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ABSTRACT

6-mm-thick extruded Mg-Al-Zn (AZ80) alloy plates were subjected to friction stir welding at a welding speed of
100 mm-min~ ' and tool rotation rates of 400-1200 rpm, and the highest joint efficiency of 92% was achieved at
800 rpm. Friction stir welding resulted in the dissolution of coarse [3-Mg,Al;, particles, with fewer and smaller 3
particles distributed at the grain boundaries in the nugget zones; meanwhile, banded structures resulting from
different Al concentrations were observed in the nugget zones. As the rotation rate increased, the grain size of
the nugget zones increased, but the {3 particles showed little variation in the quantity and size. At low rotation
rates, uniform microstructures were produced in the joints, and during tensile testing the joints failed in the nug-
get zones where was the lowest hardness region of the joints. However, a line structure containing the (3 particles
was observed at the boundary of the nugget zone at the highest rotation rate, which resulted in a decrease in the
tensile properties. The results indicated that higher rotation rates would not be suitable for the friction stir
welding of wrought Mg-Al-Zn alloys with higher Al content.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Mg alloys are very attractive in structural applications of aerospace
and automobile industries for weight reduction and energy saving.
The structural application of Mg alloys inevitably involves welding
and joining during manufacturing. However, defects such as porosity,
thermal cracks, and oxidization often occur in the fusion welding of
Mg alloys.

As a novel solid-state joining technique, friction stir welding (FSW)
can effectively avoid the drawbacks of the fusion welding and has
been successfully used for welding Al alloys [1]. Although Mg alloys
show poor deformability at room temperature, the deformability
would be greatly improved at high temperatures for the activation
of non-basal slips [2], and this is important for the FSW. By altering
welding parameters such as pin and shoulder sizes, welding speed
(v), and rotational rate (®), high-quality FSW joints can be obtain-
ed. Recently, FSW has been successfully used to join various Mg
alloys, such as Mg-Al-Zn, Mg-Al-Mn, Mg-Al-Ca, Mg-Zn-Zr, and
Mg-Zn-Y-Zr [3-18].

Among various kinds of Mg alloys, AZ series alloys were the most
fully developed and widely used in manufacturing production for low
cost and good properties. For the AZ series alloys, most FSW studies
were focused on lower Al content alloys, such as AZ31 and AZ61
[3-9]. It was reported that increasing FSW heat input such as the tool
shoulder diameter and the rotation rate could increase the tensile
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strength of FSW AZ31 joints [3,19]. At tool rotation rate as high as
3500 rpm, a joint efficiency as high as 95% was achieved in the FSW
AZ31 joint. This phenomenon is quite different from that observed in
FSW Al alloy joints [1]. Besides, much research has been focused on
the deformation behaviors of FSW joint, and basal slip and twinning
have been proven to be the main deformation mechanism [19,20].

By comparison, FSW studies of the Mg alloys with higher Al content
(AZ80 and AZ91) are limited with the main focus on the as-cast alloys
which exhibited low strength and ductility due to the coarse grains
and coarse network grain boundary > phase (Mgq;Al;3) [10-12,21]. It
was reported that FSW could effectively dissolve the coarse eutectic 3
phase and refine the grains in cast AZ91D alloy with the hardness of
the nugget zone (NZ) increased greatly [10]. Thus, the FSW joint of as-
cast AZ91 alloy could show a similar UTS to that of the parent material
(PM) [11].

However, 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 3 phases [22]. In this case, the
weldability, the mechanical properties and fracture behavior of resul-
tant FSW joints might be quite different from those of the as-cast coun-
terparts. However, investigation in this aspect is lacking.

The present investigation aims to (a) study the effect of FSW param-
eters on microstructures and tensile properties of the Mg-Al-Zn alloy
with high Al content and (b) evaluate the effect of the 3 precipitates
on the weld properties of this alloy. Part [ is presented in this article,
while Part Il will be described in a companion article.

