
Resistance spot welding of AZ series magnesium alloys: Effects of
aluminum content on microstructure and mechanical properties

Seyedtirdad Niknejad a,n, Lei Liu b, Mok-Young Lee c, Shahrzad Esmaeili a, Norman Y. Zhou a

a Department of Mechanical and Mechatronics Engineering, University of Waterloo, 200 University Ave., Waterloo, Ontario, Canada N2l 3G1
b Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China
c Research Institute of Industrial Science & Technology, Pohang 790-600, South Korea

a r t i c l e i n f o

Article history:
Received 6 May 2014
Received in revised form
5 August 2014
Accepted 5 August 2014
Available online 14 August 2014

Keywords:
Resistance spot welding
AZ magnesium alloys
Weld strength
Failure modes
Post-weld heat treatment
β-Mg17(Al,Zn)12 phase

a b s t r a c t

The microstructural evolution of the spot welded AZ31, AZ61 and AZ80 magnesium alloys was studied
via optical and scanning electron microscopy. As the Al content of the magnesium base alloy increased
from 3 wt% (AZ31) to 6% (AZ61) and 8% (AZ80), columnar to equi-axed dendrite transition and grain
refinement in the fusion zone were enhanced. However, the increasing amount of the β-Mg17(Al,Zn)12
phase in the heat affected zone (HAZ) and fusion zone (FZ) resulted in the reduction of the tensile shear
strengths of the AZ61 and AZ80 welds compared to those of AZ31 welds. Moreover, in the tensile-shear
testing, the AZ61 and AZ80 welds failed in the heat affected zone along the fusion boundary, because
micro-cracking occurred preferentially at the interfaces between β particles and Mg matrix. Post-weld
solutionizing treatment was found to significantly reduce the quantity of β particles in heat affected and
fusion zones of AZ61 and AZ80 welds. This led to an increase in the weld strengths of AZ61 and AZ80
alloys because the heat treatment eliminated the β particles and cracks propagated into the coarse-
grained heat affected zone and then base material. For the heat treated welds, grain size was found as a
major factor in the failure mode.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Resistance spot welding (RSW) has been widely used in joining
of sheet metals for auto body assembly. RSW has also been an
interesting subject for research, due to the unique geometry and
location of the fusion zone (FZ) relative to the base materials [1–4].
A natural crack/notch is produced along the spot nugget circum-
ference, which intensifies the stresses during static or cyclic
loading. Thus, the load capacity of a spot welded structure
depends strongly on the fracture properties of the material within
this region i.e. fusion zone, heat affected zone and base material.
The alloys based on the Mg–Al–Zn ternary system known as AZ are
the most widely used magnesium alloys in the automotive
industry owing to their excellent castability and recyclability, low
cost and relatively high strength. The thermal cycle of fusion
welding processes results in liquation and formation of β-Mg17Al12
intermetallics (space group I4̄3m and a�10.6 Å [5]) in heat
affected zone (HAZ) [6–9]. Generally, fracture properties of metal-
lic materials are deteriorated by the presence of incoherent
particles located within the grain matrix or along the grain

boundaries (GBs). This is due to decohesion of particle/matrix at
the interface, which facilitates the crack propagation [10,11].
Formation of the β intermetallics has been reported to be detri-
mental to the ductility and fracture toughness of the as cast AZ
alloys [12–15]. It was reported that the dissolution of the inter-
metallics increased the strength and ductility of AZ91 Mg alloy by
changing the fracture mechanism from inter-granular to trans-
granular [16].

The fracture properties of magnesium alloys are severely
affected by the grain morphology as well as grain size [17–19].
Heterogeneous nucleation rate is reported to be increased by the
addition of secondary phase particles with high melting point,
which promotes columnar to equi-axed dendrite transition and
grain refinement. This results in improvement of RSW strength
due to increased resistance to crack initiation and propagation
[20–23].

