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Extruded Mg–Al–Zn (AZ80) plates were subjected to friction stir welding at a welding speed of 100 mm·min−1

and a tool rotation rates of 800 rpm. Different heat treatments were conducted before or after welding with the
aim to evaluate the influence of precipitates on the weld properties. The welding joint with the solution treat-
ment before welding exhibited enhanced ductility and decreased yield strength due to the dissolution of
β-Mg17Al12 and the coarsening of grains. After aging at 180 °C for 16 h, a banded structure consisting of different
densities of discontinuous β-Mg17Al12 precipitates was observed in the nugget zone of both joints with or with-
out the solution treatment before welding. The yield strength of the joint without the solution before welding
increased by 30% after aging, with the elongation being decreased. The fracture behavior of the aged joints was
closely related to the banded structurewhere the crack propagatedmore easily along the coarse discontinuously
precipitated bands.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Problems such as porosity, thermal cracks, and oxidization often
occur in the conventional fusion welding of Mg alloys. This limits the
commercial applications of the Mg alloys. Friction stir welding (FSW),
an innovative solid state joining technique based on plastic deformation
principle [1], can effectively reduce the defects in the conventional
fusion welded joints. On the other hand, the Mg alloys could exhibit a
good deformability at high temperatures [2]; therefore, FSW is a prom-
ising method for joining the Mg alloys. The last decade saw more and
more reports on the FSW of Mg alloys [3–19].

Nowadays most of research efforts of FSW Mg alloys were focused
on the AZ series alloys, especially on those with lower Al content
(AZ31 and AZ61) [3–10]. For the AZ31 alloy, sound FSW joints could
beproduced especially at a higher heat input [4–6], and a joint efficiency
as high as 95% could be achieved [4,6]. Furthermore, it was reported that
the tensile properties of FSW AZ31 joints were affected by both grain
size and texture distribution of the welds [3–10]. In particular, the frac-
ture behavior of the jointswas related to the texture distribution [8–10].

For the Mg alloys with higher Al content, such as AZ80 and AZ91,
most of the FSW studies [11–13] were focused on the as-cast alloys
[11,20], and FSW joints with high joint efficiency could be obtained
[12]. During tension, these joints tended to fracture in the part of the
parent material (PM) due to its coarsemicrostructure as well as casting
defects.

For the wrought (rolled or extruded) Mg alloys with higher Al
content, their strength and ductility are significantly improved due to
smaller grains and fewer coarse β-Mg17Al12 particles [21–23]. In Part I,
the present authors conducted FSW of as-extruded AZ80 at a welding
speed of 100 mm·min−1 and tool rotation rates of 400–1200 rpm. It
was revealed that the as-extruded AZ80 exhibited a markedly different
weldability from the AZ31 alloy, and a joint efficiency of 92% was
achieved at 800 rpm with the joint fracturing in the nugget zone (NZ)
during tension. This implies that the joint could be further strengthened
by increasing the strength of the NZ.

Our previous study showed that the β precipitates greatly affected
the strength and fracture behavior of Mg alloys with higher Al content
(AZ91D) [24]. Cracks occurred preferentially within the coarse β-
Mg17Al12 particles in the as-cast alloy during fatigue test. However, for
the friction stir processed and subsequently aged sample, the uniformly
distributed fineβ precipitates could decrease the possibility of crack ini-
tiation and restrain the propagation of cracks, thereby increasing the fa-
tigue strength greatly. Based on above reasons, a proper heat treatment
prior to and/or after FSW is necessary to investigate the effect of the
β precipitates on the weldability and mechanical properties of the
as-extruded AZ80.

In this study, extruded AZ80 plates were subjected to FSW investiga-
tion at a tool rotation rate of 800 rpm and a traverse speed of
100 mm·min−1. This parameterwas selected based on theoptimum re-
sults obtained in Part I. Different heat treatments were conducted prior
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to or after FSWto carefully evaluate the effect of theβprecipitates on the
weld properties of the Mg–Al–Zn alloy with high Al content.

