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The  aim  of this  study  was  to  evaluate  microstructures,  tensile  and  fatigue  properties  of  weld-bonded  (WB)
magnesium-to-magnesium  (Mg/Mg)  similar  joints  and  magnesium-to-steel  (Mg/steel)  dissimilar  joints,
in  comparison  with  resistance  spot  welded  (RSW)  Mg/steel  dissimilar  joints.  In  the WB  Mg/Mg  joints,
equiaxed  dendritic  and  divorced  eutectic  structures  formed  in  the  fusion  zone  (FZ).  In the  dissimilar  joints
of RSW  and  WB  Mg/steel,  FZ appeared  only  at Mg  side  with  equiaxed  and  columnar  dendrites.  At steel
side  no  microstructure  changed  in  the WB  Mg/steel  joints,  while  the  microstructure  in the  RSW  Mg/steel
joints  consisted  of  lath  martensite,  bainite,  pearlite  and  retained  austenite  leading  to  an  increased  micro-
hardness.  The  relatively  low  cooling  rate  suppressed  the  formation  of shrinkage  porosity  but  promoted
the  formation  of MgZn2 and  Mg7Zn3 in the  WB  Mg/steel  joints.  The  added  adhesive  layer  diminished
stress concentration  around  the weld  nugget.  Both  WB  Mg/Mg  and  Mg/steel  joints  were  significantly
SLA steel
issimilar joint
echanical properties

stronger  than  RSW  Mg/steel  joints  in terms  of  the  maximum  tensile  shear  load  and  energy  absorption,
which  also  increased  with  increasing  strain  rate.  Fatigue  strength  was  three-fold  higher  for  WB  Mg/Mg
and  Mg/steel  joints  than  for RSW  Mg/steel  joints.  Fatigue  failure  in the RSW  Mg/steel  joints  occurred  from
the heat-affected  zone  near  the  notch  root  at  lower  load  levels,  and  in the  mode  of  interfacial  fracture  at
higher load  levels,  while  it occurred  in  the  Mg  base  metal  at  a  maximum  cyclic  load  up to  ∼10 kN  in  both
WB  Mg/Mg  and  Mg/steel  joints.
. Introduction

Due to huge concerns on the global warming caused by recently
ecognized man-made greenhouse gas emissions and rising energy
rices, demands for environmental-friendly transportation vehi-
les with better fuel efficiency and reduction of atmospheric
ollution have received considerable attention [1–5]. To achieve
uch goals and meet legislative regulations, manufacturers in the
utomotive and aerospace sectors have to count on reducing the
ehicle weight via applying advanced lightweight materials and
nnovative joining techniques [6–9].

Recently, the development and application of ultralight-weight
agnesium alloys have been significantly increasing in the

ransportation sectors due to their low density, high strength-

o-weight ratio, and superior damping capacity [10–15].  On
he other hand, high strength low alloy (HSLA) steels have
een widely acceptable for years by automotive manufacturers
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due to their excellent combination of strength with formabil-
ity and fitness for assembly [16,17]. The growing applications of
lightweight magnesium alloys have to involve the dissimilar joining
between magnesium alloys and steels. Therefore, it is impor-
tant to develop the joining technology of Mg  alloys with HSLA
steels.

Weld-bonding (WB) which combines resistance spot welding
(RSW) with adhesive-bonding, originally developed to prevent
noise and vibrations for aircraft, automobile production and rail-
way carriages, is an innovative and advanced hybrid joining
technology since it has the advantages of both RSW and adhesive
bonding, including reduced manufacturing costs, superior static
and fatigue properties, improved corrosion resistance [18–23].
While RSW alone has been extensively used in the automobile man-
ufacturing (e.g., about 90% assembly work is done with RSW in a
typical auto body, with about 7000–12,000 spot welds depending
on the size of vehicle [24]), there is a tendency of using adhesive
bonding to replace RSW since the first application of precision
robot-dispensed two-part adhesives for bonding body-in-white

structure [25]. Indeed, it has been reported that automotive man-
ufacturers such as Audi, VW,  Peugeot Renault, Volvo, and BL have
an active interest in bonding as a process to replace RSW in their
product since 1980s [26].

dx.doi.org/10.1016/j.msea.2011.12.096
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:dchen@ryerson.ca
dx.doi.org/10.1016/j.msea.2011.12.096
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Table 1
Chemical composition of AZ31B-H24 Mg  alloy.
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A new attempt of WB  Mg-to-Mg and Mg-to-steel could bring
enefits of vehicle weight reduction due to the combination of new
B joining technique with strategic ultralight-weight magnesium

lloys. However, the integrity and durability of WB  Mg/Mg  similar
elds and Mg/steel dissimilar welds especially under cyclic loading

re unknown, since no fatigue behavior of such welds in relation to
he microstructural changes has been reported in the literature. It
s unclear how big difference there would be between WB  and RSW
oints when a magnesium alloy is involved. The main objective of
he present study was, therefore, to identify the influence of adhe-
ive addition on the microstructures, tensile and fatigue properties
f similar WB  Mg/Mg and dissimilar Mg/steel joints.

