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The extruded Mg–Zn–Y–Zr plate was subjected to friction stir processing (FSP). FSP
resulted in significant breakup and dispersion of bulky W-phase particles and
remarkable grain refinement, thereby substantially enhancing superplasticity. Maximum
superplasticity of 635% was achieved at 450 °C and a relatively high strain rate of
3 × 10−3 s−1. By comparison, the as-extruded sample did not exhibit superplasticity.
Grain boundary sliding was identified to be the primary deformation mechanism
in the FSP Mg–Zn–Y–Zr by superplastic data analyses and surfacial morphology
observations. Furthermore, the superplastic deformation kinetics of the FSP
Mg–Zn–Y–Zr is significantly faster than that of equal channel angular pressed (ECAP)
magnesium alloys under both as-ECAP and annealing conditions.

I. INTRODUCTION

There is significant interest in the development of
wrought magnesium alloys with high strength and high
corrosion resistance for application as structural parts. To
achieve high strength in magnesium alloys, the alloys
must undergo dynamic recrystallization (DRX) during
hot processing, yielding a fine-grained microstructure.
For conventional AZ (Mg–Al–Zn) system alloys contain-
ing Mg17Al12 particles, the particles have poor thermal
stability during hot deformation due to the low solution
temperature of particles, easily resulting in grain growth
and cavitation.1 Mg–Zn–Y–Zr is a heat-resistant magne-
sium alloy with high strength. There are mainly two
kinds of ternary phases in the Mg–Zn–Y system, i.e., the
I-phase (quasicrystal phase, Mg3Zn6Y) and the W-phase
(Mg3Zn3Y2), and their eutectic temperatures are ∼450
and 510 °C, respectively.2 Because of the existence of

the high melting point phases and the Zr element, the
Mg–Zn–Y–Zr alloy exhibits a sound high temperature-
resistant capability and high strength. Therefore, the Mg–
Zn–Y–Zr alloy has important application potential for
wrought magnesium alloys. Recently, several superplas-
tic investigations were focused on the Mg–Zn–Y–Zr al-
loy containing only the I-phase. Superplasticity has been
achieved in this alloy prepared by using hot rolling, hot
extrusion, and equal channel angular pressing (ECAP).3,4

However, the optimum strain rate for superplasticity was
generally at a lower strain rate of ∼10−4 s−1.

Friction stir welding (FSW) is a simple, clean, and
innovative joining technology invented by The Welding
Institute of the UK in 1991.5 Friction stir processing
(FSP), a new solid-state processing technique, has been
developed based on the basic principles of FSW.6 FSP
results in the generation of fine recrystallized grains
with dominant high-angle boundaries, thereby enhancing
the superplasticity of the processed zone significantly.7

Currently, superplasticity via FSP is mainly focused
on aluminum alloys,7,8 and there are few superplastic
investigations on FSP magnesium alloys. Cavaliere et al.
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reported that for AZ91 and AM60, good superplasticity
was achieved via FSP with an optimum strain rate of
10−4 to 10−3 s−1.9,10 However, they did not analyze the
superplastic data in detail and compare their data to those
of the magnesium alloys prepared by other severe plastic
deformation methods.

In our previous work, FSW of Mg–Zn–Y–Zr alloy
containing both the I-phase and the W-phase has been
reported. It was indicated that FSW resulted in the ef-
fective refinement of the bulky ternary phases and coarse
grains, thereby generating sound joints with good me-
chanical properties.2 Because the eutectic temperature
(510 °C) of the W-phase is higher than that (450 °C) of
the I-phase, the Mg–Zn–Y–Zr alloy containing the W-
phase would have higher thermal stability than that con-
taining only the I-phase. Therefore, it is expected that the
superplasticity could be achieved at a higher temperature
and consequently at a higher strain rate. In the present
work, a Mg–Zn–Y–Zr alloy containing only the W-phase
was subjected to FSP to examine the possibility of
achieving superplasticity at a higher temperature and a
higher strain rate. Further, the superplastic deformation
mechanism of the FSP Mg–Zn–Y–Zr was examined and
analyzed in detail.

