to diffusion welding in a vacuum chamber. As a
result, a high bond strength could be obtained.

In the fourth stage, the Mg alloy, which contacts bare
steel directly, starts melting by heat flow from the steel
side and its own joule heat, as shown in Figure 15(d).
The solid-state joint of region III protects the weld pool
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Fig. 12—XRD analysis of different regions of fracture surface in Figure 9, depicting (a) region I, (b) region II, (¢) region III, and (d) region IV.

away from expulsion. In the end, a hat-shape joint area
is formed with high strength, as shown in Figure 15(d).
With further increase of the welding time, the area of
melted magnesium increases, and the nugget grows
bigger, as shown in Figure 15(e). Regions II and III
become narrow, and region I'V grows bigger. D; and D,
are closer to each other.

Similarities of joining phenomena are found between
RSW of Zn-coated steel/steel and steel/Mg, in partic-
ular the squeezing out of Zn in the early stage of the
process. The difference is whether steel is melted. A
liquid weld pool (nugget) forms during the welding of
steel/steel. But in the current work, the clean and
mechanically sealed steel is not melted, which provides
an ideal condition for wetting and solid-state bonding.
The Zn coating would not significantly influence the
strength of fusion welds like steel-steel,*" but it has
great effects on braze welding and solid-state bonding
in this dissimilar metal application. This technology
also can be expanded as follows to flux-free braze
welding using RSW: precoating of low melting point
metal to protect the surface; the coating melts before
the melting of the base material; the coating is
squeezed out and mechanically seals the brazing area
during the joining process.
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B. Bonded Area and Joint Strength

The shape and size of a nugget play an important role
in the strength of welds. In this work, donut-shape joints
were produced at a short welding time, and a hat-shape
joint resulted from a long welding time. The joint could
be divided into four regions; regions II to IV contribute
to the strength of welds, but region I does not. Every
region produces different microstructures, phases, and
chemical compositions. Region IV was the center area of
the nugget, in which magnesium was melted, and pores
and cracks are found frequently in this region. However,
nearly no defects were found in region III, which had a
microstructure similar to a partially melted zone.
Outside of region III is region II, which was filled by
squeezed Zn. So from the view of joining mechanisms,
region IV was formed by weld brazing of Mg to steel,
region III contained a combination of solid-state bond-
ing and brazing of Mg to steel, and region II was formed
by the soldering of magnesium to steel by the zinc-based
filler material Zn97Fe3 (Zn coating, with 97 wt pct Zn
and 3 wt pct Fe).

In RSW of Mg or Al alloys, a plastically deformed
ring, in which solid-state bonding occurs, generally can
be found.!*® But the strength of those solid-state bonded
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Fig. 13—Interface of magnesium to steel weld with three cycles
welding time depicting (a) overview, (b) details of region II, and (c)
details of region III.

Table III. Elemental Composition of Different Areas
in Figure 13(b) in Wt Pct

Area Mg Al Fe Zn
A — — 100 —
B 12.4 — — 87.6
C 50.1 — — 49.9
D 96.5 3.5 — —
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Fig. 14—Hardness distribution along the thickness direction welded
with 16 cycles.

zones is weaker compared with the fusion zone. So
nugget size always is defined as the diameter of the
fusion zone, and the width of the external plastic ring is
not included in the nugget diameter to evaluate the weld
strength. Generally, with an interfacial failure mode, the
joint strength increases with nugget diameter, and it
becomes stable if the nugget diameter does not change.
In the current work, after eight cycles, D, and weld
strength simultaneously became stable, whereas D; kept
increasing. This observation suggests that the strength
of welds mainly was related to D, and not D;. The
definitions of diameters D; and D, reflect the charac-
teristics of regions II and III, which were formed by
soldering and solid-state bonding, respectively. The joint
strength was 1.5 kN with soldering only in one cycle of
heating. The solid-state bonding provided better
strength than fusion bonding according to the fracture
surface on the steel side (Figure 10). In the literature, Zn
also has been used as an interlayer to bond Mg and Al
alloys.””**) Even without the formation of a fusion
nugget, solid-state bonds of Au-plated Ni sheets can be
stronger than the bare Ni joints with a nugget.'® So
regions II and III would have great effects on the
strength of welds, and it therefore makes sense to add
both the fusion zone and the solid-state bonded area as
the “bond diameter.” Region II seems to be particularly
important to the weld integrity because of the existence
of a high stress concentration in this region.

V. CONCLUSIONS

AZ31B/steel dissimilar joints were formed success-
fully by RSW. The optimum strength of the welds was
5.0 kN, which is about 95 pct of that of an optimized
Mg/Mg joint. The major conclusions are summarized as
follows:

1. A hat-shaped joint was formed during RSW of
magnesium to zinc-coated steel. The joint areas
could be divided into the following regions from
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Fig. 15—Sechematic diagram of joint formation during welding of mangesium to steel sheets, depicting (a) melting initiates at Mg—Zn interface
with a donut shape, (b) totally melting of Zn and soldering of Zn to Mg, (¢) squeezing Zn out, (d) melting and brazing of Mg to steel, and (e)

growth of the nugget.

outside to the center: soldering of magnesium to
steel by zinc-based filler (region II): solid-state
bonding of magnesium to steel (region III); weld
brazing of magnesium to steel in the center of the
weld with certain penetration (region IV). Zinc was
squeezed out of the fusion zone and formed region
II, which mechanically could seal the nugget. The
fresh and intact steel surface could produce an ideal
condition for the wetting of magnesium to steel in
region 1V and solid-state bonding in region III.