2. Material and Methods

AZ80 extruded plates with a nominal composition of 8.00Al–
0.33Zn–0.25Mn–0.036Si–0.0018Cu–0.0012Ni–0.0016Fe (wt.%,) were
used in this study. 6-mm-thick plates were friction stir welded along
the extrusion direction at a traverse speed of 100 mm·min−1 and a ro-
tation rate of 800 rpm (the best parameter in Part I). A tool with a con-
cave shoulder 20 mm in diameter and a threaded conical pin 8 mm in
root diameter, 6.2 mm in tip diameter and 5.7 mm in length was used.
The FSW was performed under the plunge control model and the
plunge depth was fixed at 0.15 mm. The tilt angle for all welds was
maintained at 2.7°. Three different heat treatments were conducted on
the PM and FSW joints (Table 1): (i) a post-FSW aging at 180 °C for
16 h (denoted by FSW-A), (ii) a pre-FSW solution treatment at 410 °C
for 6 h (denoted by S-FSW), and (iii) a pre-FSW solution treatment
plus a post-FSW aging at 180 °C for 16 h (denoted by S-FSW-A). The so-
lution and aging treatments are routinely used for industrial processing
of AZ80 alloys.

The process and parameters of FSW, preparation of optical micro-
scopic (OM), scanning electron microscopic (SEM), and transmission
electron microscopic (TEM) specimens, and tests of microhardness
and tension were described in detail in Part I.

3. Results and Discussion

3.1. Microstructural Characteristics

3.1.1. FSW-A Sample
In Part I, the banded structure resulting from different Al concentra-

tions was observed in the NZ of the FSW joint. For the FSW-A joint, the
banded structure becamemore obvious in the NZ (Fig. 1a). It was noted
that the β phase precipitated from the supersaturated solution in the
PM with two types of precipitation: discontinuous precipitation (DP)
and continuous precipitation (CP) (Fig. 1b), which are the two kinds
of generally accepted precipitation in the AZ80 alloy during aging [25].
In the NZ, the banded structures were observed both in the transverse
direction (TD) (Fig. 1c) and the longitudinal direction (LD) (Fig. 1d).
In particular, it was detected that the band spacing (112.6 μm) cor-
responded very closely to the value of ν/ω (tool advance per revolution,
ν is welding speed and ω is rotational rate) in the LD.

High-magnification micrographs show the bands with different DP
densities (Fig. 1e). The bands with high DP density were named as DP
bands, while the bands with low DP density were detected to have
many CP in the grains among DP (not shown in this paper) and called
CP bands. However, the CPwas too fine, so that it was difficult to exhibit
the CP in the CP band at low magnification.

TEM examinations showedmicrostructures in the NZ for the FSW-A
joint (Fig. 2). Fig. 2a and b was taken from the grains with high and low
DP densities, respectively, in which the DP with lamellar and globular
shapes was the predominant precipitation (Fig. 2a) and mainly precip-
itated at the grain boundaries (Fig. 2b). Besides, the fine CP laths were
mainly distributed within the grains (Fig. 2b). It was also noticed that
the fine CP laths were surrounded by a high density of dislocations
but the DP had few dislocations (Fig. 2a and b). Fig. 2c further shows
Table 1
Heat treatments for FSW AZ80 joints.

No. Sample Heat treatment

1 FSW –

2 FSW-A FSW + aging (180 °C/16 h)
3 S-FSW Solution (410 °C/6 h) + FSW
4 S-FSW-A Solution (410 °C/6 h) + FSW + aging (180 °C/16 h)
dislocation tangles in the NZ. In addition, some Al6Mn compound parti-
cles were also found at the grain boundaries, indicating that these par-
ticles could not be fully dissolved during FSW (Fig. 2d).