II. EXPERIMENTAL

The extruded Mg–Zn–Y–Zr alloy plate (extruded ratio
is 25:1) with a composition of 6.19Zn–1.1Y–0.46Zr (in
wt%) was used for this study. The 6-mm-thick, 100-mm-
long, and 50-mm-wide plates were machined from the
extruded plate and subjected to FSP at a tool rotation rate
of 800 rpm and a traverse speed of 100 mm/min by using
a gantry FSW machine (China FSW Center, Beijing,
China). A tool with a shoulder 20 mm in diameter and a
coniform threaded pin 6 mm in diameter and 5.7 mm in
length was used. The tilting angle for the FSP was main-
tained at 2.5°. Before FSP, the plates were cleared with
a wire brush to remove the surface oxide layer.

The FSP samples were cross-sectioned perpendicular
to the processing direction, polished, and then etched
with a solution of 90 mL ethanol, 10 mL distilled water,
5 mL acetic acid, and 5 g picric acid. Microstructural
features were characterized by optical microscopy (OM)
and scanning electron microscopy (SEM). Grain size was
measured by the mean linear intercept method. Compo-
sition of phase in the parent material (PM) and FSP
sample were analyzed by a Philips type x-ray diffractom-
eter. To investigate thermal stability of the W-phase in
the Mg–Zn–Y–Zr alloy, differential scanning calorimetry
(DSC) was conducted at a heating rate of 10 °C/min.

To evaluate the superplasticity of the FSP sample, ten-
sile specimens with 2.5 mm gauge length and 1.4 mm
width were machined from the processed zone perpen-
dicular to the FSP direction. For comparison, tensile

specimens of the PM were machined with the same
specimen configuration parallel and perpendicular to
the extruded direction, respectively (hereafter referred to
as PM-L and PM-T). Constant crosshead speed tensile
tests were performed using an Instron (Norwood, MA)
5848 micro-tester at 400–450 °C for initial strain rates of
3 × 10−4 to 1 × 10−2 s−1. All tensile specimens were held
at the required temperature for 15 min prior to loading.
The failed specimens with or without polishing were sub-
jected to OM and SEM examinations.

III. RESULTS

Figure 1 shows the macrostructures of the FSP Mg–
Zn–Y–Zr. The processed zone is clearly visible with dis-
tinct boundaries on both the advancing and retreating
sides. Neither crack nor porosity was found in the proc-
essed zone, indicating good processing quality. The mi-
crostructures of the PM and the processed zone (hereafter
referred to as FSP sample) are shown in Fig. 2. The PM
was characterized by coarse grains and large heteroge-
neously distributed second phase particles [Figs. 2(a)
and 2(c)]. After FSP, a fine-grained structure of 5.2 �m
with homogeneously-distributed second phase particles
was produced in the FSP sample [Figs. 2(b) and 2(d)].
The size of both the grains and second phase particles
in the FSP sample was significantly smaller than that in
the PM.

Figure 3 shows the x-ray diffraction (XRD) patterns of
the PM and FSP sample. For the PM, the diffraction
peaks of the a-Mg, W-phase, and MgZn were detected,
and no diffraction peak of the I-phase was found. After
FSP, the diffraction peaks of the W-phase remained, but
the diffraction peaks of the MgZn phase disappeared fun-
damentally. Figure 4 shows DSC results of the PM and
FSP sample. Only one endothermic peak was observed at
517 and 510 °C for the PM and FSP sample, respectively.
Based on our previous work2 and XRD analysis, both
endothermic peaks correspond to the dissolution of the
W-phase.