In this article, as-extruded AZ80 plates were subjected to FSW inves-
tigation in a wide tool rotation rate range of 400-1200 rpm at a constant
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Fig. 1. Cross-sectional macrographs of FSW AZ80 joints at different rotation rates: (a) 400 rpm, (b) 600 rpm, (c) 800 rpm, and (d) 1200 rpm (the advancing side is on the right).

traverse speed of 100 mm-min~ . The aim is to (a) establish the process
window for FSW of as-extruded AZ80 alloy and (b) understand the effect
of tool rotation rate on the microstructure evolution and mechanical
behavior of FSW AZ80 joints.

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 (in wt.%) were used in
this study. 6-mm-thick plates were friction stir welded along the extru-
sion direction at a traverse speed of 100 mm-min~' and tool rotation
rates of 400, 600, 800, and 1200 rpm, respectively. A tool with a concave
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 with the plunge
depth being fixed at 0.15 mm with a tilt angle of 2.7° for all the welding
parameters. The tool was carefully machined and mounted to reduce
the eccentricity as much as possible.

The specimens for microstructural examinations were cross-sectioned
perpendicular to the welding direction. Microstructural characterization
and analysis were carried out via optical microscopy (OM), scanning elec-
tron microscopy (SEM), and transmission electron microscopy (TEM).
The specimens for OM and SEM observations were prepared by mechan-
ical polishing and etching using a solution of 4.2 g picric acid, 10 ml acetic
acid, 70 ml ethanol, and 10 ml water. Thin foils for TEM were prepared by
the ion-milling technique. The grain size was measured using the linear
intercept method with the measuring direction perpendicular to both
the normal and welding directions.

Vickers hardness and tensile tests were conducted in accordance
with ASTM: E384-11e1 and ASTM: E8/E8M-11, respectively. The
hardness of the welds was measured along the mid-thickness of the
plates with a 300 g load for 10 s using a LECO-LM247AT type Vickers-
hardness tester. Transverse tensile specimens with a gauge length of
50 mm and width of 10 mm were machined perpendicular to the FSW
direction with the NZ in the center of the gauge. Tensile tests were
conducted at a strain rate of 1 x 10~ s~ ! with a Zwick Z050 tester at
room temperature. The tensile properties of each FSW joint reported

Fig. 2. OM microstructures of FSW AZ80 joint at 400 rpm: (a) PM, (b) NZ, (c) TMAZ, and (d) HAZ.
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Fig. 3. SEM images of FSW AZ80 joint at 400 rpm: (a) PM, (b) NZ, (c) TMAZ, and (d) EDS line scan of Al content from heterogeneous structure to matrix in TMAZ.

were the averages of three test results. The fracture surfaces were exam-
ined using SEM.

3. Results and Discussion
3.1. Microstructural Characteristics

3.1.1. Microstructures in different zones

Fig. 1 shows the cross-sectional macrographs of FSW AZ80 joints at
various rotation rates. No obvious defects were found in these joints
and three microstructural zones were identified in the cross sections
of the joints, i.e. NZ, thermo-mechanically affected zone (TMAZ), and
heat-affected zone (HAZ). The lower rotation rate of 400 rpm produced
a basin-shaped NZ (Fig. 1a). When increasing the rotation rate the NZ
changed from a basin shape to an elliptical one (Fig. 1b-d); however,
the elliptical NZ became small and the shoulder affected region enlarged
at 1200 rpm (Fig. 1d). These macrographs showed that the nugget
shapes of the FSW AZ80 were apparently parameter dependent. This
was attributed to the different material flow forms at different rotation
rates [23], and a similar result was also reported in the FSW Al alloys
[24].

The PM showed an inhomogeneous fine-grained microstructure
characterized by equiaxed grains with an average size of 16.2 pm and
some heterogeneous structures (black regions in Fig. 2a). For the FSW
joint at 400 rpm, equiaxed grains with an average grain size of
14.4 um were observed in the NZ (Fig. 2b). In the TMAZ, some heteroge-
neous structures were found to be distributed along the normal direc-
tion (Fig. 2c). The microstructure in the HAZ was similar to that in the
PM (Fig. 2d).

