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Fine-grained supersaturated Mg–10Gd–3Y–0.5Zr (GW103) alloy with predominant high-angle grain
boundaries (HAGB) was prepared by friction stir processing (FSP). The FSP GW103 alloy was subjected
to superplastic investigation at a small temperature range of 400–425 �C. Fine b-Mg5(Gd,Y) particles pre-
cipitated at the grain boundaries during heating before superplastic deformation, and their volume frac-
tion decreased significantly with increasing the temperature from 400 to 425 �C. Superplasticity of the
FSP GW103 alloy was sensitive to the testing temperature, and a maximum superplasticity of 1110%
was achieved at 1 � 10�3 s�1 and a medium temperature of 415 �C. Grain boundary sliding was identified
as the main deformation mechanism in FSP GW103 alloy. The high superplasticity is attributed to the fine
grains, high percentage of HAGBs, and a moderate volume fraction of b particles that precipitated at
415 �C.

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

The addition of rare-earth elements (RE) into the magnesium al-
loys has been widely investigated with the aim to develop high-
strength magnesium alloys [1–3]. Among them, the equilibrium
solid solubility of Gd in Mg is relatively high, and the Mg–Gd alloys
are considered promising candidates for high-strength magnesium
alloys via precipitation hardening [4,5]. In recent years, consider-
able efforts have been made to explore high strength in the
Mg–Gd based alloys by either adjusting the alloying elements or
optimizing the processing methods including plastic deformation
and heat treatment [1,2,5–9].

Li et al. [2] developed a high strength Mg–14Gd–0.5Zr (wt.%) al-
loy with a tensile strength of 482 MPa via combined processes of
extrusion, rolling and aging. Furthermore, a high tensile strength
of 542 MPa was achieved in a hot extruded Mg–1.8Gd–1.8Y–
0.7Zn–0.2Zr (mol.%) alloy [1]. However, the ductility of these alloys
was poor, and their formability was then a problem in industrial
applications. Superplastic forming is an effective method of fabri-
cating these hard-to-form materials into complex shapes [10].

Until now, quite limited studies were available on the super-
plasticity of the Mg–Gd based alloys [11–14]. Zhang et al.
[11,13] observed the superplastic behavior of Mg–Gd–Y–Zr alloy,
and the maximum elongation was 410% at 450 �C and
2 � 10�4 s�1 and 380% at 435 �C and 5 � 10�4 s�1 for the extruded
bar and rolling sheet, respectively. Their studies revealed that,
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superplasticity could be achieved in both fine- and coarse-grained
Mg–9Gd–4Y–0.4Zr (wt.%) alloys, as the cuboidal-shaped Mg3Gd
particles and the irregular-shaped b-Mg5(Gd,Y) particles that
precipitated during superplastic deformation exhibited significant
pinning effect on the grain boundaries. Kulyasova et al. [14]
prepared an ultrafine-grained (UFG) Mg–10Gd (wt.%) alloy with
a grain size <100 nm by high pressure torsion (HPT), and a
maximum elongation of 580% was obtained at 400 �C and
1 � 10�3 s�1. However, both the maximum superplastic elongation
and the optimum superplastic strain rate of the Mg–Gd based
alloys were lower compared with other superplastic magnesium
alloys [15–17]. Reasons for these may be due to the existence of
the second-phase particles.

It is well documented that the thermally stable second-phase
particles are crucial for enhancing superplasticity, as they can sta-
bilize the grains during superplastic deformation [18,19]. However,
on the other hand, a large volume fraction of particles, in particular
large-sized particles could cause cavitation as large local stress
concentration was generated around the particles. In this case,
the particles were not beneficial to superplasticity. Therefore, it
is necessary to control the number and size of second-phase parti-
cles both prior to and during superplastic deformation to obtain
enhanced superplasticity.

Li et al. [20] observed the precipitation of the grain boundary
particles after compression at 400 �C in an extruded Mg–8Gd–
3Y–0.5Zr (wt.%) alloy, while these particles were not detected
when compressed at 425 �C. This implies that the precipitation of
second-phase particles in the Mg–Gd–Y–Zr alloys is very sensitive
to the deformation temperature, therefore the particle pinning
effect may vary with the temperature. It is expected that high
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superplasticity could be achieved by controlling the particle pre-
cipitation through adjusting the deformation temperature. How-
ever, the study on the effect of particle precipitation on
superplasticity of the Mg–Gd based alloys is lacking.

Our previous studies indicated that fine-grained Mg–10Gd–3Y–
0.5Zr (GW103) alloy could be produced by friction stir processing
(FSP) technique [21,22]. The FSP GW103 alloy exhibited signifi-
cantly enhanced mechanical properties compared to its cast
counterpart. In this study, the superplastic behavior of the FSP
fine-grained GW103 alloy was investigated at a small temperature
range of 400–425 �C. The aim is (a) to understand the effect of
particle precipitation during deformation on the superplasticity
and (b) to achieve high superplasticity.