In our previous work, the post-weld heat treatment was found
to improve the weld strength in RSW of AZ80 alloy [24]. The main
objective of the current work was to study the effects of Al
content, as the major alloying element in the AZ alloys, on the
microstructural features and mechanical properties of RSW. The
capability of post-weld heat treatment to improve the mechanical
strength of RSW of magnesium alloys with different Al contents
has also been examined.
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2. Experimental procedure

AZ31, AZ61 and AZ80 hot rolled sheets, 2 mm in thickness,
were used for the current research. Table 1 lists the chemical
composition and the tensile properties of the as-received alloys.
The base metal (BM) microstructures are shown in Fig. 1. The
bright particles mostly observed at the grain boundaries (GBs)
were enriched in Mg and Al and found to be β-Mg17Al12 phase
[25,26]. The microstructure in AZ31 comprised single phase α-Mg
with very few traces of β particles in GBs. A uniform distribution of
β was observed in the GBs of the microstructure in AZ61. Coarse β
particles were present both in the grains and GBs of the AZ80
microstructure. The three alloys contained Al–Mn particles mostly
observed inside the grains as shown in Fig. 1. Rectangular speci-
mens of 100 mm�25 mmwere prepared for the RSW according to
AWS-D17.2 standard (Fig. 2). RSW was performed using a medium
frequency DC spot welding machine (Centerline Ltd., Windsor, ON,
Canada). The same welding parameters were used for the RSW of
all the weld samples in order to maintain a consistent spot nugget
size for all weld samples (9.5–9.9 mm in diameter). The post-weld
heat treatment (PWHT) was performed above the solvus tempera-
ture of the two alloys at 400 1C for 0.5 h followed by cooling in air.
The PWHT temperature was selected based on the thermodynamic
calculation by FactSage software for dissolution of the Mg17Al12
phase. The microstructures of the weld samples were examined by

optical microscopy (OM) and scanning electron microscopy (SEM)
after acetic-picral etching.

For transmission electron microscopy (TEM), thin samples were
cut-off from the weld cross section with a thickness of 400 mm.
Mechanical thinning of discs was carried out to a thickness of
100 mm. The TEM foils were electro-polished in a Tenupol 5
(Struers, Ballerup, Denmark) double jet polishing unit in a solution
of 5.3 g lithium chloride (LiCl), 11.16 g magnesium perchlorate
(Mg(ClO4)2), 500 ml methanol, 100 ml butyl cellosolve at �45 1C.
The foils were afterwards subjected to 2 h ion milling on a Gatan
691 precision ion polishing system (PIPS) in order to remove the

Table 1
Chemical composition of the three AZ alloys and tensile properties in rolling direction.

Al(wt. %) Zn(wt. %) Mn(wt. %) Tensile Strength (MPa) Elongation (%)

AZ31 2.9 1.1 0.3 260 22.5
AZ61 6.1 1.2 0.5 284 14.3
AZ80 7.7 0.7 0.2 336 8.3

Al-Mn

Al-Mn

Mg17 Al12Al-Mn 

Mg 17Al12 

Al-Mn 

Mg17Al12

Fig. 1. SEM microstructure of three as-received AZ alloys (a) AZ31, (b) AZ61, (c) AZ80.

A 

B

Fig. 2. Schematic diagram of RSW specimens.
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surface oxide layer. For the TEM analysis of the HAZ, sample
preparation was done via focused ion beam (FIB). FIB milling was
performed with a Zeiss NVision 40. The FIB lift-out method [27]
was utilized. A thin layer of tungsten was deposited on the
specimen to protect it during the milling process. The FIB was
performed using Ga liquid metal ion source. A Ga beam operating
at 30 KV excavated the specimen from both sides to a depth of
12 μm. The bottom of the lamella was cut out and the lamella was
then lifted out and attached to a TEM grid. The lamella was further
thinned to electron transparency using reduced voltage and
current. Final thinning was performed at 1 kV to reduce the
amorphous layer. High resolution transmission electron micro-
scopy (HR-TEM) and energy dispersive spectroscopy (EDS) analysis
was performed in a JEOL 2010F TEM (field emission gun with a
point to point resolution of 0.23 nm) equipped with an EDAX
system operating at a voltage of 200 kV.

Five tensile shear specimens were prepared for each condition
to evaluate the mechanical properties (Fig. 2). To study the crack
propagation path the tensile testing was stopped after the max-
imum load was reached, i.e. peak hold. The peak hold specimens
were afterwards examined by the OM and SEM to investigate the
location and causes of cracks.