SEM observations showed a bright contrast of 3 phase, dark contrast
of a-Mg matrix, and severely-corroded regions (area A) in the PM
(Fig. 3a) with a large number of coarse eutectic 3 particles distributed
at the grain boundaries. Besides, some coarse particles (as shown by
white arrows) were also observed, which is a binary compound of Al
and Mn [25]. Energy dispersive spectroscopic (EDS) analyses indicated

that the Mg matrix contained more than 6.1 wt.% Al. The severely-
corroded regions were found to be the heterogeneous structures in
the OM photograph and contained 21.2 wt.% Al, which was much higher
than the maximum solubility of Al in Mg (12.5 wt.%) but lower than
that in the 3 phase (40 wt.%). Therefore, the heterogeneous structures
were a kind of the supersaturated solid solution zone which was consid-
ered as the non-equilibrium eutectic constituent in the as-cast Mg—Al-Zn
alloys with higher Al content [26,27]. In the present study, the AZ80 cast
billet was directly extruded without a full pre-homogenization; therefore,
the heterogeneous structures (supersaturated solid solution zone) still
remained after extrusion.

SEM observations also showed that most of the (3 particles in the re-
gion of the NZ and TMAZ were dissolved into the matrix (Fig. 3b and c).
The average Al content in the matrix of the NZ was about 7.5 wt.%,
higher than that in the PM. In the TMAZ, the heterogeneous structures
(area B) were still observed and contained 15.7 wt.% Al (Fig. 3c),
which was lower than that in area A of the PM. The EDS line scan profile
showed that the Al content decreased from the heterogeneous struc-
tures to the Mg matrix (Fig. 3d). The distribution of the 3 particles in
the HAZ (not shown) was similar to that in the PM, but a lower Al con-
tent (about 18.9 wt.%) in the heterogeneous structures was detected in
the HAZ.

During the FSW process, severe shear deformation significantly ac-
celerated the Al-Mg interdiffusion rate and shortened the diffusion dis-
tance [28]. In this case, most (> was dissolved and large particles were
refined in the welds. However, the different deformation degrees and
temperatures changed the Al content in the NZ, TMAZ, and HAZ. The
NZ underwent the highest deformation degree and temperature, there-
fore the Mg matrix contained more Al than in the PM. However, both

Table 1

Grain size in nugget zone of FSW AZ80 joints at various rotation rates.
®, rpm 400 600 800 1200 PM
dhugget, UM 121 135 144 30.9 16.2
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Fig. 4. SEM images of NZs in FSW AZ80 joints at different rotation rates: (a) 600 rpm, (b) 800 rpm, and (c) 1200 rpm.
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Fig. 5. TEM images showing: (a) and (b) compounds in grain boundary of PM; (c) retained Mg;-Al;, and (d) Mg twins in NZ of FSW joint.
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the temperature and deformation degree were lower in the TMAZ, lead-
ing to the incomplete diffusion of Al. Consequently, the heterogeneous
structures in the TMAZ were detected to have lower Al content than
those in the PM. Meanwhile, the material in the TMAZ was elongated
along the rotational direction [23], making the heterogeneous struc-
tures distributed along the normal direction (Figs. 2c and 3c). Because
only lower heat input played a role in the HAZ, the grain size and distri-
bution of 3 in the HAZ had little difference from those in the PM
(Fig. 2d), with a lower Al content in the heterogeneous structures.

As the rotation rate increased from 400 to 800 rpm, the grain size of
the NZ slightly increased, but it was still smaller than that of the PM
(Table 1); however, at 1200 rpm larger grains (30.9 um) were generat-
ed. It was found that fewer and smaller 3 particles were distributed at
the grain boundaries in the NZ than in the PM (Figs. 3b and 4). General-
ly, the temperature in the NZ increased with the rotation rate [29] and
this resulted in a corresponding increase in the grain size. The tempera-
ture of the NZ was reported to be between 340 °Cand 500 °Cin the FSW
Mg alloy [10], which was close to the melting point of the (. However,
the number of the 3 phase showed little variation with the rotation
rate (Figs. 3b and 4). This is mainly attributed to the fact that the dura-
tion of dissolution for second phase particles was similar at various ro-
tation rates when the welding speed was constant [30]. Thus, similar
dissolution degrees of the (3 phase were observed at different rotation
rates.

