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a b s t r a c t

The microstructures, tensile and fatigue properties of weld-bonded (WB) AZ31B-H24 Mg/Mg joints

with different sizes of bonding area were evaluated and compared with the adhesive-bonded (AB)

Mg/Mg joints. Typical equiaxed dendritic structures containing divorced eutectic Mg17Al12 particles

formed in the fusion zone of both WB-1 (with a bonding area of 35 mm�35 mm) and WB-0.5 (with a

bonding area of 17.5 mm�35 mm) joints. Less solidification shrinkage cracking was observed in the

WB-0.5 joints than WB-1 joints. While the WB-0.5 joints exhibited a slightly lower maximum tensile

shear stress than the AB-0.5 joints (with a bonding area of 17.5 mm�35 mm), the energy absorption

was equivalent. Although the AB-0.5 joints exhibited a higher fatigue resistance at higher cyclic stress

levels, both the AB-0.5 and WB-0.5 joints showed an equivalent fatigue resistance at lower cyclic stress

levels. A higher fatigue limit was observed in the WB-0.5 joints than in the WB-1 joints owing to the

presence of fewer shrinkage pores. Cohesive failure mode along the adhesive layer in conjunction with

partial nugget pull-out from the weld was observed at the higher cyclic loads, and fatigue failure

occurred in the base metal at the lower cyclic loads.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Due to the huge consumption on natural resources and global
warming, many government legislations require the reduction in
fuel consumption and anthropogenic greenhouse-gas emissions
to protect our precious environment [1–6]. Manufacturers in the
automotive and aerospace industries are counting on reducing
vehicle weight via applying advanced lightweight materials to
improve fuel efficiency and reduce CO2 emissions [7–10].
Recently the development and application of ultra-lightweight
magnesium alloys are significantly increasing in the transporta-
tion sectors due to their low density, high strength-to-weight
ratio, and superior damping capacity [11–16]. The structural
application of lightweight magnesium alloys inevitably involve
welding and joining while guaranteeing the safety and reliability
of motor vehicles.

Weld-bonding, a hybrid joining process developed originally
to prevent noise and vibrations for aircraft, automobile produc-
tion and railway carriages, combines resistance spot welding with
adhesive-bonding. It could be used to reduce manufacturing
ll rights reserved.

87; fax: þ1 416 979 5265.
costs, improve mechanical properties and corrosion resistance
[17–22]. It has been reported that the bonding geometry is one of
the key factors for the performance of weld-bonded (WB) joints
and adhesive-bonded (AB) joints [23–27]. Goglio and Rossetto
[23] studied an influence of geometry in the strength of AB steel
joints and reported that the stress intensity factor decreases
monotonically with increasing bonding area. Da Silva et al. [24]
studied the effect of geometry on the shear strength of AB DIN
St33 steel (a German DIN standard steel) to DIN C65 steel (a
German DIN standard steel) joints and observed the lap shear
strength (i.e., in the form of failure load) of the joint increased
almost linearly with overlap. Fessel et al. [25] evaluated different
AB joint geometries for automotive applications using FEA and
concluded that the stress distribution largely depended on the
geometry of a joint. Pirondi and Moroni [26] investigated fatigue
behavior of AB 6082-T4 aluminum and S255 steel joints and
noticed that at the same level of average shear stress, the shorter
the joint, the longer the duration.

While a lot of studies have been reported on the WB/AB joints
of steels and aluminum alloys, the research on WB or AB joints of
magnesium alloys is limited. In our earlier study [27], the
microstructures, tensile and fatigue properties of WB Mg/Mg
joints and Mg/steel joints were evaluated and compared with
resistance spot welded (RSW) Mg/steel joints. The results showed
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that both WB Mg/Mg and Mg/steel joints were significantly
stronger than RSW Mg/steel joints in both fatigue and tensile
tests. However, it is still unclear how the geometry or the size of
bonding area influences the microstructure and mechanical
properties of WB Mg/Mg joint. The objective of the present study
was, therefore, to identify the influence of bonding geometry or
overlap area on the microstructures, tensile properties and fatigue
strength of WB Mg/Mg joints.
2. Material and experimental procedure