. Materials and experimental procedure

The materials used in the present study were AZ31B-H24
g alloy sheet and hot-dip galvanized HSLA steel sheet, with a

hickness of 2.0 mm and 0.7 mm,  respectively. The chemical com-
ositions for the AZ31B Mg  alloy and HSLA steel are shown in
ables 1 and 2. The test coupons of 25 mm in width and 100 mm in
ength were cut. Specimens were ultrasonically cleaned for 5 min  in
cetone. Prior to welding the surfaces of Mg  coupons were further
leaned with a solution of 2.5% (w/v) chromic acid to remove sur-
ace oxides. For WB,  Terokal® 5087-02P adhesive had been applied
nd then cured at a temperature of 180 ◦C for 30 min. The weld-
ng parameters were selected to be 8 kA, 3 cycles plus 24 kA, 8
ycles using alternate current (AC) for WB  Mg/Mg  (weld-bonded
Z31 to AZ31 Mg  alloy) joints; 8 kA, 3 cycles plus 24 kA, 8 cycles using
irect current (DC) for WB  Mg/steel (weld-bonded AZ31 Mg alloy to
SLA steel) joints; and 28 kA, 8 cycles with DC for RSW Mg/steel

resistance spot welded AZ31 Mg  alloy to HSLA steel) joints. Symmet-
ical electrode cap (FF25) with a sphere radius of 50.8 mm and a
ace diameter of 16 mm was used for WB  Mg/Mg  similar welding.
symmetrical electrodes, with a FF25 electrode cap against Mg  side
nd a flat face electrode against steel side, were used for both WB
g/steel and RSW Mg/steel dissimilar welding, aiming to balance

he workpiece heating by reducing current density and increasing
ooling rate of the steel sheet.

The metallographic samples were sectioned across the weld
enter parallel to the loading direction, and then cold mounted,
round, polished and etched with a solution of 4.2 g picric acid,
0 ml  acetic acid, 70 ml  ethanol, and 10 ml  water. An optical micro-
cope in conjunction with Clemex image analysis system was used
o observe the microstructures of weld nuggets and base metal.
ickers microhardness tests were performed on the unetched sam-
les. A load of 200 g and a dwell time of 15 s were used during
ardness testing. All indentations were adequately spaced to avoid

ny potential effect of strain fields caused by adjacent indenta-
ions. On the polished cross-sectional surface, the hardness test
ines were inclined at about 6◦ to the faying surface and passed the

able 2
hemical composition of HSLA steel.

Element C Si Mn P S Ni

Content (wt.%) 0.060 0.227 0.624 0.006 0.004 0.013

Element Cr Mo  Cu Al Ti Nb

Content (wt.%) 0.041 0.005 0.044 0.039 0.003 0.021
gineering A 537 (2012) 11– 24

joint center which was set to be 0 mm.  Before all the microhardness
tests, calibrations were conducted using a standard reference test
block. Tensile tests were carried out at room temperature using
a fully computerized United tensile testing machine at different
crosshead speeds of 0.1 mm/min, 1.0 mm/min, and 10.0 mm/min
for each group (WB  Mg/Mg  joints, WB Mg/steel joints, and RSW
Mg/steel joints). Two samples were tested at each crosshead speed.
Fatigue tests were performed using a fully computerized Instron
8801 servo-hydraulic testing system under load control at different
maximum loads. A load ratio of R (Pmin/Pmax) equal to 0.2, sinu-
soidal waveform, and frequency of 50 Hz were used in all the tests.
Two samples were tested at each load level chosen. The fracture
surface morphology and microstructures were examined using a
JSM-6380LV scanning electron microscope (SEM) equipped with
Oxford energy dispersive X-ray spectroscopy (EDS) system and 3D
fractographic analysis capacity. Furthermore, a multi-functional
PANalytical X-ray diffractometer was  used to identify the forma-
tion of potential intermetallic compounds after Mg/steel dissimilar
welding from the fracture surface (Mg  side) after tensile tests. X-
ray diffraction (XRD) was  performed using CuK� radiation at 45 kV
and 40 mA.  The diffraction angle (2�) at which the X-rays hit the
sample varied from 20◦ to 90◦ with a step size of 0.05◦ and 3 s in
each step.

3. Results and discussion

3.1. Microstructure

The overall joint nugget and microstructural changes across a
WB  Mg/Mg  joint are shown in Fig. 1. It is seen that the cross-section
of the weld (Fig. 1(a)) exhibited a big microstructural change. At or
near the fusion center (Fig. 1(b and c)) the microstructure consisted
of equiaxed dendrites containing divorced eutectic Mg17Al12 parti-
cles [27–29] mainly located at the interdendritic and intergranular
regions. Similar microstructure in the FZ center of AZ31B-H24 Mg
alloy after laser welding or double-sided arc welding has been
reported in Refs. [30,31]. Comparing Fig. 1(c) with (b) it appeared
that the dendrite cell size (or grain size) became smaller with
increasing distance from the FZ center. Near the FZ border the
divorced eutectic Mg17Al12 particles were mainly located at the
boundaries of less obvious dendrite grains which became further
smaller (Fig. 1(d)). The microstructural change in the FZ border area
can be seen in Fig. 1(e), where no divorced eutectic Mg17Al12 parti-
cles in the HAZ were present. This can be better seen on the image
taken in the HAZ (Fig. 1(f)). Fig. 1(g) shows the microstructure in
the base metal (BM) which consisted of deformed and elongated
grains, similar to that reported in Refs. [30,31].  Even though the
grain size (or dendrite cell size) decreased with increasing distance
from the FZ center, it was  still larger than that of BM,  as seen from
Fig. 1(b–f) versus (g).