3. Results

3.1. General microstructure across the weld and phase analysis

Fig. 3 shows the microstructure across the RSW for the three
alloys. A columnar dendrite zone (CDZ) existed adjacent to the
fusion boundary. By advancing towards the center of the weld
nugget, the equi-axed dendrite zone (EDZ) was observed com-
prised of the flower-like dendrites. The average length of the
columnar dendrite zone was measured to be 320 mm, 170 mm and

CDZ EDZ 

CDZ EDZ 

CDZ EDZ 

Fig. 3. Microstructure morphology across the RSW (view A as highlighted in Fig. 2)
(a) AZ31; (b) AZ61 and (c) AZ80.

Fig. 4. Optical microstructure of the FZ in the center of nugget (view B as highlighted in Fig. 2) (a) AZ31; (b) AZ61 and (c) AZ80.

S. Niknejad et al. / Materials Science & Engineering A 618 (2014) 323–334 325



80 mm for AZ31, AZ61 and AZ80 RSW respectively. Fig. 4 shows
typical optical microstructure of the fusion zone (FZ) in the center
of the weld nuggets. The size of the dendrites decreased from
AZ31 to AZ80. The diameter of the flowerlike dendritic structures
was measured to be 31 mm, 20 mm and 16 mm for AZ31, AZ61 and
AZ80 welds respectively.

Fig. 5 shows the SEM microstructures of the FZ and HAZ of the
three welds. Worm-like (bright in color) particles enriched in Al
(25–34 at%Al was detected by EDS) were found in the inter-
dendritic regions of the FZ. Small traces of Zn (max 4 at%) were
also detected in the particles. These particles were again found to
be β phase [6,7], which were formed by the eutectic reaction due
to non-equilibrium solidification. Zinc can be dissolved into the β
phase forming a Mg17(Al,Zn)12 compound. The volume fraction of
these particles increased from AZ31 to AZ80.

Worm-like β particles were found as continuous networks in the
GBs of HAZ in high Al alloys, especially AZ80; however, only small
amounts of β particles were found in GBs of HAZ in AZ31. It appeared
that localized melting also occurred within the HAZ grains. This has
been confirmed by observation of globular particles of the β phase

inside the grains (Fig. 5b,d,f). Close observation revealed particle free
zones (PFZ) essentially adjacent to the GB particles (Fig. 5b,d,f).
During the solidification of the solute rich GB melt, first the α-Mg
phase is formed depleted of the solute pushing the solute atoms to
the remaining liquid. Thus, the β particles are unlikely to form in the
PFZ. The mechanisms responsible for the formation of β phase in
HAZ are different depending on the chemical composition and
microstructure of the BM:

� For high Al content alloys (AZ61 and AZ80), the β particles pre-
existed in the GBs, as they remained undissolved during the
sheet metal production. At the HAZ due to rapid heating to the
eutectic temperature (TE), the β phase reacted with the sur-
rounding α matrix and formed a liquid eutectic (CE) layer at
the GBs.

� For AZ31 alloy, the formation of β particles indicated that that
liquation occurred in the GBs of the HAZ (Fig. 5b) even though
very few traces of the β phase were detected in the micro-
structure of AZ31 alloy (Fig. 2b). This can be explained by a
mechanism proposed by Huang et al., in which HAZ liquation of

PFZ

PFZ 

PFZ

HAZ 

Al-Mn 

Fig. 5. SEM microstructure of the FZ and HAZ for AZ31 (a,b); AZ61 (c,d) and AZ80 (e,f).
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aluminum alloys occurs without the presence of secondary
phase particles [28]. As the concentration of the solute atoms
was relatively higher in GBs of BM, the liquation occurred
preferentially in these regions.