3.1.2. S-FSW Sample
The pre-FSW solution treatment at 410 °C for 6 h on the as-extruded

AZ80 (Fig. 3a) caused obvious grain coarsening (Table 2, from 16.2 to
37.8 μm) and the dissolution of most β phases (Fig. 3b). After FSW,
the microstructure of the NZ was characterized by fine and uniform re-
crystallized grains with an average size of 25.8 μm (Fig. 3c, Table 2).
Also, no heterogeneous structure nor a banded structure was found in
the NZ of the S-FSW joint. Larger equiaxed grains were observed in
the thermo-mechanically affected zone (TMAZ) (Fig. 3d), but nearly
no β phases were detected in both the NZ and TMAZ of the S-FSW joint.

The grain size of the NZ in the S-FSW joint was refined but larger
than that in the NZ of the FSW joint (Table 2, 14.4 μm). The ratio
of dNZ/dPM was used to identify the grain refinement degree, which
was 0.88 for the FSW joint and 0.69 for the S-FSW joint (Table 2). This
indicates that the degree of grain refinement in the S-FSW joint was
much larger than that in the FSW joint. This discrepancy should be relat-
ed to the solution-treated plate that showed a lower initial hardness
than the as-extruded counterpart, with the average initial hardness for
the solution-treated and as-extruded plate being about 60.6 and
72.3 Hv, respectively. Therefore, the material flow resistance experi-
enced in the S-FSW joint was a little lower, resulting in a higher strain
rate and a lower temperature [26]. The influence of strain rate and tem-
perature under hot working conditions is often incorporated in Z-
parameter (ε̇× exp(Q / RT)) for magnesium alloys [27]. Usually, the
higher strain rate and lower deformation temperature mean higher Z
value, and thus smaller recrystallization grains could be obtained after
the short FSW process [26]. However, the coarser initial grains in the
PM influenced the grain size in the NZ for the S-FSW joint [28]. So,
although the S-FSW joint exhibited the larger degree of grain refine-
ment in the NZ, it had a larger grain size in the NZ.

3.1.3. S-FSW-A Sample
For the S-FSW-A joint, the aging resulted in the generation of the band-

ed structurewithdifferentDPdensities in theNZ (Fig. 4a),whichwas sim-
ilar to that in the FSW-A joint (Fig. 1c). However, the banded structure in
the S-FSW-A joint was less distinct than that in the FSW-A joint. It was
noted that the DP in the CP bands in the S-FSW-A joint (Fig. 4b) was
more than that in the FSW-A joint (Fig. 1e). In addition, the main
precipitate was the DP in the DP band for the S-FSW-A joint (Fig. 4c).

3.1.4. Formation of Banded Structure
The banded structure was observed in the NZ of the FSW (Part I),

FSW-A (Fig. 1) and S-FSW-A joints (Fig. 4) but not in the S-FSW joint
(Fig. 3). In previous FSW studies, the generation of banded structures
has been explained by the texture [29], welding tool geometrical effect
[30], particle-rich bands, the variation in grain size [31], and strain gra-
dient [32]. However, in the present study the origin of the banded struc-
ture might be different in the joints with different heat treatments.

In the FSW joint, the banded structure was revealed as the alternat-
ing regions of high and low Al concentrations (Part I). After the post-
FSW aging, the banded structure became more obvious in the NZ
(Fig. 1a), with the alternation of CP bands and DP bands (Fig. 1c). It
should be noted that the banded structure obtained by aging is different
from that in other FSW studies [29–32]. To explain the different precip-
itation rates of CP and DP in the NZ, several reasons mentioned above
were taken into account. Firstly, the texture variation could not cause
different precipitation rates between the CP and DP, because the same
predominant orientation relationship between β (p) and matrix
(m) was found for both the CP and DP [33]. Secondly, no obvious
grain size variation was observed in the NZ. Other explanations like
particle-rich bands and geometrical effect had no direct relationship
with the different precipitation rates.



Fig. 1. (a)Macrographs of NZ in FSW-A joint, (b) DP andCP in PM, (c) and (d) banded structure on transverse and longitudinal sections of NZ, and (e)magnified image of selected region as
shown by an ellipse in (c). (ND: normal direction, TD: transverse direction, LD: longitudinal direction & welding direction).