Furthermore, it was observed from Fig. 1(c–e) that no columnar
dendritic structure near the FZ border was developed in the WB
Mg/Mg  joint. Similar observations of no or undeveloped columnar
dendritic structure were also reported in the resistance spot weld-
ing by Wang et al. [14] on 1 mm thick AZ31B-H24 Mg alloy sheets,
and by Xiao et al. [32] and Liu et al. [33] on the hot-rolled sheets
of AZ31 Mg  alloy. This was related to the columnar-to-equiaxed
transition influenced by second-phase particles in the fusion pool
during welding. According to Burden and Hunt [34], the columnar-
to-equiaxed transition during nugget solidification occurred either
by a pile-up of equiaxed crystals that blocked the growth of colum-

nar grains or by the attachment of equiaxed crystals from the
liquid to the columnar dendrite front. Xiao et al. [32] have recently
observed that during solidification of the fusion pool, when the size
of the second-phase particles in front of the interface was large
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ig. 1. Microstructures of a WB Mg/Mg  joint: (a) overall view of nugget where the l
nd  near the center of FZ with divorced eutectic Mg17Al12 particles, (d) microstruct

nough, new grains would nucleate and grow in the areas near the
Z boundary and these coarser second-phase particles would block
ff the epitaxial columnar grains. As a result, columnar dendritic
rain growth would be restricted, and equiaxed grains developed,
s seen in Fig. 1(d and e).

Kou [35] presented a constitutional supercooling theory asso-
iated with the ratio of temperature gradient (G) to growth rate

R). When G/R ratio is very low, the region of constitutional super-
ooling is so wide that solid nuclei form in front of the advancing
olid/liquid interface and grow into equiaxed dendrites as solidi-
cation proceeds. Similar situation was observed by Liu et al. [33]
n of the subsequent images is indicated, (b) and (c) equiaxed dendritic structure at
ar the FZ border, (e) FZ/HAZ border area, (f) HAZ, and (g) base metal (BM).

who reported that when the welding current increased from 22 kA
to 26 kA during RSW of Mg/Mg, the columnar dendritic zone (CDZ)
near the FZ border became smaller; when the welding current fur-
ther increased from 26 kA to 28 kA, the CDZ disappeared. Since the
higher welding current gave rise to a higher heat input, leading
to a lower temperature gradient and a higher cooling rate which
promoted the columnar-to-equiaxed transition. The absence of the

columnar structure near the FZ border in the present WB  Mg/Mg
joint was  basically due to more heat generation and higher tem-
perature due to the presence of adhesive added (Fig. 2, as reported
by [36]). Then the temperature gradient would become lower,
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ig. 2. A macroscopic image of a typical fatigue fracture surface of the WB Mg/Mg jo
as  squeezed or burned off.

esulting in a low G/R ratio and promoting the columnar-to-
quiaxed grain transition.

From Fig. 1(a) it is also seen that in the WB  Mg/Mg  joint,
olidification or shrinkage cracking occurred. The formation of
olidification cracking was basically due to the presence of low
elting point liquid films between dendrites due to the segrega-

ion of Al and Mn  atoms and tensile stress developed during cooling
37,38]. The shrinkage porosity and cavities in the FZ of a given

etal were closely related to its thermal expansion in the welding
rocess and forge force at the later stage of welding [39]. Since AZ31
g had a relatively high coefficient of volume expansion in liquid

t its melting point (1.65 × 10−4 K−1), in comparison with that of
luminum (1.31 × 10−4 K−1) or iron (0.89 × 10−4 K−1), a higher ten-
ency of forming shrinkage porosity and cavities than aluminum
r iron would be expected in the fusion welding of Mg/Mg  [40].

Figs. 3 and 4 show the microstructures of WB  Mg/steel joint
nd RSW Mg/steel joint, respectively. At the Mg side, both
amples had a similar microstructure consisting of four zones,
amely, (i) equiaxed dendritic zone in the FZ of Mg  alloy close
o HSLA in Figs. 3(b) and 4(b), (ii) columnar dendritic zone in
igs. 3(d) and 4(d), (iii) HAZ at the top of Figs. 3(e) and 4(e), and (iv)
M of AZ31 Mg  alloy like Fig. 1(g), where Figs. 3(c) and 4(c) show
he border area between the equiaxed dendritic zone and colum-
ar dendritic zone. It is seen from Fig. 4(b) that the Mg  FZ adjacent
o the HSLA showed some clear shrinkage cracks or cavities in the
SW Mg/steel joint without adhesive, while such shrinkage cracks
ere basically absent in the WB Mg/steel joint with the addition

f adhesive (Fig. 3(b)). This would be due to a lower cooling rate
n the WB  Mg/steel process than in the RSW Mg/steel process. The
eat input during resistance spot welding could be expressed by
he following equation according to Joule’s law [41],

 = I2Rt = I2

∫ t

0

R(t)dt, (1)

here Q is the heat energy in J, I is the welding current in A, t is
he welding time in s, and R is the dynamic resistance in ohm as

 function of welding time t. It is clear that both welding current
nd dynamic resistance can affect the heat generation. However,

he welding current has a much stronger effect on the heat genera-
ion than the dynamic resistance, i.e., a square dependence versus

 linear dependence. While the adhesive added could increase the
ynamic resistance [36], greater heat generation and higher peak
howing the retained adhesive layer and the central fusion zone where the adhesive

temperature would still be achieved in the present RSW Mg/steel
joint, because the constant DC welding current in the RSW Mg/steel
process (28 kA, 8 cycles) was higher than that in the WB Mg/steel
process (24 kA, 8 cycles with only a slight preheating at 8 kA, 3
cycles). The higher peak temperature in the RSW Mg/steel process
would give rise to a faster cooling rate in terms of the thermal the-
ory of convection transfer (sometimes called the Newton’s law of
cooling) [42,43],