Figure 5 shows the effect of the initial strain rate and
temperature on superplastic ductility of the FSP Mg–Zn–
Y–Zr alloy. For the FSP sample, an optimum strain rate
of 1 × 10−3 s−1 for maximum elongation was observed at
400 and 425 °C. However, at 450 °C, the optimum strain
rate for maximum superplasticity was shifted to a higher

FIG. 1. Cross-sectional macrograph of FSP specimen.
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value of 3 × 10−3 s−1. Maximum elongation of 635% was
achieved at a relatively high strain rate of 3 × 10−3 s−1

and 450 °C [Fig. 5(a)]. By comparison, the PM did not
exhibit superplasticity at 450 °C except for a strain rate
of 3 × 10−4 s−1, where the PM exhibited an elongation of
280% along the transverse direction. At an initial strain
rate of 3 × 10−3 s−1, the FSP sample exhibited an increas-
ing elongation with increasing temperature from 375 to
450 °C, whereas above 450 °C, the elongation of the FSP
sample decreased rapidly [Fig. 5(b)].

Figure 6 shows the variation of flow stress with initial
strain rate for the FSP sample and PM. The flow stress of

the FSP sample is significantly lower than that of the
extruded PM at the initial strain rates of 3 × 10−4 to
1 × 10−2 s−1. This is attributed to a significantly refined
microstructure. The strain rate sensitivity m of the PM
along both the longitudinal and transverse directions was
consistently ∼0.2 throughout the investigated strain rates
of 3 × 10−4 to 1 × 10−2 s−1. By comparison, the strain rate
sensitivity of the FSP sample was ∼0.5 within the inves-
tigated strain rates of 3 × 10−4 to 1 × 10−2 s−1.

Figure 7 displays the untested and tested tensile speci-
mens for the FSP Mg–Zn–Y–Zr alloy deformed to failure
at 450 °C for different strain rates. The specimens show

FIG. 2. OM and SEM micrographs showing (a, b) grain structure (OM), (c, d) W-phase particle distribution (SEM) in the Mg–Zn–Y–Zr alloy:
(a, c) extruded PM and (b, d) FSP sample (extrusion/FSP directions are perpendicular to page).

FIG. 3. XRD patterns of Mg–Zn–Y–Zr alloy: (a) PM sample and (b)
FSP sample.

FIG. 4. DSC curves of Mg–Zn–Y–Zr alloy.
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neck-free elongation, which is characteristic of super-
plastic flow.

IV. DISCUSSION

It is widely accepted that FSP causes intense plastic
deformation and thermal exposure in the processed zone,
thereby resulting in the breaking of initial structure, mix-
ing of material, and occurrence of dynamic recrystalliza-

tion.6 Therefore, the remarkable microstructural refine-
ment and homogenization in the FSP Mg–Zn–Y–Zr are
attributed to significant breaking and dispersion effect of
the threaded pin and the dynamic recrystallization. Simi-
larly, a previous study has indicated that FSW resulted in
significant breakup and dispersion of both I-phase and
W-phase particles in a Mg–6%Zn–0.6Y–0.6Zr alloy.2 It
should be pointed out that the grain size of this FSP
Mg–Zn–Y–Zr was significantly smaller than that of the
FSP AD91D and the FSW AM60 and AZ61.11–13 This is
attributed to the obvious grain refinement effect resulting
from the zirconium element. Similar observations have
been made in an FSW ZK60 alloy.14