Al–Mn rich particles were also detected inside the FZ as shown
typically in Fig. 5a. However very large Al–Mn particles were
concentrated along the fusion boundary of all the three welds.
Fig. 6a shows a typical microstructure of AZ80 at the fusion
boundary. The Al–Mn particles, existing in the BM microstructures,
were significantly smaller than the ones observed in the fusion
boundaries. The thermodynamic calculations by FactSage [29] pre-
dicted the formation of Al8Mn5 phase at a temperature above the
liquidus temperature of α-Mg. Thus, these particles were likely to be
formed as a result of chemical reaction during welding and were
dragged away from the melt to the fusion boundary; however, the
smaller particles remained suspended into the melt as observed
typically in Fig. 5a. Nano-scale Al–Mn particles were also found by
the TEM analysis of FZ (Fig. 6b). As observed, the nano-sized Al–Mn
particles frequently have elongated morphologies. These particles
can either be formed during the solidification of the weld or they are
the un-melted particles from the BM, as the melting temperature of
the Al8Mn5 was reported to be 1048–1191 1C [30]. This temperature
range is higher than the peak temperature of the weld zone reported
for RSW of magnesium alloys (around 770 1C [31]).

3.2. TEM study of Mg–Al intermetallics

Fig. 7 shows a GB β particle and the corresponding HR-TEM
image at the interface. The bright particle was characterized by
selected area electron diffraction (SAED) pattern, as β phase with
BCC structure (a¼10.61 Å). Based on Fig. 7b, the planar relation-
ship for this interface can be defined as

ð0 0 0 2Þα==ð0 1 1Þβ;

Fig. 8a demonstrates a typical intra-granular β in the HAZ.
Fig. 8b,c shows the SAED patterns corresponding to the Mg and
Mg17Al12 located along the ½5 1 4 3�α and ½1 1 1�β respectively.
It was observed in the SAED pattern corresponding to the
Mg/Mg17Al12 interface (Fig. 8d,e) that the diffraction spot of
(3 3 0) of β is superimposed on that of (0 1̄ 1̄ 1) of Mg. The
crystallographic planar relationship at the interface (zone 3 in
Fig. 8a) was determined to be:

ð0 1 1 1Þα==ð3 3 0Þβ:

3.3. Effects of PWHT on weld microstructure

The particles at GBs were partially dissolved into the matrix
of FZ and HAZ, during the PWHT, as observed in Fig. 9. The
continuous networks of β phase at the GBs of the HAZ in AZ61 and
AZ80 were disrupted and few isolated particles remained (see
Figs. 9d,f).

Fig. 10 compares the grain size in the BM, as-welded HAZ and
heat-treated HAZ microstructures. Significant increase in the grain
size of HAZ was observed in all the welds in the as welded
condition. Grain growth was more pronounced in the HAZ of
AZ31 (�2.7) than in the HAZ of AZ61 (�1.5) and AZ80 (�2). Such

P5 

Fig. 6. (a) Microstructure near the fusion boundary of AZ80 and (b) TEM image of the sub-micron Al–Mn (highlighted by white arrows) and Mg17Al12 particles.

1

2 

Fig. 7. TEM images of Mg17Al12 particle in the FZ of AZ80 (a) TEM image of inter-
granular particle; (b) HRTEM image for the area marked by a white circle in
(a) along the [2 1̄ 1̄ 0]α/[1 1̄ 1]β direction.
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an observation can be explained as follows: During the welding
process, grain growth occurred in the HAZ, at temperatures, above
the effective grain coarsening temperature (i.e. the single α phase
region in the phase diagram); however, significant GB liquation
retarded further grain growth. The solute-rich liquid film pene-
trated to the GBs and pinned them due to wetting action [32,33].
Since the liquid film had almost the same composition of the
adjacent solid, the S–L interfacial energy was low [34] and the
liquid film essentially wet the GBs [34]. No further grain growth
occurred until the microstructure cooled down below the solidus

of solute-rich liquid. Consequently, the thermal cycle of the HAZ in
AZ61 and AZ80 led to incomplete grain growth because of
significant liquation. Due to dissolution of the GBs in the HAZ of
AZ61 and AZ80 during the PWHT, further grain growth occurred at
large scale as indicated in Fig. 10. The unpinning of grain bound-
aries by the secondary phase particle dissolution has been
reported to lead to explosive grain growth in the HAZ of nickel-
based alloys [35]. Since insignificant liquation occurred in AZ31,
the pinning of the grain boundaries by the wetting action was less
than what occurred in the high Al content alloys. Thus, grain

Fig. 8. (a) TEM image of Mg17Al12 particle in the HAZ of AZ80; (b) SAED of Mg matrix in area 1 (incident beam//[5 1̄ 4̄ 3]); (c) SAED of Mg17Al12 particle in area 2 (incident
beam//[1̄ 1 1]); (c) SAED of Mg/Mg17Al12 interface in area 3 and (e) its schematic representation in [5 1̄ 4̄ 3]α/[1̄ 1 1]β direction.
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growth occurred near the saturation limit in the HAZ of AZ31
during the welding cycle and no significant further growth
occurred during the PWHT.