2.0 mm thick AZ31B-H24 Mg sheet alloy with a composition
(wt%) of 2.92 Al, 1.09 Zn, 0.3 Mn, and 0.01 Si was selected in the
present study. The test coupons of 35 mm in width and 100 mm
in length were cut for WB and AB Mg/Mg joint. Prior to bonding,
specimens were ultrasonically cleaned for 5 min followed by
chemical cleaning using a solution of 2.5% (weight/volume)
chromic acid to remove surface oxides. For the AB specimens,
Terokals 5087-02P adhesive was applied and then cured at a
temperature of 180 1C for 30 min (Fig. 1(a and b)). For the WB
specimens, resistance spot welding (Fig. 1(c)) was performed,
followed by the curing (Fig. 1(d)). The resistance spot welding
parameters were selected to be 8 kA, three cycles plus 24 kA,
eight cycles using alternate current (AC). An electrode cap (type
FF25) with a sphere radius of 50.8 mm and a face diameter of
16 mm was used for WB Mg/Mg similar welding. Two types of
WB joints were made in this study: WB-1 (weld-bonded joints
with a bonding overlap of 35 mm�35 mm) as shown in Fig. 2(a),
and WB-0.5 (weld-bonded joints with a bonding overlap of
17.5 mm�35 mm) as seen in Fig. 2(b). Fig. 2(c) shows the
geometry of the AB-0.5 adhesive bonded joints with a bonding
area of 17.5 mm�35 mm.
Overlap length

Adhesive layer of ~ 50 
µm thick is applied

Spot welding applied to the WB joint 

Curing of the AB joint

Curing of the WB joint

Fig. 1. Schematic diagram of the AB and WB Mg/Mg joints showing (a) adhesive layer

temperature of 180 1C for 30 min, (c) spot welding conducted before curing, and (d) cu
The metallographic samples were sectioned across the weld
center parallel to the loading direction, and then cold mounted,
ground, polished and etched with a solution of 4.2 g picric acid, 10 ml
acetic acid, 70 ml ethanol, and 10 ml water. An optical microscope in
conjunction with Clemex quantitative image analysis system was
used to observe the microstructures of weld nuggets and base metal
(BM). 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.
The displacement during the tensile shear tests was recorded by
computer according to the relative change of the upper and lower
grips. 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, sinusoidal waveform,
and frequency of 50 Hz were used in all the tests. Two samples were
tested at each cyclic load level. To prevent the rotation and bending
moment of the specimen during the tensile and fatigue tests, two
spacers with a thickness of 2 mm, a width of 35 mm and a length of
35 mm were attached at both ends of the specimen (Fig. 2(d)). 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.
3. Results and discussion

3.1. Microstructure

The overall weld nugget and microstructure of WB-1 Mg/Mg
joint are shown in Fig. 3. The cross-section of the weld (Fig. 3(a))
experienced a microstructural change as reported in our earlier
2 mm

100 mm

Upper electrode cap 

Lower flat electrode

35 mm for WB-1 and AB-1
joints; 17.5 mm for WB-0.5 
and AB-0.5 joints

s applied to both top and bottom sheets, (b) curing of the AB joint specimen at a

ring of the WB joint specimen at a temperature of 180 1C for 30 min.
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Fig. 2. Schematic illustration of (a) WB-1 Mg/Mg joint, (b) WB-0.5 Mg/Mg joint, (c) AB-0.5 Mg/Mg joint, and (d) tensile and fatigue test specimens with two spacers.
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Fig. 3. Microstructures of a WB-1 Mg/Mg joint, (a) overall view of nugget where the location of the subsequent images is indicated, (b) equiaxed dendritic structure within

fusion zone (FZ), (c) microstructure near the FZ border, (d) heat-affected zone (HAZ) and (e) base metal (BM).
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Fig. 4. Microstructures of a WB-0.5 Mg/Mg joint, (a) overall view of nugget where the position of the subsequent images is indicated, (b) equiaxed dendritic structure with FZ,

(c) microstructure near the FZ border, (d) HAZ, and (e) BM.
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Fig. 5. Tensile shear load vs. displacement for the WB-1 Mg/Mg joint, WB-0.5 Mg/Mg

joint and AB-0.5 Mg/Mg joint tested at a crosshead speed of 0.1 mm/min.
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study [27]. The microstructure of the weld nugget consisted of
equiaxed dendrites containing divorced eutectic Mg17Al12 parti-
cles [28–33], which were mainly located at the interdendritic and
intergranular regions (Fig. 3(b)). Little divorced eutectic Mg17Al12

particles in the heat-affected zone (HAZ) were observed, as shown
in Fig. 3(c and d), where HAZ was characterized by equiaxed
recrystallized grains. Fig. 3(e) shows the microstructure in the BM
AZ31B-H24 Mg alloy which consisted of deformed and elongated
grains, similar to those reported in [34–42].