In the past few years, several studies have been con-
ducted to understand the effect of the Y content and Zn/Y
ratio on the types of the Mg–Zn–Y ternary phases. In
Mg–5.4Zn–(0.7–1.7)Y–0.4Zr (in wt%) alloys, Zhang
et al.15 reported that with a Y content of �1.35 wt%, the
alloy consisted of the a-Mg and I-phase, whereas for a
higher Y content of 1.7 wt%, the W-phase appeared. On
the other hand, Lee et al.16 reported that in as-cast Mg–
Zn–Y alloys, the ternary phase was the I-phase for a
Zn/Y ratio of 5–7 (Y content: 0.5–1.6 wt%), the I-phase
and W-phase for a Zn/Y ratio of 2–2.5 (Y content: 1.2–
2.5 wt%), and the W-phase for a Zn/Y ratio of 1.5–2.0.
Similarly, Kim and Bae3 and Zheng et al.4 reported that
the I-phase was the main ternary phase in Mg–3.0Zn–
0.5Y–1.5Zr and Mg–4.3Zn–0.7Y (in wt%). However,
for the present Mg–Zn–Y–Zr alloy with a Y content of
1.1 wt% and a Zn/Y ratio of 5.6, the W-phase was iden-
tified to be the only ternary phase by the XRD pattern
(Fig. 3). This observation is not consistent with that in
Refs. 15 and 16, indicating that the factors influencing
the formation of the ternary eutectic phases in the Mg–
Zn–Y–Zr alloys are quite complicated.

The DSC analysis indicates that the dissolution of
the W-phase occurred at 517 and 510 °C for the PM and
FSP samples, respectively (Fig. 4). Clearly, the W-phase
is thermally stable below ∼500 °C. The XRD patterns
indicate that the MgZn phase was fundamentally dis-
solved and the W-phase remained after FSP. The disso-
lution of the MgZn phase was previously observed in
FSW Mg–6Zn–0.6Y–0.6Zr alloy.2 This indicates that the

FIG. 5. Variation of elongation with (a) initial strain rate and (b) testing temperature for FSP Mg–Zn–Y–Zr alloy.

FIG. 6. Variation of flow stress with initial strain rate for FSP Mg–
Zn–Y–Zr and PM.

FIG. 7. Appearance of specimens before and after superplastic defor-
mation at 450 °C for different initial strain rates.
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temperature rise during FSP was higher than the disso-
lution temperature (340 °C) of the MgZn phase but lower
than the eutectic temperature (510 °C) of the W-phase.
Therefore, the W-phase was thermally stable during the
FSP thermal cycle.

For AZ91, AM60, and ZK60, superplasticity is usually
achieved at low temperatures �350 °C due to poor ther-
mal stability resulting from the absence of the pinning
particles. Thus, the optimum strain rate for maximum
elongation is usually within the lower strain rate range of
10−4 to 10−3 s−1.9,10,17 It is generally accepted that the
addition of the Zr element into the Mg–Zn–Y alloy does
not change the eutectic temperature of the I-phase.15,18

Therefore, for Mg–Zn–Y–Zr alloy containing only the
I-phase, a good superplasticity was hardly able to be
achieved at higher temperatures due to the relatively low
eutectic temperature (450 °C) of the I-phase. For ex-
ample, Zheng et al. reported that ECAP Mg–4.3Zn–0.7Y
alloy containing the I-phase exhibited a maximum
elongation of ∼600% at 350 °C and a initial strain rate of
1.5 × 10−4 s−1.4 However, Kim and Bae reported that for
hot-rolled Mg–3.0Zn–0.5Y–1.5Zr alloy containing only
the I-phase, a maximum elongation of 600% was ob-
served at 450 °C and 5 × 10−4 s−1.3 They suggested that
the addition of the Zr element increased the lattice con-
stant of the I-phase to 5.49 Å, and therefore, the eutectic
temperature of the I-phase was raised to 500 °C.3

Clearly, the existence of the heat-resistant (∼500 °C)
pinning particles is a prerequisite for achieving super-
plasticity at higher temperatures of up to 450 °C in the
magnesium alloys. However, when the testing tempera-
ture is higher than 450 °C, superplasticity of the FSP
Mg–Zn–Y–Zr decreased drastically. An examination on
a polished specimen deformed at 460 °C and 3 × 10−3 s−1

revealed remarkable coarsening of the grains [Figs. 2(b)
and 8], which decreased the superplasticity of the FSP
sample significantly. To increase the thermal stability of

the FSP sample for superplasticity at higher temperatures
and consequently at higher strain rates (�1 × 10−2 s−1),
it is necessary to reduce the size of the W-phase particles
further. Furthermore, the decrease in the size of second
phase particles also contributes to enhancing superplas-
ticity because the particles are preferential nucleation
sites for superplastic cavities, and small particles reduce
cavitation level significantly.19,20 A study for optimizing
the FSP parameters is under progress to reduce the W-
phase particle size and improve the particle distribution
to enhance the superplasticity and increase the strain rate
to a higher value (�1 × 10−2 s−1).