3.4. Mechanical properties of the welds

Fig. 11 compares the tensile shear peak load and elongation of
the spot welded Mg alloys in both as-welded and heat-treated
conditions. Three different failure modes were observed after the
tensile shear test: interfacial, nugget pull-out and through-
thickness. The schematics of the aforementioned failure modes

Fig. 9. SEM microstructure of the post-weld heat treated FZ and HAZ for AZ31 (a,b), AZ61 (c,d) and AZ80 (e,f).

Fig. 10. Grain size in BM, HAZ and heat treated HAZ for AZ31, AZ61 and AZ80.

Fig. 11. Failure peak load and specimen elongation (at the peak load) values of the
three welds in as-welded and heat treated conditions.

S. Niknejad et al. / Materials Science & Engineering A 618 (2014) 323–334 329



are shown in Fig. 12. The AZ61 and AZ80 as-welded samples
suffered from nugget pull-out failure in tensile shear testing, and
the AZ31 weld samples failed by interfacial mode. The failure
mode of the AZ61 and AZ80 weld samples changed from nugget
pullout to through-thickness due to the PWHT, while PWHT had
no obvious effect on the failure mode of AZ31 which was
interfacial.

The force required to cause failure of a spot weld is equal to the
product of material strength and failed area of cross section. It has
been found that the failure load for the pull out/through-thickness
fracture depends strongly on the sheet thickness and nugget
diameter; however the load to cause interfacial failure is corre-
lated more with the nugget diameter and less on sheet thickness
[36,37]. The following equations were reported to predict the
material strength based on the failure mode [36]:

σUT ¼
FPO
kPOdt

: ð1Þ

σUT ¼
FIF
kIFd

2: ð2Þ

where FPO and FIF are failure loads for pull-out and interfacial
modes respectively, σUT is the tensile strength of the material, d is
the nugget diameter and t is the sheet thickness. kPO (�2.2) and kIF
(�0.6) are constants which were determined from a combination
of finite element modeling and fracture mechanics calculations
[36]. Table 2 shows the calculated tensile strengths of the welds by
Eq. (1) for pull-out/through thickness fractured samples (i.e. AZ61
and AZ80 welds) and by Eq. (2) for samples failed by interfacial
fracture (i.e. AZ31 welds). The nugget diameter was measured
optically from the weld cross section. The increases in average
strength values of the welds after PWHT were determined to be

þ3.1%, þ11.7% and þ37.2% for AZ31, AZ61 and AZ80 respectively.
In summary, PWHT had considerable effects on the strength and
failure mode of high Al content welds; however, such effects were
not pronounced in the low Al content welds (i.e. AZ31).

The change in the failure mode and strength of high Al content
welds (AZ61 and AZ80) due to PWHT is associated with the change
in the crack propagation path. “Peak hold” tensile shear tests were
conducted in order to study the crack propagation path. Fig. 13
shows the typical cross-sectional crack path of the AZ61 welds in
as welded and heat treated conditions. For all the samples cracks
always started from the notch where the two base metal surfaces
were joined by the RSW nugget. Then cracking propagated along
the fusion boundary of as-welded test samples but mainly located
in the HAZ (Fig. 13a). For the post-weld heat treated samples, the
crack propagated inside the HAZ/base metal (BM) regions and far
away from the fusion boundary (Fig. 13b). Significant traces of
twinning were also found near the crack edges, suggesting that the
micro-deformation of the α-Mg lattice occurred ahead of the crack
front. Similar observations were made for the AZ80 weld samples,
which were reported in our previous report [24].

Fig. 12. Schematic of the three failure modes observed in this study.

Table 2
Average tensile strength of the weld in the as welded and heat treated conditions.