Fig. 5 shows the TEM microstructure of the PM and the NZ at
800 rpm. Coarse 3-Mg;7Al;,> and blocky AlgMn compound particles
were observed at the grain boundaries of the PM (Fig. 5a and b).
After FSW most of the 3 and AlgMn particles disappeared with
only a few small particles being observed, indicating that FSW effec-
tively broke up and/or dissolved those compound particles (Fig. 5¢).
Meanwhile, deformation Mg twins were observed in the NZ (Fig. 5d),
which were generated by the severe plastic deformation resulting from
the rotating tool.

3.1.2. Banded structure in NZ

As shown in Fig. 1, a banded structure was observed in the NZs at
various rotation rates. Fig. 6 shows the magnified images of the banded
structure in the NZ at 800 rpm. The bands are shown to result from al-
ternating regions of heterogeneous structures (Fig. 6b). EDS analyses in-
dicated that the Al content in the heterogeneous structures (points 1-6,
averaged 10.1 wt.%) was higher than that in the heterogeneous-
structure-free zones (points 7-12, averaged 6.2 wt.%). The bands with
higher Al concentrations were the severely-corroded regions and the
dark bands in Fig. 6a. It was reported that the regions with different Al
contents had different etching reactions in the AZ91 [26]. Furthermore,
as shown in Fig. 6b and c, the (3 particles were distributed at the grain
boundaries in both the heterogeneous structures and other regions,
with AIMn compound particles in the grains. Therefore, it is concluded
that the different bands with different etching reactions resulted from
different Al concentrations.

This phenomenon was similar to the banded structure resulting
from the particle-rich bands in FSWed 2024-T3 Al alloy: the uniform
distribution of particles in the PM was converted to accumulated parti-
cle bands due to the strain gradient in the NZ [31], and the strain gradi-
ent on the cross-sectioned plane of the NZ has been confirmed by
numerical simulation results [32-34]. The 3 phase and the heteroge-
neous structures in the PM of AZ80 were uniformly distributed in this
study, which was similar to the hard particle (containing higher concen-
trations of Cu, Fe, Mg and Mn) distribution in Ref [31]. After FSW, the 3
phase and the heterogeneous structures could also congregate to form
bands in the NZ for the strain gradient. However, different from the un-
dissolved particle, most of the 5 phases were dissolved and the diffusion
of Al atoms occurred in the NZ during FSW. Therefore, it could be in-
ferred that two courses occurred in the NZ during FSW: the dissolution
of 3 phase, and the formation of bands containing the heterogeneous
structures and some (> phases. The banded structure will be further
discussed in Part IL.

Fig. 6. SEM images showing banded structure in NZ of FSW AZ80 joint at 800 rpm: (a) low magnification, (b) and (c) high magnifications.
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Fig. 7. SEM images of NZ boundary at 1200 rpm: (a) macrograph on advancing side, (b) and (c) line structures as shown by white and black arrows in (a), and (d) magnified image of line

structure.

3.1.3. Line Structure

At 1200 rpm, a visible continuous “line structure” was observed at
the boundary of the NZ (as shown by arrows in Fig. 7a). The line struc-
ture as marked by the white and black arrows is shown in Fig. 7b and c,
respectively. The magnification of the line structure shows that a white
zone was in the inside of the line structure, while the severely-corroded

% —=—400 rpm
—— 800 rpm
80} . . ——1200 rpm

Hardness, HV
~J
o

[=2]
o

RS

: AS
1 i 1 1 i
-16 -8 0 8 16
Distance from weld center, mm

50

Fig. 8. Hardness profiles of FSW AZ80 joints at various rotation rates. AS: advancing side,
RS: retreating side.

zone was in the outside (Fig. 7d). The white zone was determined to be
the 3 phase by EDS.