Q̇ = hA(Tenv − T(t)) = −hA �T(t), (2)

where Q̇ is the change of thermal energy Q with respect to time t
(i.e., dQ/dt),  h is the heat transfer coefficient, A is the surface area
of the heat being transferred, T is the object’s surface temperature,
Tenv is the temperature of the environment. Obviously, the rate of
heat loss of a body is proportional to the temperature difference
between the body and its surroundings. This has indeed been veri-
fied via direct measurements during welding of different materials
[7,44,45]. Therefore, a faster cooling rate in the RSW Mg/steel pro-
cess would be anticipated due to the higher welding current (or
heat energy) applied, in comparison with the WB Mg/steel process.

There were essentially no changes in the microstructure at the
steel side in WB  Mg/steel process with the addition of adhesive due
to a slower cooling rate as shown in Fig. 3(f and g) where only fer-
rite was present in the HAZ. However, in the RSW Mg/steel joint
without using any adhesive and with a higher cooling rate, the
microstructural change in the HAZ of HSLA occurred to form mainly
lath martensite, as compared in Fig. 4(f) with (g). Such a change
could be better seen in Fig. 5, where more detailed observations in
the areas of “h”, “i”, and “j” indicated in Fig. 4(f) via SEM at a higher
magnification are presented. As reported in Refs. [46,47], the fast
cooling rate during RSW of HSLA could lead to the formation of
martensite, bainite, pearlite and some retained austenite, depend-
ing on the cooling rate, peak temperature, alloying element, etc.
Similar studies [48,49] on martensite in a HSLA steel have also indi-
cated that the cooling rates during RSW were very high, which gave
an insufficient time for the diffusion of carbon and other alloying
elements, leading to the formation of lath martensite containing
very thin regions of retained austenite between the laths, or pock-

ets of laths, and possibly some lower bainite, pearlite and some
carbides.

It is of interest to observe that nearly no microstructural change
in the HAZ of HSLA occurred within approximately 0.1 mm from
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Fig. 3. Microstructures of a WB  Mg/steel joint: (a) overall view of nugget where the location of the subsequent images is indicated, (b) equiaxed dendritic structure in the
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Z  of Mg alloy near HSLA, (c) border area between the equiaxed and columnar dend
ide,  and (g) BM of HSLA sheet.

he edge bordering the magnesium (Fig. 4(f)). This could be under-
tood as follows. The heat generation in both steel and magnesium
heets was unequal, which would be higher at the steel side than at
he magnesium side because the electrical conductivity of steel was
ower than that of magnesium [41,50].  The steel could then serve
s a hot anvil to heat the magnesium. Because of the heat losses
rom both sides of magnesium and steel/electrode with circulat-

ng cooling water, only in the center portion of the steel sheet the
eak temperature experienced could reach above the austeniza-
ion temperature (but below the melting point, as indicated by the
bsence of fusion zone at the HSLA side). The subsequent rapid
tructures, (d) columnar dendritic structure, (e) FZ/HAZ border area, (f) HAZ of HSLA

cooling led to the formation of martensite alongside some bai-
nite, pearlite, and retained austenite. The presence of the ∼0.1 mm
non-transformation zone near the interface (Figs. 4(f) and 5(a))
indicated that the peak temperature experienced in this area was
below the austenization temperature. This might be related to a
lower melting temperature of ∼630 ◦C for AZ31 Mg alloy, which was
below the austenization temperature of HSLA. In addition, heat loss

or transfer at the magnesium side would be faster since magnesium
had a higher thermal conductivity than steel (i.e., 96 W/(m K) [14]
for magnesium versus 27 W/(m K) [51] for steel). It follows that the
heat loss in the area at the steel side adjoining Mg  sheet would also
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Fig. 4. Microstructures of a RSW Mg/steel joint: (a) overall view of nugget where the location of the subsequent images is indicated, (b) equiaxed dendritic structure in the
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Z  of Mg alloy close to HSLA, (c) border area between the equiaxed and columnar 

SLA  side, and (g) BM of HSLA sheet.

e faster, leading to a lower peak temperature below the austeniza-
ion temperature and the absence of martensite (Figs. 4(f) and 5(a)).
n the WB Mg/steel joint, as discussed above, the lower cooling rate
revented the formation of martensite in the HAZ of HSLA (Fig. 3(f)),

n comparison with the RSW Mg/steel joint (Fig. 4(f)).

.2. XRD analysis
XRD analyses were performed on the fracture surface (Mg side)
f WB  Mg/steel and RSW Mg/steel joints after tensile tests and the
btained results are shown in Fig. 6. For each sample, the nugget
one (or FZ) and BM were chosen for XRD scanning. Basically, Mg
itic structures, (d) columnar dendritic structure, (e) FZ/HAZ border area, (f) HAZ of

peaks appeared in the AZ31-H24 BM (Fig. 6(a)), while Zn-containing
intermetallic compounds were detected on the fracture surface
(Fig. 6(b and c)) since the HSLA was Zn-coated (hot-dip galvanized)
sheet. Based on the binary Mg–Zn phase diagram [52,53], there
are five possible intermetallic phases in the Mg–Zn system, namely
Mg7Zn3, MgZn, Mg2Zn3, MgZn2 and Mg2Zn11. Intermetallic com-
pound (IMC) MgZn2 (also reported in Refs. [54,55]) was observed
on the fractured nugget zone of the RSW Mg/steel joint as shown in