Fig. 2. TEM images of NZ of FSW-A joint: (a) DP, (b) DP and CP, (c) dislocation tangle, and (d) Al6Mn phase.
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Fig. 3.Microstructures of (a) extruded PM and (b)–(d) S-FSW joint: (b) pre-solutionized PM, (c) NZ, and (d) TMAZ.
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However, the strain could affect the formation of the banded structure
by influencing the precipitation rate of the CP in the FSW-A joint. It was
reported that the strain was a remarkable driving force for the CP,
which could increase the nucleation of the CP and accelerate the growth
of precipitates [34]. This is consistent with the present result with high
dislocation density in the CP band (Fig. 2b). In the FSW joint, special
distributions of strain were reported by the computed and experimental
results [32,35,36]. Xu and Deng [32] pointed out that there were period-
ically alternating bands of high and low equivalent plastic strains on the
longitudinal plane and the spacing between the bands closely matched
the distance of the tool advance per revolution. As a result, the CP could
rapidly form in the region of high strain, resulting in a rapid relief of
supersaturation, thus eliminating the driving force for the DP. Within
the whole NZ, the CP densities could be different in the regions of
different strains, leading to the formation of the banded structure.

In addition, the chemical factor should be taken into account to ex-
plain the banded structure in the FSW-A joint. The Al content had differ-
ent effects on the precipitation of DP and CP. The precipitation of DP has
vital relationship with Al content [34]: it initiated at the grain bound-
aries with the aggregation of the Al solutes, and then grew to the inside
of grains and made the matrix depleted in the Al solutes. Finally, it
stopped growing due to the decrease in the Al content. However, the
generation of CPwas not sensitive to the fluctuation of theAl concentra-
tion. In the FSW joint, the Al concentration fluctuated in the banded
structure. Therefore, when the aging was conducted, the precipitation
rates of DP should be different in various regions. The zonewith a higher
Al concentration in thematrix promoted the generation of DP, while the
lower Al concentration suppressed the development of DP. Consequent-
ly, the DP occupiedmost of grains in the DP bands, but only precipitated
at the grain boundaries in the CP bands (Fig. 1e).
Table 2
Grain sizes (d) in PM and NZ of FSW AZ80 and S-FSW AZ80 joints.

Sample FSW S-FSW

PM NZ PM NZ

d, μm 16.2 14.4 37.8 25.8
dNZ/dPM 0.88 0.69
Therefore, the banded structure in the FSW-A joint resulted from the
strain distribution and the fluctuation of Al concentration in the NZ.
The former was the inherent characteristic during FSW and was also
found in other alloys [35,36], while the latter was related to the parent
material.

In the S-FSW joint, however, the banded structurewas not observed.
Since the pre-FSW solution resulted in the disappearance of the β phase
and the heterogeneous structures in the PM, a uniform distribution of Al
concentrationwas produced in theMgmatrix. Therefore, after FSW, the
fluctuation of Al concentration could not be formed in the NZ and thus
the banded structure was eliminated.

In the S-FSW-A joint (Fig. 4), the reasons for the banded structure
were different from that in the FSW-A joint (Fig. 3), because of the elim-
ination of the fluctuation of the Al concentration in the S-FSW joint.
However, the strain gradient [32,35,36] still existed in the S-FSW joint,
which could influence the precipitation rate of CP during post-FSW
aging [34]. Therefore, bands with different CP densities were produced
after aging, forming the banded structure in the S-FSW-A joint. Further-
more, the precipitation rate of DP had little variation between the bands,
because the Al concentration fluctuation was eliminated.

3.2. Microhardness

Fig. 5 shows the hardness profiles of various FSW joints along the
mid-thickness of the joints. For the FSW joint, the hardness value in
the NZ was lower than that in the PM, and this was attributed to the
dissolution of β phase. After post-FSW aging, with the precipitation of
β phase, the hardness of both the PM and the NZ increased with the lat-
ter having a hardness increase of 12 HV over that of the FSW joint. Fur-
thermore, the PM and NZ of the FSW-A joint exhibited similar hardness
values and this should be attributed to the similar precipitation harden-
ing effect of the β phase. This implies that the hardness improvement
after aging was less in the PM than in the NZ, attributable to the lower
Al concentration in the matrix of the PM.