The weld nugget and microstructural changes across a WB-0.5
joint are shown in Fig. 4. The microstructure in the nugget of the
WB-0.5 joint also consisted of equiaxed dendrites and Mg17Al12

particles located at the interdendritic and intergranular regions as
seen from Fig. 4(a); no or little divorced eutectic Mg17Al12

particles in the HAZ of the WB-0.5 joint were present, as shown
in Fig. 4(b and c). By comparing the WB-1 with WB-0.5 joints, less
solidification cracking or shrinkage was observed in the WB-0.5
joints. This might be due to a slower cooling rate in the cooling
phase after RSW when reducing the bonding overlap area. It is
known that most of the heat was diffused by cooling water in the
electrodes during RSW. Other means of heat loss/transfer would
be through Mg alloy itself and the surrounding air. Since the
thermal conductivity of Mg (about 102 to 103 W/m K) was much
higher than that of air (about 10�4 to 10�6 W/m K) [43], the heat
transfer by Mg workpieces would be more important in a weld
bonding process. A smaller overlap area of the WB-0.5 joint
(Fig. 2(b)), relative to the WB-1 joint (Fig. 2(a)), represented a
smaller or less efficient heat transfer area and a lower heat
storage volume or capacity. This would result in a lower cooling
rate in the WB-0.5 joint, which was helpful for reducing pores and
hot cracks [44,45]. On the other hand, when the overlap bonding
area was larger, it was hard to squeeze the adhesive out of the
fusion zone because of the poor liquidity of the adhesive. Once
adhesives were trapped in the nugget during resistant spot
welding processing, pores could be induced since the adhesives
were made by epoxy and could be gasified when heating up.
Therefore, WB-0.5 joints exhibited fewer pores in the nugget than
WB-1 joints, as shown in Fig. 4(a) vs. Fig. 3(a).

3.2. Tensile properties

Typical curves of the applied tensile shear load versus dis-
placement for WB-1, WB-0.5 and AB-0.5 joints are shown in Fig. 5.
The WB-1 joint was stronger than both WB-0.5 and AB-0.5 joints
because of the twice larger bonding area, while the maximum
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load of the WB-0.5 joint was slightly lower than that of the AB-0.5
joint. This might be due to the fact that the spot weld of WB joints
would have some less favorable effect on the stress distribution
during tensile lap shear tests as reported by Chang et al. [17,46]
based on their both experimental and numerical results on a 08Al
steel sheet (a car body steel sheet) and SHA-2858 II epoxy-based
adhesives, where the welding heat and welding force destroyed/
squeezed the adhesive layer and resulted in a reduction in the
actual loading area and an increase in both normal stress (within
the weld nugget) and shear stress (near the border of the nugget)
[46]. Similar stress distributions in the weld nugget across a WB
joint via a finite element analysis were reported in [47].

The evaluated maximum tensile shear stress (i.e., the max-
imum tensile load divided by the overlap area) is shown in
Fig. 6(a). It is seen that the maximum tensile shear stress of
WB-1, WB-0.5 and AB-0.5 joints increased with increasing cross-
head speed. The WB-0.5 joints had a higher maximum tensile
shear stress than the WB-1 joints, while it was slightly lower than
that of AB-0.5 joints. A similar result was reported by Liu and Ren
[48] by comparing a metal inert gas (MIG) spot weld bonding
with an adhesive bonding on AZ31 Mg alloy and 6061 Al alloy
sheets, where the tensile shear test showed that the strength of
MIG spot weld bonding (maximum tensile shear load: 5.3 kN)
was slightly lower than that of the adhesive bonding (maximum
tensile shear load: 6.0 kN), and both were much higher than that
of the MIG spot welding (maximum tensile shear load: 1.7 kN).
The energy absorption (i.e., the area below a load–displacement
curve in Fig. 5) was estimated as well. As seen from Fig. 6(b), with
increasing crosshead speed the energy absorption of the WB-1
joints obviously increased, while the absorbed energy of WB-0.5
and AB-0.5 joints kept nearly constant and was equivalent.
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Fig. 6. (a) Maximum tensile shear stress and (b) the energy absorption versus the

crosshead speed for the WB-1 Mg/Mg, WB-0.5 Mg/Mg and AB-0.5 Mg/Mg joints.
3.3. Fatigue strength and failure mode