The formation of the line structure should be related to the material
flow during the FSW of AZ80. It was proposed by using finite-element
analysis that there existed a certain location where the plastic flow
was poor during FSW [35,36], and this region would be the NZ boundary
[32]. Meanwhile, the 2D and 3D finite-element simulations showed that
the NZ boundary experienced lower strain than the other parts of the NZ
[35]. Consequently, the (> phase was prone to aggregating at the NZ
boundary for the inadequate plastic flow and low strain. Besides, the
material flow pattern at a high rotation rate was different from that
at a lower one [23], with a smaller region being affected by the pin

Table 2
Tensile properties of FSW AZ80 joints at various rotation rates.
o, rpm YS, MPa UTS, MPa EL % Joint Fracture
efficiency, %  location
PM 1794 + 52 3300+ 34 226+09 - -
400 1670 £ 14 2916 £39 102 +08 884 NZ
600 159.8 +£ 1.0 2873 4+ 1.1 864+ 04 871 NZ
800 1608 £ 05 3045+19 115+03 923 NZ
1200 1594 +£ 03 2737 £ 16 72+ 16 829 Boundary
of NZ
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Fig. 9. Macrographs of cross sections of fractured joints at different rotation rates: (a) 400 rpm, (b) 600 rpm, (c) 800 rpm, and (d) 1200 rpm.

rotation. Moreover, a recent study [37] indicated that Mg;-Al;, phase
has a high deformability accompanied by a strong softening during
high temperature deformation. Therefore, in the present study, the
line structure was found at the NZ boundary at 1200 rpm.

3.2. Microhardness

Fig. 8 shows the hardness profiles of the FSW joints along the
mid-thickness at different rotation rates. It can be seen that the hard-
ness profiles were similar for the various FSW joints (400, 800 and
1200 rpm) with the lowest hardness in the NZ. For the FSW joints, the
hardness was considered to be affected by the dislocation density,
grain size and precipitates.

As shown in Table 1, the grain size in the NZ increased with the
rotation rate; in particular, the grain size at 1200 rpm (30.9 pm)
was larger than that at 400-800 rpm (12.1-14.4 um). However,
the hardness of the NZ had little variation as the rotation rate
changed. A similar phenomenon was also observed in the FSW

AZ31, which was attributed to the weak influence of the grain size
on the hardness within a certain range [3]. Park et al. [8] reported
that there was little variation in the dislocation density between
the NZ and PM in FSW AZ61. Besides, it was found that the disloca-
tion density of the NZ in FSW AZ31 varied little with welding pa-
rameters [3]. Therefore, the effect of dislocation density on the
hardness was not obvious for the FSW AZ series alloys. p was the
strengthening phase in the AZ80 alloy. Most of the > phase was dis-
solved in the NZ during FSW, therefore the NZ exhibited the lowest hard-
ness throughout the whole FSW AZ80 joints.

3.3. Tensile Properties

Table 2 shows the transverse tensile properties of the FSW AZ80
joints. The extruded PM had ultimate tensile strength (UTS) of 330 MPa,
yield strength (YS) of 179 MPa, and elongation of 22.6%. Compared to
the PM, the FSW joints exhibited decreased UTS, YS, and elongation. The
YS of various FSW joints was almost the same, about 90% of the PM. As

Fig. 10. SEM micrograph of tensile fracture surface of PM and FSW AZ80 joints: (a) PM, (b) 800 rpm, (c) 1200 rpm, and (d) Region B in (c).
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the rotation rate increased from 400 to 800 rpm, the UTS of the FSW joints
increased; the joints all failed in the NZs (Fig. 9a—c), consistent with the
lowest hardness distribution. The maximum joint efficiency of 92% was
obtained at 800 rpm. However, the strength of the joint sharply decreased
when the rotation rate increased to 1200 rpm, and the failure location
shifted to the boundary of the NZ (Fig. 9d).