When the pre-FSW solution was conducted, the hardness of the
S-FSW joint obviously decreased compared to that of the FSW joint,
and this is due to the fundamental dissolution of theβ phase throughout
the entire joint. Besides, the hardness value had little difference

image of Fig.�3


Fig. 4.Microstructures of S-FSW-A joint: (a) banded structure, (b) band of low DP density (CP band), and (c) band of high DP density (DP band).
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between the NZ and the PM in spite of the variation in the grain size,
which was similar to the hardness profile of the FSW AZ31 due to the
hardness insensitivity to the grain size variation [3,37].

After the post-FSW aging, the hardness of the S-FSW-A joint in-
creased greatly due to the precipitation strengthening of the β phase,
and a higher hardness increment was detected in the S-FSW-A joint
than in the FSW-A joint for the higher Al concentration in the matrix.
Moreover, little hardness difference was found between the NZ and
PM due to similar Al concentrations of the NZ and PM in the S-FSW
joint. Also, it was noted that similar hardness profiles were found in
the FSW-A and S-FSW-A joints, which could be attributed to the similar
aging strengthening effect.
3.3. Tensile Properties

The tensile properties of the FSW joints at different heat treatments
are shown in Table 3. The FSW joint showed a UTS of 304 MPa and a YS
of 161MPawith an elongation of 11.5%. The post-FSWaging (FSW-A) re-
sulted in significant improvement of the YS (210MPa, increased by 30%),
a slight decrease of UTS (296 MPa) and an obvious decrease of the elon-
gation (5.7%). However, similar UTS and elongation were obtained for
Fig. 5. Hardness profiles of FSW AZ80 joints at various heat treatments.
the FSW and S-FSW joints, but a lower YS (146 MPa) was observed for
the S-FSW joint. After post-FSW aging the S-FSW-A joint exhibited
increased YS (169 MPa) but significantly decreased elongation (4.0%).

Both the grain size and the precipitates could influence the YS. For
Mg–Al alloys with a small quantity of precipitates, basal slip and
{1012} twinning are the principal deformation modes [34], and the
grain refinement is a primary method of improving the YS in these al-
loys. Under the aging condition, the precipitation of β could break up
the basal slip and generate cross slip and dislocation tangle [34], thus in-
creasing the YS dramatically [22,38] but decreasing the ductility [39]. In
the S-FSW joint, few β phases and larger grains in the NZ decreased the
YS from 161 MPa to 146 MPa. After aging, due to the precipitation
strengthening, the YS of the FSW-A joint increased by 49MPa compared
to that of the FSW joint and the YS of the S-FSW-A joints increased by
23 MPa compared to that of the S-FSW joint. However, for the S-FSW-
A joint, the grain size in both the PM and NZ was larger than that for
the FSW-A joint, leading to a lower YS than that of the FSW-A joint.

On the other hand, it is noted that the UTS of the FSW joints varied
little. The FSW joint showed a lower UTS compared to the PM due to
the dissolution of the β precipitates. For the S-FSW joint, the UTS was
also kept about 300 MPa because of the solid solution strengthening
[38]. The UTS of both the FSW-A and S-FSW-A joints had no improve-
ment and this should be mainly attributed to the β precipitates and
the banded structure. The DP was large and brittle and prone to crack
during tension [21], while the fine CP was not oriented to block
the basal slip effectively [33,34]. Therefore, the aging treatment
had a weaker influence on the UTS for the AZ80 and AZ91 alloys
[22], though a large increase of YS could be obtained [22,38]. Also,
the banded structure also decreased the UTS by promoting the
Table 3
Tensile properties of FSW AZ80 joints at various heat treatments.