Fig. 6(b), while both MgZn2 and Mg7Zn3 were detected on the frac-
tured nugget zone of the WB Mg/steel joint (Fig. 6(c)). The Mg7Zn3
on the fracture surface of a WB  Mg/steel joint could be seen from
a typical back-scattered electron SEM image as shown in Fig. 7(a),
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ig. 5. SEM images showing the microstructural change at the steel side of the RSW

hich was observed to be present discontinuously in the fusion
one at the WB Mg/steel joint interface. The corresponding energy
ispersive X-ray spectroscopy (EDS) analysis (Fig. 7(b)) revealed an
tom percent of 68% and 32% for elements Mg  and Zn, respectively,
hich had an atom ratio close to that of Mg7Zn3, as detected by
RD (Fig. 6(c)). It should be noted that the C and O detected on the
DS spectrum were basically from the epoxy (C21H25ClO5) based
dhesive.

The formation of intermetallic compounds is known to be
ssociated with the diffusion of participating atoms at high temper-
tures. Since diffusion is a time-dependent process, the formation
f additional Mg7Zn3 compound was mainly attributed to the
ower cooling rate in the WB Mg/steel process. It implied that

 longer period of time at relatively higher temperatures would
e experienced in the WB  Mg/steel process, thus giving rise to
nhanced diffusion and promoting the formation of Mg7Zn3 com-
ound (Figs. 6(c) and 7). Similarly, Wu and Song [56] reported the
resence of Mg7Zn3 compound in the fracture zone of brazed joints
f AZ31B magnesium alloy, and Luo et al. [57] observed Mg7Zn3
ompound present between quasicrystal phases in slowly cooled
g–Zn–Y alloys. Further studies on the formation mechanisms of
g7Zn3 compound in the WB Mg/steel joint are needed.

.3. Hardness profiles

Vickers microhardness profiles across the weld nugget (as indi-
ated by the dashed line in Figs. 1(a), 3(a) and 4(a)) were determined
or the WB  Mg/Mg  similar joint, WB  Mg/steel dissimilar joint,

nd RSW Mg/steel dissimilar joint, respectively, and the obtained
esults are plotted in Fig. 8. It is seen that in the WB Mg/Mg  similar
oint a nearly constant hardness value of ∼HV60 across the FZ and
AZ was obtained. In the WB  Mg/steel dissimilar joint, the Mg  side
teel joint in Fig. 3(f): (a) area h close to the interface, (b) area i, and (c) area j.

had a similar hardness as that in the WB  Mg/Mg similar joint, while
the hardness at the steel side reached at an average of HV154, being
equivalent to that of the BM.  In the RSW Mg/steel dissimilar joint,
the hardness of HAZ at steel side showed a gradual increase with
increasing distance from the faying surface with a highest value
of about HV225 and then decreased. This was obviously attributed
to the change in the microstructure as shown in Figs. 4(f) and 5.
Again, the hardness at the Mg  side remained nearly constant at
an average of about HV60 as well. For both RSW Mg/steel and WB
Mg/steel dissimilar joints, an equivalent value of hardness near the
interface between Mg  and steel was obtained to be about HV110.
Such a small plateau-like feature in both dissimilar joints was due
to the presence of intermetallic compounds in the dissimilar weld-
ing (Fig. 6(b and c)) which resulted in an increase of hardness at
the Mg  side adjacent to the steel. Besides, the plateau-like feature
was somewhat wider for the WB Mg/steel joint than for the RSW
Mg/steel joint. This was likely due to the formation of both MgZn2
and Mg7Zn3 intermetallic compounds (Figs. 6(c) and 7) during weld
bonding, which led to a thicker layer of intermetallic compounds
in the WB  Mg/steel joint. In contrast, there was only MgZn2 formed
at the Mg  side of RSW Mg/steel joint (Fig. 6(b)), thus bringing about
a thinner layer intermetallic compound (Fig. 8).

3.4. Tensile properties

Typical curves of the applied load versus displacement under
three welding conditions are shown in Fig. 9. It is seen that both
WB joints were much stronger than RSW Mg/steel joint, while

WB  Mg/Mg  joint was further stronger than WB  Mg/steel joint. The
evaluated maximum tensile shear load is shown in Fig. 10(a). It
is clear that the maximum tensile shear load of the WB  Mg/Mg
joint was  higher than that of the WB  Mg/steel joint, which was
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Fig. 6. XRD patterns obtained from the Mg  side of fracture surfaces: (a) base metal,
(
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Fig. 7. (a) A typical SEM image showing Mg7Zn3 formed in the fusion zone at the
WB  Mg/steel joint interface and (b) EDS spectrum of a point analysis in (a).
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urther higher than that of the RSW Mg/steel joint. While the maxi-
um  tensile shear load of the RSW Mg/steel joint decreased slightly
ith increasing crosshead speed, the maximum tensile shear load

f both the WB  Mg/Mg and WB Mg/steel joints increased slightly.
ll of the tensile shear tested samples showed an interfacial frac-

ure mode (Fig. 2). To characterize more completely the tensile
hear characteristics of the welded joints and better identify the
ffect of welding processes, energy absorption has been estimated,
here the energy absorption is defined as the area below the

oad–displacement curve (Fig. 9). When the tensile shear remained
ontinuous after reaching the maximum load without failure (i.e.,
n the cases of WB  Mg/Mg and WB Mg/steel joints in the present

tudy), the energy absorption is calculated corresponding to a 5%
oad drop relative to the maximum load. The evaluated results
re plotted in Fig. 10(b). The energy absorption of both the WB
g/Mg and WB Mg/steel joints was substantially higher than that