As welded Heat treated

Failure mode Tensile strength (MPa) Failure mode Tensile strength (MPa)

AZ31 Interfacial 109.6 Interfacial 113.0
AZ61 Pull-out 129.2 Through Thickness 139.2
AZ80 Pull-out 109.0 Through Thickness 149.5

FZ

FZ

HAZ

Fig. 13. Typical crack propagation path of the AZ61 RSW weld samples in (a) as-
welded condition and (b) heat treated condition.
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4. Discussion

4.1. Columnar to equi-axed transition and grain refinement

Enhanced columnar to equi-axed transition (CET) and grain
refinement, by increase in the solute content, is justified by the
constitutional supercooling ahead of the solidification front. As
illustrated schematically in Fig. 14, the extent of supercooling can
be defined by the area limited to the actual thermal gradient
present in the FZ (dT=dx) and the “critical temperature gradient”
(dTL=dx) which is proportional to the concentration of the solute in
the liquid metal (C0) [38]:

dTL

dx
¼mC0ð1�kÞv

kD
: ð3Þ

where C0 is the solute concentration, k is the equilibrium partition
coefficient, m is the liquidus slope, υ is the solidification rate and D
is the diffusivity coefficient in liquid state. According to Eq. (1)
critical temperature gradient increases as the liquid metal is
enriched more in solute content. Considering that the actual
temperature gradient is the same in solidification of welds of the
three alloys (as the same welding parameters were used for
joining of the three alloys), it is proposed that more supercooling
is provided for solidification of welds with more alloying content.
The supercooling-driven nucleation model proposed by Winegard
and Chalmers suggested that the increase in supercooling, due to
solute enrichment, enhanced the heterogeneous nucleation rate
(Nhet) on the available substrate nucleants [39]. In the current
study the Al–Mn particles shown in Fig. 6 (either pre-existing in
the BM or formed during the early stage of solidification), could be
able to act as heterogeneous nucleants. The heterogeneous nuclea-
tion was reported to take place in the RSW microstructure by the
Al–Mn particles pre-existing in the BM of magnesium alloys
[20,40]. As the solute content increased from AZ31 to AZ80, it is
expected that Nhet(AZ31)oNhet(AZ61)oNhet(AZ80).

4.2. Crystallographic orientation relationships in α-Mg/β

Generally the divorced eutectic phase grows from the remain-
ing liquid in the inter-dendritic regions at the late stage of the
solidification. The growth of eutectic phase is done in such a way
that certain OR will be established with minimum energy [41]. It
was proposed by Shiflet and van der Merwe that the minimum
interfacial energy is obtained when the close packed or nearly
close packed atomic rows match at the interface [42]. On the other
hand a set of close packed or nearly close packed planes from the
two phases should be arranged in such a way to achieve the edge
to edge matching [43]. It has been found that the {3 3 0} (41.9%
close-packed) and {4 1 1} (44.6% close-packed) are both the nearly
close-packed planar types in the Mg17Al12 lattice [44,45] with the

same d spacing of 2.48 Å. Fig. 15 shows the atom configuration of
the β lattice in the (3 3 0) plane. The unit cell was reconstructed
based on the position of the Mg and Al atoms as shown in Table 3
[5,46]. In HCP structure, the most close-packed planes are {0 0 0 2}
(100% close-packed) and {1̄ 0 1 1} (81% close-packed). Conse-
quently, the determined planar relationships i.e. {0 0 0 2}//{3 3 0}
and {1 0 1̄ 1}//{3 3 0} are expected in order to minimize the
interfacial energy. The d-value mismatch calculations also pre-
dicted a fairly good planar matching (δ¼4.8% for {0 0 0 2}//{3 3 0}
and δ¼1.3% for {1 0 1̄ 1}//{3 3 0}). The crystallographic OR was
determined for the HR-TEM image in Fig. 7b as follows:

½2 1 1 0�α == ½1 1 1�β; ð0 0 0 2Þα==ð0 3 3Þβ OR:1

The interatomic misfit along the matching direction for this OR
was calculated to be 5.3%. Thus high atomic matching is expected
to exist at the interface with low strain energy. This has been
demonstrated in Fig. 16a. This OR is close to the OR defined by
Potter [47]. Such relationship was previously confirmed by Zhang
and Kelly [48] for precipitation hardened Mg–Al alloys. They
proposed that such atomic row matching satisfied the require-
ments for the edge to edge matching model in order to obtain a
low interfacial energy (i.e. interatomic misfit r10%).