2. Experimental

Eight millimeter thick Mg–10Gd–3Y–0.5Zr (wt.%) cast plate was subjected to
FSP at a rotation rate of 800 rpm and a traverse speed of 50 mm min�1. A tool with
a shoulder 20 mm in diameter, a threaded conical pin 8 mm in root diameter and
6 mm in length was used. Microstructural characterization was performed by opti-
cal microscopy (OM) and transmission electron microscopy (TEM). The volume
fractions of second-phase particles were analyzed by an image analysis software
(Image-Pro Plus 6.0). Electron backscatter diffraction (EBSD) orientation map was
obtained using a ZEISS SUPRA 35. Specimen for the EBSD observation was elec-
tro-polished in commercial AC2 electrolyte at 25 V and 20 �C.

Mini tensile specimens (2.5 mm gage length, 1.4 mm gage width and 1.0 mm
gage thickness) were machined in the cross section perpendicular to the FSP direc-
tion with the gage length being centered in the process zone. The specimens were
subsequently ground and polished to a final thickness of 0.8 mm. Tensile tests were
carried out using an Instron 5848 microtester. The specimens were heated to the
testing temperature and then held at that temperature for 20 min to establish ther-
mal equilibrium before tensile test.

3. Results

Fig. 1 shows the microstructure of the cast and FSP GW103 al-
loys. The cast alloy was characterized by the coarse grains and the
grain boundary eutectic Mg5(Gd,Y) networks (Fig. 1(a)). By com-
parison, the fine and equiaxed grains with an average grain size
of 6.1 lm and a supersaturated magnesium matrix were obtained
after FSP (Fig. 1(b)) as reported previously [21]. Fig. 2(a) shows the
orientation map of the FSP GW103 alloy, where high-angle grain
boundaries (HAGBs, grain boundary misorientations P15�) and
low-angle grain boundaries (LAGBs, grain boundary misorienta-
tions <15�) are depicted by black and white lines, respectively.
The microstructure was characterized by equiaxed grains with pre-
dominant HAGBs, and the fraction of the HAGBs was determined to
be 93% (Fig. 2(b)).

Fig. 3(a) and (b) shows the true stress–true strain curves of the
FSP GW103 alloy at an initial strain rate of 1 � 10�3 s�1 for temper-
atures of 400–425 �C and at 415 �C for different strain rates ranging
from 1 � 10�4 to 3 � 10�3 s�1, respectively. At a strain rate of
1 � 10�3 s�1, the optimum temperature for maximum elongation
Fig. 1. Microstructure of (a) cast
was determined to be 415 �C, and at 415 �C, the optimum strain
rate was 1 � 10�3 s�1. A strain softening occurred at lower temper-
atures and higher strain rates, while at increased temperatures or
decreased strain rates, this strain softening changed into a slight
strain hardening.

Fig. 4(a) shows the variation of elongation with the initial strain
rate at various temperatures for the FSP GW103 alloy. It is evident
that the elongation was sensitive to both the temperature and
strain rate. A maximum elongation of 1110% was achieved at
415 �C and 1 � 10�3 s�1. Fig. 4(b) shows the variation of flow stress
(at true strain of 0.1) with the initial strain rate at various temper-
atures for the FSP GW103 alloy. The strain rate sensitivity m of
�0.5 was observed in the investigated strain rate ranges for all
temperatures.

Fig. 5 shows the tested specimens of the FSP GW103 alloy de-
formed to failure at 415 �C for different strain rates. All the speci-
mens show relatively uniform elongation that is characteristic of
superplastic flow.

Fig. 6(a)–(c) shows the microstructure of the FSP GW103 alloy
before deformation (heated to the testing temperatures and held
for 20 min, hereafter referred to annealed samples) at 400, 415
and 425 oC, respectively. Compared to that in the as-FSP sample
(Fig. 1(b)), large numbers of particles with an average size of
�1 lm were precipitated at the grain boundaries in the annealed
samples. The particle volume fraction decreased with increasing
the annealing temperature, and was estimated to be 20.4%, 14.3%
and 4.1% at 400, 415 and 425 �C, respectively. The number of par-
ticles in the sample annealed at 425 �C was much lower than that
annealed at 400 �C. In addition, the average grain size of the FSP
GW103 alloy was fundamentally unchanged after annealing at dif-
ferent temperatures.