Fig. 7 presented the maximum tensile shear cyclic stress versus
the number of cycles to failure of WB-1, WB-0.5 and AB-0.5 joints,
obtained at RT, R¼0.2, and a frequency of 50 Hz. It is seen that at
higher stress levels the AB-0.5 joints showed the highest fatigue
resistance because of a uniform stress distribution. The fatigue life of
the WB-0.5 joints was shorter than that of the AB-0.5 joints at the
same maximum stress level. Similar results on the fatigue life of 08Al
steel joints with SHA-2858 II epoxy-based adhesives were reported
by Chang et al. [46], where the adhesive-bonded joints had a longer
fatigue life than the weld-bonded joints at all cyclic loading levels
applied. As discussed above, the presence of the un-bonded area (i.e.,
the plastic ring or corona bond at the peripheral area of the nugget
shown in Fig. 2(a) and (b)) induced by the electrode force could
increase the local stress at both the notch of the weld nugget and the
edge of the adhered overlap [46,47]. The higher stress made the
fatigue crack initiation and growth from the weld cavities easier
[46,49,50]. Both WB-1 and WB-0.5 joints performed equivalently
with respect of fatigue life at the low cycle fatigue regime (e.g., at a
higher cyclic stress level of �12 MPa). However, at the high cycle
fatigue regime (or lower cyclic stress levels), WB-0.5 joints showed a
longer fatigue life than WB-1 joints because of the fewer solidification
or shrinkage cracks in the nugget in WB-0.5 joints as shown in
Fig. 4(a). This corresponded well to that presented by Roesler et al.
[51] who pointed out that the fatigue strength of a material under
dynamic cyclic loading was much more susceptible to the manufac-
turing process and materials than the static strength. The fatigue
strength was also much more sensitive to the lower level cyclic load
than the higher level cyclic load.

Fig. 8 presents the failure mode in conjunction with the logarith-
mic S–N plots in the form of the maximum tensile shear cyclic stress
versus the number of reversals to failure (2Nf) in terms of Basquin
type relationship. It should be noted that the run-out data for the
non-failed samples at or over 1�107 cycles were not included in the
fitting. For all the WB-1, WB-0.5 and AB-0.5 joints tested, cohesive
failure mode along the adhesive layer was observed at the higher
cyclic load levels, and BM failure occurred at the lower cyclic load
levels (Fig. 8). It is worthwhile to mention that the cohesive failure
(i.e., failure occurs within the adhesive layer) is different from the
adhesive failure (i.e., failure occurs in-between the adhesive layer and
adherent interfacially) and the adherent failure (i.e., failure occurs
within the adherent). The cohesive failure is most desirable as it
assures the use of the maximum strain energy by the weaker part of
the joint, which is usually the adhesive [52–54]. It is seen from the
inserts in Fig. 8(a–c) that the adhesive failure occurred at the high
cyclic stress levels for all the three types of joints tested in the present
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Fig. 9. A typical 3D SEM image showing the partial button pull-out of a WB-0.5 Mg/Mg joint after fatigue test at an applied maximum cyclic load of 16 kN (Dimensions of

the ‘‘observation box’’: 14.444 mm�10.417 mm�1.343 mm).
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study, since the applied adhesive remained stuck to both sides of the
overlap portion. When the cohesive failure occurred in the above
samples, partial nugget pull-out from the weld was also observed in
the WB-0.5 and WB-1 joints, as shown in Fig. 9(a) maximum cyclic
load of 16 kN for a WB-0.5 joint.