Fig. 9. Tensile load versus displacement for the WB Mg/Mg  similar joint, WB
Mg/steel dissimilar joint, and RSW Mg/steel dissimilar joint.
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f the RSW Mg/steel joint, while the energy absorption of the WB
g/Mg  joint was slightly higher than that of WB Mg/steel joint.

imilar to the maximum shear load (Fig. 10(a)), the energy absorp-
ion of the RSW Mg/steel decreased with increasing strain rate
or crosshead speed). This was basically due to adiabatic heating
uring the tensile test [58,59]. On the other hand, the absorbed
nergy of WB Mg/Mg  and WB Mg/steel joints increased to a greater
xtent with increasing crosshead speed. This reflects the benefi-
ial role of weld adhesive, since the energy absorption capability is
n important parameter in vehicle crashworthiness. There exists a
irect relationship between the failure energy in the static tensile
hear tests and impact tests. This implies that WB welding had a
ignificantly higher impact resistance than RSW welding. Similar
ariation trend was also reported in [60–63].  For instance, Challita
t al. [62] observed that the highest stress increased with increas-
ng crosshead speed in the tensile test of the double-lap adhesively
onding. Goglio et al. [63] studied the effect of strain rate on the
echanical behavior of epoxy adhesives and observed that the
aximum stress of the tested adhesive was very sensitive to the

train rate (i.e., increased with increasing strain rate). The addition
f adhesive in the present WB  joints would effectively promote
he positive strain rate dependence. The significant improvement
n both the maximum tensile shear load and energy absorption
Fig. 10(a) and (b)) suggests that the added adhesive played a

redominant role in the joints. The superposition of adhesive
onding and spot welding led to the maximum load and espe-
ially the energy absorption increasing with increasing crosshead
peed.
Fig. 11. S–N curves of the WB Mg/Mg similar joint, WB Mg/steel dissimilar joint,
and RSW Mg/steel dissimilar joint tested at RT, R = 0.2, and a frequency of 50 Hz.

3.5. Fatigue strength and failure mode

Fatigue test results of RSW Mg/steel, WB Mg/Mg and WB
Mg/steel joints obtained at RT, R = 0.2, and 50 Hz are plotted in
Fig. 11.  The fatigue life of both the WB  Mg/Mg  and WB  Mg/steel
joints was  equivalent within the experimental scatter when the
applied maximum cyclic load was below about 10 kN, which was
much longer than that of the RSW Mg/steel joint at a given max-
imum cyclic load. Indeed, the fatigue strength (reflected by the
maximum cyclic load in Fig. 11)  at a given number of cycles to
failure was about three times higher for the WB Mg/Mg  and WB
Mg/steel joints than for the RSW Mg/steel joint. For example, at a
fatigue life of ∼1 × 105 cycles, it is seen that the fatigue strength of
the WB Mg/Mg  and WB  Mg/steel joints was  about three-fold higher
than that of the RSW Mg/steel joint. The greatly improved fatigue
resistance of the WB  Mg/Mg  and WB  Mg/steel joints was primarily
attributed to the weakening or elimination of stress concentration
surrounding the weld nugget/button as a result of large bonded
area and uniform stress distribution in the joint during fatigue
tests. Similar results were reported in Refs. [61,64,65],  where the
fatigue life of the WB joint was longer than that of the RSW joint
in the advanced high strength steels or aluminum alloy 5754-H40
as well. Therefore, the WB  joints exhibited a significant improve-
ment over the RSW joints. The equivalency of the S–N type of curves
between the WB Mg/Mg  similar joint and WB  Mg/steel dissimilar
joint when the maximum cyclic load was  lower than ∼10 kN in
Fig. 11 indeed reflected the fatigue life of Mg  base alloy itself, since
the failure of all tested samples exclusively occurred in the base
metal at the Mg  side and normal to the loading direction, as shown
in Fig. 12(a) and (b). In contrast, the failure of RSW Mg/steel joint
occurred in the HAZ, i.e., the fatigue crack initiated from the HAZ
and then propagated perpendicular to the loading direction at the
maximum cyclic load of below 3 kN, as seen in Fig. 12(c), and in the
mode of interfacial fracture at the maximum cyclic loads ranging
in-between 3 and 6 kN (Fig. 12(d)). These observations indicated
again that the WB  joints were robust and durable without fatigue
failure occurred at the joints even up to a maximum cyclic load
of 10 kN, reflecting their high reliability and integrity. When the
applied maximum cyclic load was  above ∼10 kN, while the WB
Mg/Mg  similar joints still exhibited a nearly linear change up to
a maximum cyclic load as high as 16 kN, there existed an obvious
inflection on the curve of WB  Mg/steel dissimilar joints (Fig. 11),

indicating a rapid reduction of fatigue life with increasing maxi-
mum  cyclic load. This was due to the occurrence of large plastic
deformation at the base metal of HSLA side, as shown in Fig. 13,
because the maximum cyclic stress applied on the 0.7 mm thick
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Fig. 12. Fatigue failure modes in (a) WB Mg/Mg  joint at a maximum cyclic load of 12 kN, (b) WB Mg/steel joint at a maximum cyclic load of 10 kN, (c) RSW Mg/steel joint at
a  maximum cyclic load of 2 kN, and (d) RSW Mg/steel joint at a maximum cyclic load of 3 kN.
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Fig. 13. Fatigue failure location of the WB Mg/st

ase steel had exceeded its yield strength of HSLA. It should be
ointed out that out of the four fatigue samples of WB  Mg/steel
issimilar joints tested above the maximum cyclic load of 10 kN,

hree of them failed at the base metal of HSLA side due to the large
lastic deformation shown in Fig. 13,  while one of them failed in
he mode of interfacial fracture which will be shown later. This
mplied that there was still remaining potential for the WB  Mg/steel