It is important to note that although the same optimum
temperature of 450 °C was observed in Ref. 3 and in this
study, the optimum strain rate in this study is nearly one
order of magnitude higher than that in Ref. 3. This is
attributed to different grain boundary characteristics.
Usually, there is a great amount of non-equilibrium grain
boundaries in metallic alloys processed by extrusion,
rolling, and ECAP.21 Mabuchi et al.21 pointed out that
the existence of the non-equilibrium grain boundaries in
ECAP magnesium alloys retards the superplasticity
strain rate. By comparison, the FSP alloys have a com-
plete recrystallized microstructure with a higher ratio of
high-angle boundaries (85%–95%),22–24 and this ratio is
much larger than that obtained with conventional thermal
working techniques.8 Therefore, this FSP Mg–Zn–Y–Zr
alloy exhibited increased optimum superplasticity strain
rate. This will be further discussed later.

For the as-extruded Mg–Zn–Y–Zr alloy, a low strain
rate sensitivity of ∼0.2 throughout the investigated strain
rates of 3 × 10−4 to 1 × 10−2 s−1 accounts for the absence
of superplasticity in the extruded PM. This is attributed
to the coarse grains and the existence of coarse and
heterogeneously-distributed W-phase particles. For the
FSP Mg–Zn–Y–Zr alloy, the m value of 0.5 justifies the
generation of superplasticity and suggests that the grain
boundary sliding (GBS) is the main deformation mecha-
nism.25 This suggestion was supported by the SEM ex-
aminations on the surface of the tensile specimen de-
formed at 450 °C and 3 × 10−3 s−1 to failure. The evi-
dence of extensive GBS was revealed (Fig. 9).

Recently, Cavaliere and Marco investigated the super-
plastic behavior of FSP fine-grained AZ91 and AM60
alloys at 175–300 °C and the strain rates of 1 × 10−4 to
1 × 10−2 s−1.9,10 Excellent superplasticity of more than
1000% was observed at the strain rates of 1 × 10−4 to
1 × 10−3 s−1. Further, sigmoidal flow stress–strain rate
curves were observed with a high strain rate sensitivity
of ∼0.7 at the strain rates of 1 × 10−4 to 1 × 10−3 s−1.
The observation in Refs. 9 and 10 is quite different from
that in this study where an m value of ∼0.5 was ob-
served within the investigated strain rates of 3 × 10−4

to 1 × 10−2 s−1. Although grain boundary sliding
was revealed on the surface of deformed specimens, the

FIG. 8. Optical micrograph showing significant grain growth in gage
length of FSP Mg–Zn–Y–Zr superplastically deformed at 450 °C with
3 × 10−3 s−1 (etched).
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superplastic data of the FSP AZ91 and AM60 alloys were
not analyzed and compared to those of magnesium alloys
processed by other working techniques.9,10 In previous
studies, it was reported that FSP fine-grained aluminum
alloys exhibited significantly enhanced superplastic de-
formation kinetics.7,8 This has been attributed to a higher
ratio of high-angle boundaries (85%–95%) in the FSP/
FSW aluminum alloys.8,22–24 Therefore, it is worthwhile
to compare the superplastic data of the FSP Mg–Zn–Y–
Zr alloy to the prediction by the constitutive equation for
superplasticity in fine-grained magnesium alloys, as well
as those of magnesium alloys prepared by other proc-
essing techniques, such as ECAP.