Fig. 10 shows the SEM fractographs of the PM and FSW joints. For the
PM (Fig. 10a), the fracture surfaces were rough and characterized by
pits, tearing ridges, and dimples; meanwhile, some cracked particles
were found in the bottoms of the pits. The cracked particles indicated
that the PM might fail mainly by fracture of the brittle 3 phases. At
800 rpm (Fig. 10b), the fracture surface of the joint was relatively
even and covered with more dimples and tearing ridges, and no cracked
particles were visible. This feature was due to the fact that the fracture
located in the NZ where most of the 3 particles were dissolved. By com-
parison, the joint at 1200 rpm (Fig. 10c) showed a quite different mor-
phology: some smooth stripes (Region A) parallel to the welding
direction appeared in the bottom of the weld, and cleavage features
were observed on the fracture surface (Region B, Fig. 10d). These special
characteristics might result from the material flow at the relatively high
rotation rate. During FSW, the material flow varies from the upper to the
lower part of the NZ: it is significantly affected by the tool shoulder in
the upper part but mainly driven by the tool pin in the lower part
[38]. The effect of the tool shoulder is more obvious at the higher rota-
tion rate, and in our previous study a two-layer structured NZ of FSW
AZ31 alloy was even formed at an extremely high rotation rate of
3500 rpm [19]. Considering that cracks are likely to generate or propa-
gate along the smooth stripes, they should be partially responsible for
the lower strengths and elongation of the FSW joint.

For the FSW joints at 400-800 rpm, the decreased UTS and YS are at-
tributed to the dissolution of the 3 phases in the NZ and TMAZ, whereas
the lower elongation should be due to the nonuniform deformation
caused by the special texture distribution [7]. As the rotation rate in-
creased from 400 to 800 rpm, the grain size increased slightly and the
distribution of the [ phases varied little in the NZs, however, a slight in-
crease in the UTS was detected. A similar result was also observed in the
FSW AZ31 [9], in which the increase of the UTS was attributed to the
weakening of basal texture when increasing the rotation rate.

The decreased tensile properties of the FSW AZ80 joint at 1200 rpm
indicated that the higher rotation rate was unfit for the FSW of extruded
AZ80. However, sound FSW AZ31 joints could be achieved at rotation
rates ranging from 500 to 3500 rpm [5,6,9,19], which were much
wider than those for the AZ80 alloy. Furthermore, our previous study in-
dicated that the joint efficiency of the FSW AZ31 joints increased with
increasing the rotation rate from 800 to 3500 rpm [19]. This difference
in the weldability between AZ80 and AZ31 should be attributed to the
existence of the 3 phase and higher Al concentration of the Mg matrix
in the AZ80 alloy, which significantly decreased the flowability of the
Mg matrix, leading to the appearance of the line structure (Fig. 7). It
was reported that cracks tended to initiate from the interface of Mg/3
[39] and propagate along the precipitates at the grain boundaries [26].
Therefore, the line structure with coarse (3 could promote the crack
propagation and thus lead to the fracture along the line structure. Con-
sequently, both the strengths and elongation of the FSW AZ80 joint at
1200 rpm obviously decreased.

4. Conclusions

6-mm-thick extruded AZ80 plates were welded by FSW under
rotation rates from 400 to 1200 rpm with a traverse speed of
100 mm-min~ . The following conclusions can be drawn:

(1) Banded structures were observed in the NZs, which consisted of
alternating regions of heterogeneous structures resulting from
different Al concentrations. Furthermore, a line structure with
the coarse > was detected at the NZ boundary at 1200 rpm.

(2) The grain size of the NZ increased with the rotation rate. Com-
pared to the PM, fewer and smaller 3 particles were distributed
at the grain boundaries in the NZ and the quantity of 3 particles
exhibited little change with increasing the rotation rate.

The tensile properties of the FSW joints slightly increased as the
rotation rate increased from 400 to 800 rpm with the highest
joint efficiency of 92% being obtained at 800 rpm and the fracture
occurred in the NZ which exhibited the lowest hardness.
However, the joint at 1200 rpm exhibited a reduced strength
and elongation with the fracture occurring along the line struc-
ture where the coarse 3 could promote the crack initiation and
propagation.

(3
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