The change of the failure mode from the cohesive failure to the
BM failure occurred at Log smax¼1.12 or smax¼13.1 MPa in the
WB-1 joints (Fig. 8(a)). It was observed that both samples fatigued at
the maximum cyclic stress of 13.1 MPa failed in the mode of cohesive
failure, while all other samples tested below the above maximum
cyclic stress failed in the BM. Due to the half overlap area in the
WB-0.5 joints (Fig. 2(b)), the change of the failure mode from the
cohesive failure to the BM failure occurred at Log smax¼0.99 or
smax¼9.8 MPa (Fig. 8(b)). At this cyclic stress level one sample failed
in the BM and the other failed by the cohesive mode, above which all
the tested samples failed in the cohesive mode, and below which all
the samples failed in the BM. Likewise, such a transition of failure
mode from the upper cohesive failure to the lower BM failure
occurred at Log smax¼1.12 or smax¼13.1 MPa in the AB-0.5 joints
as well (Fig. 8(c)).

3.4. Fractography

To observe more details on the fracture surface, SEM images of
the failed WB-1 and WB-0.5 joints are shown in Figs. 10 and 11
which were tested at a maximum cyclic load of 16 kN (or
smax¼13.1 MPa) and 10 kN (or smax¼16.3 MPa), respectively. It
can be seen from Fig. 10(a) that fatigue crack could be developed
from the point ‘‘d’’ and propagated along the faying surface and
through the nugget. The typical elliptical shear deformation
characteristics as shown in Fig. 10(b) and (c) reflected that shear
stress dominated both fatigue crack initiation and propagation,
and final rapid failure. Free solidified dendritic structure was
observed in the center of the nugget, as shown in Fig. 10(d) at a
higher magnification. The shrinkage pores in the nugget of the
WB-1 joint (Fig. 10(a)) were more than that of the WB-0.5 joint
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Fig. 10. SEM images of fatigue fracture surface of a WB-1 Mg/Mg joint tested at an applied maximum cyclic load of 16 kN, (a) overall view, (b) facet-like shear deformation

features near the interfacial surface, (c) facet-like shear deformation features at the top of partial pull-out button, and (d) shrinkage pore in the weld nugget.
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Fig. 11. SEM images of fatigue fracture surface of a WB-0.5 Mg/Mg joint tested at an applied maximum cyclic load of 10 kN, (a) overall view, (b) facet-like shear

deformation features near the interfacial surface, (c) facet-like shear deformation features at the top of partial pull-out button, and (d) shrinkage pore in the weld nugget.
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(Fig. 11(a)), which matched well with the cross-section observa-
tions shown in Fig. 3(a) and (a). This would be the reason why a
higher fatigue resistance or a longer fatigue life at a given
maximum cyclic stress was observed in the WB-0.5 joints, as
shown in Fig. 7(a). Except the above difference, the fracture
surface of the WB-0.5 joint displayed basically a similar feature
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to that of the WB-1 joint, such as the typical elliptical shear
deformation characteristics (Fig. 11(b) and (c)) and free solidified
dendritic structure (Fig. 11(d)).
4. Conclusions
(1)
 In both WB-1 Mg/Mg joints with a lager bonding area of
35 mm�35 mm and WB-0.5 Mg/Mg joints with a smaller
(half) bonding area of 17.5 mm�35 mm, typical equiaxed
dendritic structures containing divorced eutectic Mg17Al12

particles formed in the FZ, while less severe solidification
shrinkage pores were observed to be present in the WB-0.5
joints. The HAZ in both types of joints was characterized by
equiaxed recrystallized grains.
(2)
 Although the WB-0.5 joints exhibited a slightly lower max-
imum tensile shear stress than the adhesive-bonded AB-0.5
joints with a bonding area of 17.5 mm�35 mm due to the
reduction of actual loading area and the increase in the stress
across the weld nugget in the WB-0.5 joints, the energy
absorption was equivalent. However, the energy absorption
of WB-1 joints was much higher due to the larger bonding
area, which also increased with increasing crosshead speed.
(3)
 The AB-0.5 joints exhibited a higher fatigue resistance at
higher cyclic stress levels because of the presence of a
uniform stress distribution in the bonding area, while the
WB-0.5 joints showed an equivalent fatigue resistance at lower
cyclic stress levels. Also, a higher fatigue limit was observed for
the WB-0.5 joints compared with the WB-1 joints due to the
presence of fewer solidification shrinkage pores.
(4)
 In all the joints tested, cohesive failure mode along the
adhesive layer was observed at the higher cyclic stress levels,
and fatigue failure occurred in the base metal at the lower
cyclic stress levels. The cohesive failure in the weld-bonded
joints was often accompanied by the occurrence of partial
nugget pull-out from the weld.
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