Sample YS, MPa UTS, MPa El. % Fracture location

Extruded PM 179.4 ± 5.2 330.0 ± 3.4 22.6 ± 0.9 –

FSW 160.8 ± 0.5 304.5 ± 1.9 11.5 ± 0.3 NZ
FSW-A 209.6 ± 0.7 295.7 ± 1.9 5.7 ± 0.1 Boundary of NZ
S-FSW 145.8 ± 1.1 301.4 ± 1.5 12.3 ± 0.1 TMAZ
S-FSW-A 168.6 ± 0.8 308.5 ± 10 4.0 ± 2.0 Boundary of NZ
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Fig. 6. Macrographs of cross section of fractured joints with different heat treatments: (a) FSW, (b) FSW-A, (c) S-FSW, and (d) S-FSW-A.
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crack propagation along the DP bands. For the above two reasons,
the UTS of the FSW AZ80 joints did not increase after aging, but
the ductility decreased significantly.

The heat treatments changed the fracture behavior of the FSW joints
(Fig. 6). The FSW joint failed in the NZ (Fig. 6a), which was consistent
with the lowest hardness region (Fig. 5). While the fracture location
shifted to the boundary of the NZ after the post-FSW aging (Fig. 6b).
For the S-FSW joint, the joint failed in the region around the TMAZ
(Fig. 6c). This is similar to the FSW AZ61 [7,8] and was attributed to
the highest Schmid factor in the TMAZ. The fracture was still at the
boundary of the NZ after the post-FSW aging (Fig. 6d).

Both FSW-A and S-FSW-A joints failed at the boundary of NZ, and
this could be attributed to the banded structure. The microstructure
on the cross-sectional plane of the failed FSW-A joint showed that the
DP bands at the NZ boundary were the fracture location (Fig. 7a). A
high magnification micrograph shows that the crack propagated along
the DP (Fig. 7b). Similar results were also found in the S-FSW-A joint
(not shown). It was reported that the Mg/Mg17Al12 interface acted as
the crack initiation and cracks were prone to propagating along the
coarse Mg17Al12 [39]. In the present study, cracks would propagate
more easily along the coarse DP bands, but it was difficult to cross the
fine CP bands (Fig. 7b). Besides, for the FSW-A joint, the relatively
lower hardness at the NZ boundary (Fig. 5) may influence the fracture
behavior.

On the fracture surface (Fig. 8), dimples and tearing ridges were
found for all the FSW joints, indicating ductile fracture characteristics.
For the FSW and S-FSW joints (Fig. 8a and c), a large number of deep
dimples were detected and this was in agreement with their higher
elongation. However, for the FSW-A and S-FSW-A joints, dimples were
less and shallow, and some cleavage features occurred (Fig. 8b and d),
which is consistent with their much lower elongation.

4. Conclusions

Extruded AZ80 plates were subjected to FSW at a welding speed of
100 mm·min−1 and a tool rotation rates of 800 rpm. Heat treatments
both before and after welding were conducted in order to evaluate the
Fig. 7. Microstructure of failed FSW-A joint in cross-sectional plane:
influence of precipitates on the weld properties of the AZ80 alloy. The
following conclusions can be drawn:

(1) For the FSWAZ80 joint, a banded structure consisting of different
DP densities of β phase was generated in the NZ after post-FSW
aging at 180 °C for 16 h.

(2) The pre-FSW solution dissolved most of β phases but coarsened
the grains (37.8 μm) in the PM. After FSW, no banded structure
was detected, but the refinement degree of the grains
(25.8 μm) was less than that in the FSW joint (14.4 μm). The
aging resulted in the generation of the banded structurewith dif-
ferent DP densities in the NZ.

(3) For the FSW joint, the hardness of the NZ increased after aging.
Compared to the FSW joint, the S-FSWone showed a lower hard-
ness which varied little between the NZ and PM, but similar
hardness profiles were observed in the FSW-A and S-FSW-A
joints.

(4) Although similar strength and elongation were observed for the
FSW and S-FSW joints, the latter exhibited a slightly lower YS.
Both the joints exhibited increased YS but reduced elongation
after post-FSW aging. The fracture of the aged joints was related
to the banded structure because cracks would propagate more
easily along the coarse DP bands.
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