2. The diameter of fracture surfaces (D,) and the
strength of welds increased with welding time and
became stable after eight cycles, whereas the diame-
ter of fusion zone (D;) kept increasing up to 16 cy-
cles. The difference between D; and D, was the
existence of regions II and III, which have great
influence on the strength of welds.

3. Use of a radiused electrode against the Mg sheets
and a flat electrode against the steel surface was
needed to keep the temperature of steel below its
melting point. The hardness near the bonded inter-
face of the steel side was lower than the center of
the sheet thickness, suggesting that steel served as a
heat generator at the later stages of the welding
process because of its large bulk resistance.

ACKNOWLEDGMENTS

This research was supported financially by the Natu-
ral Sciences and Engineering Research Council
(NSERC) of Canada, AUTO21 Network Centres of
Excellence of Canada, and NSERC Magnesium

2660—VOLUME 41A, OCTOBER 2010

Network (MagNET). The authors want to thank
Professors S. Lawson, G.S. Zou, and L.Q Li for their
suggestions in this work and also are grateful for the
materials support of POSCO.

REFERENCES

1. L.M. Liu, G. Song, and M.L. Zhu: Metall. Mater. Trans. A, 2008,
vol. 39A, pp. 1702-11.

2. S.C. Park, Y.S. Sato, and H. Kokawa: Scripta Mater., 2003,
vol. 49, pp. 161-66.

3. L.M. Liu, G. Song, G.L. Liang, and J.F. Wang: Mater. Sci. Eng.
A, 2005, vol. 390, pp. 76-80.

4. L. Liu, S.Q. Zhou, Y.H. Tian, J.C. Feng, J.P. Jung, and Y. Zhou:
Sci. Technol. Weld. Join., 2009, vol. 14, pp. 356-61.

5. T. Watanabe, K. Kagiya, A. Yanagisawa, and H. Tanabe: Quart.
J. Jpn. Weld. Soc., 2006, vol. 24, pp. 108-15.

6. Y.C. Chen and K. Nakata: Mater. Des., 2009, vol. 30, pp. 3913—
19.

7. L.M. Liu and X. Zhao: Mater. Character., 2008, vol. 59, pp. 1279—
84.

8. X.D. Qi and G. Song: Mater. Des., 2010, vol. 31, pp. 605-09.

9. J.C. Feng, Y.R. Wang, and Z.D. Zhang: Sci. Technol. Weld. Join.,
2006, vol. 11, pp. 154-62.

10. D.Q. Sun, B. Lang, D.X. Sun, and J.B. Li: Mater. Sci. Eng. A,
2007, vols. 460461, pp. 494-98.

11. L. Xiao, L. Liu, Y. Zhou, and S. Esmaieli: Metall. Mater. Trans.
A, 2010, vol. 41A, pp. 1511-22.

12. T. Watanabe, A. Yanagisawa, S.K. Ma, and Y. Doi: Weld. Inter.,
2005, vol. 23, pp. 491-95.

13. R.F. Qiu, C. Iwamoto, and S. Satonaka: Mater. Character., 2009,
vol. 60, pp. 156-59.

14. X. Sun, E.V. Stephens, M.A. Khaleel, H. Shao, and M. Kimchi:
Weld. J., 2004, vol. 83, pp. 188s-95s.

15. Method and Material for Resistance Welding Steel-Base Metal
Sheet to Aluminum-Base Metal Sheet, Patent U.S. Application 5
783 794.

16. AWS D17.2, Specification for Resistance Welding for Aerospace
Applications, 2007.

METALLURGICAL AND MATERIALS TRANSACTIONS A



17.

18.

19.

20.

21.

22.

S.Q. Zhou, L. Liu, J.P. Jung, M.Y. Lee, and Y. Zhou: Metal.
Mater. Inter. Under review.

W. Tan, Y. Zhou, and H.-W. Kerr: Metall. Mater. Trans. A, 2002,
vol. 33A, pp. 2667-76.

M. Xia, E. Biro, Z. Tian, and Y. Zhou: ISIJ Int., 2008, vol. 48,
pp. 809-14.

V.H. Baltazar, M.L. Kuntz, M.I. Khan, and Y. Zhou: Sci. Tech-
nol. Weld. Join., 2008, vol. 13, pp. 769-76.

S.A. Gedeon and T.W. Eagar: Metall. Trans. B., 1986, vol. 17B,
pp. 887-901.

S.I. Rokhlin and L. Adler: J. Appl. Phys., 1984, vol. 56 (3),
pp. 726-31.

METALLURGICAL AND MATERIALS TRANSACTIONS A

23.

24.

25.

26.

27.

28.

J.A. Greenwood and J. Williamson: Proc. R. Soc. London, 1958,
vol. 264A, pp. 13-31.

B.H. Chang, M.V. Li, and Y. Zhou: Sci. Technol. Weld. Join.,
2001, vol. 6, pp. 273-80.

A. Hill and E.R. Wallach: Acta Mater., 1989, vol. 37, pp. 2425~
37.

Y.R. Wang, J.C. Feng, and Z.D. Zhang: Sci. Technol. Weld. Join.,
2006, vol. 11, pp. 555-60.

LM. Zhao and Z.D. Zhang: Scripta Mater., 2008, vol. 58,
pp. 283-86.

L.M. Liu, L.M. Zhao, and R.Z. Xu: Mater. Des., 2009, vol. 39,
pp. 4548-51.

VOLUME 41A, OCTOBER 2010—2661



	The Mechanisms of Resistance Spot Welding of Magnesium to Steel
	Abstract
	Introduction
	Experimental Procedures
	Results
	Mechanical Properties
	Fracture Morphology
	Microstructures

	Discussion
	Joint Formation
	Bonded Area and Joint Strength

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