In case of the orientation relationship corresponding to Fig. 8d,
high interatomic mismatch exists between the two parallel direc-
tions along the diffraction pattern zone axis i.e. o 1̄ 5 4̄ 3̄4
(9.97 Å) of Mg and o 1̄ 1 14 of the β (3.05 Å). In addition, the
o1 5̄ 4̄ 3̄4 (which are o1 3 1̄4 according to three values Miller
indices) are not considered as close packed directions in Mg

Fig. 14. Schematic of supercooling for solidification of imaginary alloys 1, 2 (C24C1).

Fig. 15. Atomic arrangement on (3 3 0) plane of β unit cell. The {3 3 0} planes are
not flat, but “corrugated”, i.e. some of the Al atoms (as indicated by Al-R) have the
centers which are not exactly located on the plane. The maximum displacement of
the centers of such atoms normal to plane normal is 1.32 Å.
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lattice. Consequently another direction matching should exist
between the two phases. Fig. 16b shows the atomic arrangement
of ð0 1 1 1Þα and ð3 3 0Þβ . It is seen that excepting the parallelism
of [1̄ 5 4̄ 3̄]α and [1̄ 1 1]β, very small misalignment (1.21) exists
between the [2 1̄ 1̄ 0]α and [1 1̄ 0]β. The [1 1 0] direction is

considered as a nearly close packed atomic row in the β lattice.
Thus the following OR can be proposed for this particle:

½2 1 1 0�α== ½1 1 0�β; ð0 1 1 1Þα== ð3 3 0Þβ OR:2

The interatomic misfit along the matching directions was
calculated to be 54.8%. Based on the edge-to-edge matching model
[43], this misfit value is significantly large. Therefore, the inter-
facial boundary between the β particle and Mg matrix is expected
to be incoherent.

4.3. Crack propagation

In this study OR.2 was confirmed between a GB particle and
grain 1 as demonstrated in Fig. 7a with fairly high atomic
matching; however, no OR was found between the same particle
and grain 2. It can be proposed that the eutectic growth occurred
on grain 1 (or dendrite) and therefore OR was fixed. The divorced
eutectic phase was not able to build an OR with the adjacent
solidifying grain (grain 2) as the restrictive crystallographic
matching of the particle with grain 1 was unlikely to produce a
favorable OR with the grain 2 [49]. This is also true for the GB
particles in the HAZ. In case of OR (2), poor atomic matching is
expected to exist at the interface. It can also be inferred via Fig. 16
that as the particle/matrix interface grows larger (as the particle
size increases), the atomic matching becomes more difficult and
the coherency strains are replaced by the dislocations. Therefore, it
is implied that the interfacial energy between the GB particles and
Mg matrix is high and a high concentration of dislocations exists at
the interface. Due to high interfacial energy, de-cohesion of
particle/matrix is expected [10] by the application of external
stress, leading to production of micro-cracks at either particle/
matrix interface or in Mg matrix close to the interface, as observed
in Fig. 17. The increase in crack propagation rate, by the growth
and coherency loss of the particles, was reported in aged alumi-
num alloys [11]. On the other hand, the particles present within
the Mg grains enhanced void formation due to the surrounding
plastic flow which resulted in further crack propagation [10,11,24].

Fig. 17. Microstructure near the crack region for the AZ80 weld in the as-welded
condition.

Table 3
Atom position in β-Mg17Al12 unit cell (the values were taken from Ref. [5]).