Fig. 14. A typical 3D SEM image showing the partial button pullout of the WB  Mg/M
int at an applied maximum cyclic load of 12 kN.

joint itself to endure a higher level of cyclic loading. To let such
a WB  Mg/steel dissimilar joint exert its full load-carrying capac-
ity, either a thicker HSLA sheet or a higher grade of steel could be

weld-bonded to the 2 mm thick AZ31 Mg  alloy. Further studies in
this aspect are needed. For the WB  Mg/Mg  joints, while the majority
of samples tested at a maximum cyclic load below 16 kN failed in
the base metal at the Mg  side (Fig. 12(a)), partial button pullout

g  similar joint after fatigue test at an applied cyclic maximum load of 16 kN.
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ig. 15. SEM images of a fatigue fracture surface of a WB  Mg/Mg similar joint tested
ite,  (c) shrinkage crack in FZ, (d) shrinkage pore at a higher magnification, (e) facet

ailure was observed when the applied maximum cyclic load
eached 16 kN, as seen from a three-dimensional image shown in
ig. 14.  As mentioned above and shown in Fig. 12,  the crack initi-
tion sites for the WB  Mg/steel joint and the RSW Mg/steel joint
ere different. While the RSW Mg/steel joints failed either due

o crack initiation from the HAZ at the notch root and then crack
ropagation along the direction perpendicular to the loading direc-
ion (Fig. 12(c)) or in the mode of interfacial fracture (Fig. 12(d)), it
hould be noted that the notch root around the spot weld nugget
as a place where the triaxial stresses reached the maximum

alue due to both the maximum shear stress and normal stress

rising from the bending moment during lap shear tensile test
66,67]. Fatigue crack basically initiated at the edge of the overlap-
ing/bonding area in the base metal of Mg  side for the WB Mg/steel

oints (Fig. 12(b)). This was understandable since a certain degree
applied cyclic maximum load of 16 kN: (a) overall view, (b) near the crack initiation
hear deformation features, and (f) dimple features at the top of pull-out button.

of stress concentration was  still present at the edge of bonding area,
although the stress concentration around the spot weld button was
effectively reduced or eradicated by the adhesive bonding. Similar
observations have also been reported in Refs. [68,69].

3.6. Fractography

To observe more details on the fracture surface, SEM images
of the partial button pull-out failure of a WB Mg/Mg  similar joint
tested at a maximum cyclic load of 16 kN are shown in Fig. 15,
where the cracks initiated from both sites “b” and “d” and grew

across the weld nugget with increasing number of cycles. The fea-
ture for the crack initiation is shown in Fig. 15(b), which was fairly
similar to that occurred in a typical RSW joint where the triaxial
stresses reached the maximum value during the lap shear tensile
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ig. 16. SEM images of fatigue fracture surfaces of the WB  Mg/steel and RSW Mg/
g/steel joint tested at an applied cyclic maximum load of 11 kN, (b) interfacial frac

c)  fusion zone of the WB  Mg/steel joint, and (d) fusion zone of the RSW Mg/steel jo

ests. In addition, the internal shrinkage cracks and porosity in the
eld nugget were also observed on the fractograph (Fig. 15(c and
)). Fatigue crack could be readily developed by growing and coa-

escing these shrinkage cracks and cavities located in the middle
f the spot weld nugget, where the irregular shape of the cavities
as very conducive to crack initiation and propagation with little
lastic deformation. Fig. 15(d) shows clearly the dendritic struc-
ure in a cavity. The region in the cavity contained dendrite lobes,
hich existed as a “free surface” within the cavity after available

iquid metal solidified. This feature might have been caused by a
ack of molten metal within the cavity [23,65,67].  The typical crack
ropagation zone is shown in Fig. 15(c) for area “c” at a lower
agnification and in Fig. 15(e) for area “e” with elliptical shear

eformation characteristics. The dimple features in Fig. 15(f) indi-
ated that the localized tensile stress appeared at the top of button
ull-out part (Fig. 15(a)).