Watanabe et al. have analyzed superplastic data for a
number of powder metallurgy magnesium alloys and ex-
truded magnesium alloys with subsequent annealing.26

They suggested that the superplastic deformation behav-
ior of fine-grained (<10 �m) magnesium alloys with the
GBS as main deformation mechanism can be described
by a constitutive equation26:

�̇ = 2 × 105�D0Gb

kT � exp�−
92 000

RT ��b

d�3�� − �0

G �2

,

(1)

where �̇ is the strain rate, D0 the pre-exponential constant
for diffusivity, G the shear modulus, b the Burgers vec-
tor, k the Boltz-mann’s constant, T the absolute tempera-
ture, R the gas constant, d the grain size, � the flow
stress, and �0 the threshold stress. For the present FSP
Mg–Zn–Y–Zr, no threshold-type deformation behavior is
expected because a constant strain rate sensitivity of ∼0.5
was observed throughout the investigated strain rates of
3 × 10−4 to 1 × 10−2 s−1. In Fig. 10, the superplastic data
of the FSP Mg–Zn–Y–Zr were plotted as �̇kTd3/DgGb4

versus �/G. For comparison, a straight line predicted by
Eq. (1) and the superplastic data of ECAP AZ91, re-

ported in Ref. 21, were also included. Figure 10 reveals
three important observations. First, the temperature de-
pendency of the superplastic flow for the FSP Mg–Zn–
Y–Zr is similar to the activation energy for magnesium
grain-boundary self-diffusion. Second, the normalized
superplastic data of the FSP Mg–Zn–Y–Zr fit the straight
line predicted by Eq. (1). Thus, Fig. 10 shows that grain
boundary sliding is the main superplastic deformation
mechanism for the FSP Mg–Zn–Y–Zr, and the superplas-
tic data can be described by Eq. (1). Third, the super-
plastic deformation kinetics of this FSP Mg–Zn–Y–Zr is
significantly faster than that of ECAP magnesium alloys
under both as-ECAP and annealing conditions.

For the present study, although the FSP Mg–Zn–Y–Zr
alloy did not exhibit enhanced superplastic deformation
kinetics compared to the prediction by Eq. (1), the de-
formation kinetics of the FSP Mg–Zn–Y–Zr alloy is sig-
nificantly faster than that of as-ECAP AZ91 alloy, which
usually contains a great amount of non-equilibrium grain
boundaries.21 Even after a post-ECAP annealing that
converts the non-equilibrium grain boundaries to the
equilibrium ones, the deformation kinetics of the FSP
Mg–Zn–Y–Zr alloy is still faster than that of the ECAP
AZ91 alloy. This is accounted for by a complete recrys-
tallized microstructure with a higher ratio of high-angle
boundaries in the FSP Mg–Zn–Y–Zr alloy.

V. CONCLUSIONS

FSP resulted in significant breakup and dispersion of
the coarse W-phase and remarkable grain refinement
(∼5.2 �m) in extruded Mg–Zn–Y–Zr alloy.

Maximum elongation of 635% was achieved at 450 °C
and a relatively high strain rate of 3 × 10−3 s−1 with a
strain-rate sensitivity of ∼0.5 being observed at 400–
450 °C for the strain rate of 3 × 10−4 to 1 × 10−2 s−1.

An analysis of the superplastic data of the FSP
Mg–Zn–Y–Zr revealed a stress exponent of two and

FIG. 9. SEM micrograph showing grain boundary sliding in gage
length surface of FSP Mg–Zn–Y–Zr superplastically deformed at
450 °C with 3 × 10−3 s−1.

FIG. 10. Variation of �̇kTd3/DgGb4 with normalized effective stress,
�/G, for FSP Mg–Zn–Y–Zr alloy.
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activation energy close to that for grain-boundary self-
diffusion, suggesting that the grain boundary sliding is
the primary deformation mechanism.

The superplastic deformation kinetics of the FSP Mg–
Zn–Y–Zr is significantly faster than that of ECAP mag-
nesium alloys.
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