Atom Multiplicity Site Symmetry Coordinates: (0,0,0)þ (0.5,0.5,0.5)þ

x y z

Mg 2 4̄3m 0 0 0
Mg 8 .m 0.324 0.324 0.324
Mg 24 ..m 0.3582 0.3582 0.0393
Al 24 ..m 0.0954 0.0954 0.2725

Fig. 16. Atomic arrangement of (a) ð0 0 0 2Þα and ð0 3 3Þβ; (b) ð0 1 1 1Þα and ð3 3 0Þβ .
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The formation of micro-cracks and micro-voids in the HAZ
enhanced the crack propagation in high Al weld samples. The
primary crack preferred to propagate along the GBs as they
contained the continuous network of β intermetallics. It is possible
that the fracture could occur within the FZ, where high concen-
tration of β particles exist; however fracture path in the FZ is
tortuous due to dendritic morphology of the microstructure. Thus,
the crack preferentially propagated along the GBs in the HAZ.

Unlike AZ61 and AZ80, insignificant formation of the β
particles occurred in the HAZ of AZ31 (Fig. 5b). Thus, the HAZ
microstructure was more resistant against cracking. The crack
preferably initiated/propagated into the developed columnar
structure of the FZ in AZ31 leading to interfacial fracture. It was
previously reported that the developed columnar structure
formed near the fusion boundary of AZ31 is the preferred crack
growth path [23].

The β particles are dissolved into the Mg matrix via post-
weld heat treatment. Thus, the potential sites for the easy crack
propagation were removed. Within the heat treated microstruc-
ture of the weld, the crack appeared to grow by formation of
plastic zones ahead of its front. This can be confirmed via
observation of heavily twinned microstructure near the crack
region (Fig. 18). A direct linkage between crack formation and
the f1 0 1 1g�f1 0 1 2g double twinning was previously found in
AZ magnesium alloys [50–55]. Due to their favorable orientation
for basal slip, these twins created a highly localized shear
deformation region. It was proposed by Meyers that the twin-
ning becomes more difficult with grain refinement in HCP-
structured materials [56]. The improvement in fracture tough-
ness of magnesium alloys has been reported with grain refine-
ment [17,18]. From a comparison of Figs. 9a and b, grain size in
the FZ appeared to be larger than that in the HAZ. Such coarse-
grained microstructure is more prone to twin formation during
stress application. On the contrary, grain refinement occurred in
the FZ of AZ61 and AZ80 alloys. This fine grain microstructure
was stable even after PWHT as shown in Fig. 9c,d; however,
severe grain growth occurred during PWHT in the HAZ. There-
fore, in the case of AZ61 and AZ80 alloys, twins formed more
readily in the HAZ than in the FZ. Cracking would therefore be
reasonably expected to initiate within such twins inside the HAZ
microstructure as observed in Fig. 18.

A coarse-grained microstructure was present in the FZ of AZ31
(Fig. 5a) due to low heterogeneous nucleation rate. These grains
became coarsened during the PWHT. Moreover, unfavorable elon-
gated grains emerged from the columnar dendrites initially
formed adjacent to the fusion boundary (Fig. 3a). On the other
hand, HAZ grains remained small during the PWHT of AZ31 welds
(Fig. 10). Thus the failures continued to be interfacial in the post-
weld heat treated AZ31 welds.

5. Conclusions

This work has been concerned with the effects of Al content on
the microstructure and mechanical performance of resistance spot
welds in three AZ magnesium alloys. The following conclusions
have been drawn:

(1) The columnar to equi-axed transition and grain refinement
were enhanced as the Al content of magnesium base alloy
increased. The increase in the solute content increased con-
stitutional supercooling, which led to promotion of hetero-
geneous nucleation during solidification and grain refinement.

(2) The weld strength order AZ314AZ614AZ80 is opposite to
that of base materials of AZ31oAZ61oAZ80, since easy crack
initiation at the β/matrix interfaces in the HAZ of AZ61 and
AZ80 welds occurred, adjacent to the fusion line.

(3) Post-weld heat treatment significantly removed the beta
phase particles and resulted in improved tensile shear
strength of high Al content welds (AZ61 and AZ80). This is
because the cracking propagated away from the fusion bound-
ary into base metal (heat affected zone).

(4) With the absence of the secondary phase, the failure mode
demonstrated strong dependence on the grain size: fractures
occurred through the heat affected zone for AZ61 and AZ80
welds due to their larger grains compared to those in the
fusion zone. On the other hand, cracks preferentially propa-
gated in the fusion zone of AZ31, where larger grains were
formed in the fusion zone compared to those in the heat
affected zone.
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