Fig. 16 presents SEM images of fatigue fracture surfaces of the
B Mg/steel and RSW Mg/steel dissimilar joints failed in the mode

f interfacial fracture. At the Mg  side of the WB Mg/steel joint
Fig. 16(a)) the overall fracture surface appeared smoother than
hat of the RSW Mg/steel joint (Fig. 16(b)). This was likely due to
he presence of additional intermetallic compound of Mg7Zn3, as
dentified via XRD (Figs. 6(c) and 7). As mentioned earlier, in the

B Mg/steel joints tested above a maximum cyclic load of 10 kN
Fig. 11), while three samples failed at the base metal of HSLA side
ue to the large plastic deformation (Fig. 13), one sample failed

n the mode of interfacial fracture (Fig. 16(a)). This was related to

he presence of a visible initial shrinkage crack of ∼1.5 mm  long
ocated near the top of the joint where the maximum stress also
ccurred (Fig. 16(a)), thus causing premature fatigue crack initi-
tion from this location in this specific specimen. In view of the
issimilar joints taken from the Mg side: (a) interfacial fracture surface of the WB
urface of the RSW Mg/steel joint tested at an applied cyclic maximum load of 5 kN,

absence of interfacial failure in all other samples tested over a
wide range of maximum cyclic loads from 3 kN to 12 kN (i.e., three
samples above 10 kN and all other samples at or below 10 kN, as
shown in Fig. 11), no serious defects in the weld nugget of the
WB Mg/steel dissimilar joints would be expected. Indeed, by com-
paring the fusion zone of the WB Mg/steel joint with that of RSW
Mg/steel joint in Fig. 16(c and d), smaller shrinkage cracks and cav-
ities occurred more frequently in the RSW Mg/steel joint, which
corresponded well to the cross-sectional observations shown in
Figs. 3(b) and 4(b). This suggests that, despite the formation of
additional intermetallic compound of Mg7Zn3, the lower cooling
rate in the WB Mg/steel joints could generally reduce the tendency
for the formation of shrinkage cracks and cavities, thus leading to
improved quality of joints, in addition to the prevalent bonding role
in reducing or eliminating the stress concentration around the spot
weld nugget.

4. Conclusions

In this study the microstructures and mechanical properties of
similar joints of WB  Mg/Mg  and dissimilar joints of WB  Mg/steel
and RSW Mg/steel were evaluated. The applied adhesive layer in
WB Mg/Mg  and WB  Mg/steel welding had a significant influence
on the microstructure and mechanical properties. The following
conclusions can be drawn:

1. In the WB Mg/Mg  similar joint, typical equiaxed dendritic and

divorced eutectic structures formed in the fusion zone (FZ). No
columnar dendritic structures near the fusion boundary were
observed. This indicated that the applied adhesive layer reduced
the temperature gradient and promoted columnar-to-equiaxed



and En

2

3

4

5

6

7

A

E
N
T
r
a
M
t
a
P

[
[
[
[
[

[
[

[
[
[
[

[
[
[
[
[
[
[
[

[
[

[

[
[

[
[
[
[
[
[
[
[
[

[
[
[
[

[

[

[
[

[

W.  Xu et al. / Materials Science 

transition during the weld-bonding process. The hardness across
the WB  Mg/Mg similar joint remained basically constant.

. In the dissimilar joints of RSW and WB  Mg/steel, FZ appeared
only at the Mg  side, consisting of equiaxed dendrites adjacent
to the steel, and columnar dendrites near the fusion boundary.
Compared with the RSW Mg/steel joint, the lower cooling rate in
the WB  Mg/steel joint tended to impede the presence of shrink-
age cracks and cavities. At the steel side the microstructure did
not change in the WB  Mg/steel joint due to the lower cooling
rate while it changed from polygonal ferrite to a mixture of lath
martensite, bainite, pearlite and retained austenite, leading to a
significant increase in the microhardness in the RSW Mg/steel
joint.

. X-ray diffraction revealed the formation of MgZn2 in the RSW
Mg/steel joint due to the presence of zinc coating on the hot-
dip galvanized HSLA steel. The applied adhesive layer led to the
occurrence of both MgZn2 and Mg7Zn3 in the WB  Mg/steel joint.
This was due to the fact that the lower cooling rate in the weld
bonding process equivalently increased diffusion time and thus
promoted the formation of Mg7Zn3.

. Tensile shear tests showed that the maximum tensile shear load
was the highest for the WB  Mg/Mg  joint and the lowest for the
RSW Mg/steel joint, with the values of the WB Mg/steel joint
lying in-between them. However, the energy absorption of both
WB Mg/Mg  and WB  Mg/steel joints was equivalent, which was
substantially higher than that of the RSW Mg/steel joint.

. While the maximum tensile shear load and energy absorption
decreased slightly with increasing crosshead speed (or strain
rate) in the RSW Mg/steel joint, they increased with increas-
ing strain rate in both WB  joints of Mg/Mg  and Mg/steel. This
reflected a beneficial role of weld adhesive in enhancing the
energy absorption capacity in vehicle crashworthiness.

. Fatigue life of both the WB  Mg/Mg  and WB  Mg/steel joints was
equivalent when the applied maximum cyclic load was  below
∼10 kN, which was much longer than that of the RSW Mg/steel
joint. The fatigue strength at a given number of cycles was about
three times higher for the WB  Mg/Mg  and WB Mg/steel joints
than for the RSW Mg/steel joint. This was primarily attributed to
the weakened stress concentration around the spot weld nugget
as a result of large bonded area and more uniform stress distri-
bution in the joint.

. In the RSW Mg/steel joint fatigue crack initiated from the HAZ
at the notch root and propagated perpendicular to the loading
direction at the maximum cyclic load below 3 kN, and fatigue
failure occurred in the mode of interfacial fracture at the maxi-
mum  cyclic load above 3 kN. The failure of both WB  Mg/Mg  and
WB Mg/steel joints basically occurred in the base metal at the Mg
side and normal to the loading direction at a maximum cyclic
load below ∼10 kN, above which plastic deformation and final
failure occurred mostly at the base metal of steel side in the WB
Mg/steel joint as well as partial button pull-out occurred in the
WB Mg/Mg  joint.
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