Fig. 6(d)–(f) shows the microstructure in the gage region of the
tensile specimens deformed to failure at a fixed strain rate of
1 � 10�3 s�1 for 400, 415 and 425 �C, respectively, which corre-
spond to the deformation time of about 1.3, 3.1 and 2.1 h at 400,
415 and 425 �C, respectively. The grain boundary particles experi-
enced obvious growth during superplastic deformation, and the
average particle size increased up to �3 lm at 415 and 425 �C. In
addition, dynamic grain growth occurred during superplastic
deformation at all temperatures. The average grain size in the lon-
gitudinal and traverse directions increased to 15.7 lm and 8.4 lm
at 400 �C, 19.6 lm and 11.3 lm at 415 �C, and 25.1 lm and
16.2 lm at 425 oC, respectively.

Furthermore, large-sized cavities with an irregular shape were
frequently observed in the tensile specimens deformed at 400
and 425 �C (Fig. 6(d) and (f)). However, the cavities were rarely ob-
served and the cavity size was very small in the sample deformed
at 415 �C (Fig. 6(e)).

Fig. 7 shows the TEM image of the annealed sample at 400 �C.
The precipitated particles were only distributed at the grain
and (b) FSP GW103 alloys.



Fig. 2. Microstructure of FSP GW103 alloy: (a) EBSD map and (b) boundary misorientation angle distribution.

Fig. 3. Effect of (a) temperature and (b) strain rate on true stress–true strain curves of FSP GW103 alloy.

Fig. 4. Variation of (a) elongation and (b) flow stress with initial strain rate for FSP GW103 alloy.

Fig. 5. Tensile specimens pulled to failure at 415 oC.
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boundaries, and no precipitates were observed inside the grains.
These grain boundary particles were identified as the b-Mg5(Gd,Y),
as indicated by the selected area electron diffraction (SAED)
patterns.

Fig. 8 shows the surface morphology of the FSP GW103 alloy de-
formed to failure at 415 �C and an initial strain rate of 1 � 10�3 s�1.
Pronounced striated bands (SB) with a large width (as indicated by
arrows) and irregular cracks were frequently observed.
4. Discussion

4.1. Microstructural characteristics

It is well documented that severe plastic deformation was gen-
erated at high temperature during FSP. This resulted in significant
grain refinement through dynamic recrystallization, and consider-
able dissolution of second-phase particles due to remarkably accel-
erated diffusion rate in the magnesium alloy castings. Therefore,



Fig. 6. Microstructure of FSP GW103 alloy before (a–c) and after (d–f) superplastic deformation at 1 � 10�3 s�1 and different temperatures: (a), (d) 400 �C, (b), (e) 415 �C and
(c), (f) 425 �C.

Fig. 7. TEM image of FSP GW103 alloy before superplastic deformation at 400 �C.

Fig. 8. Surface morphology of FSP GW103 sample deformed to failure at 415 �C and
1 � 10�3 s�1 (tensile axis is horizontal).
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like the typical microstructure in other FSP magnesium castings
[16,23], the fine-grained supersaturated structure with the pre-
dominant HAGBs was produced in the FSP GW103 alloy.
Our previous study indicated that, after heating to about 350 �C,
the precipitation of the stable b-Mg5(Gd,Y) phase occurred in the
FSP GW103 alloy [21]. In the present study, the fine b particles
were observed to precipitate at the grain boundaries in the an-
nealed samples with the annealing temperatures of 400–425 �C
(Fig. 6(a)–(c)). This was consistent with the previous study [21].

Note that Li et al. [20] did not observe the precipitates in an ex-
truded Mg–8Gd–3Y–0.5Zr (wt.%) alloy after heating from room
temperature to test temperatures of 400–490 �C and holding at
those temperatures for 15 min. The accelerated precipitation
behavior in the FSP GW103 alloy compared with that in the ex-
truded Mg–8Gd–3Y–0.5Zr alloy could be explained by higher con-
centrations of alloying elements, finer grain size and higher
percentage of HAGBs in the FSP GW103 alloy. The fine grains and
high percentage of HAGBs could provide abundant nucleation sites
for precipitation, and the high concentrations of alloying elements
rendered high driving force for precipitation and accelerated the
growth of the precipitates [24]. Therefore, accelerated precipita-
tion was observed in the FSP GW103 alloy.

On the other hand, as shown in Fig. 6, the volume fraction of the
b particles decreased with increasing the annealing temperature at
the small temperature range of 400–425 �C, suggesting that the
precipitation of b particles in the FSP GW103 alloy was highly sen-
sitive to the temperature. It is well known that the solubility of Gd
and Y elements in Mg increased exponentially with temperature
[25]. As a result, the solubility of Gd and Y elements could exhibit
an obvious variation even at a small temperature range, and there-
fore the varied volume fraction of b particles at a small tempera-
ture range of 400–425 �C was observed.

The precipitation of b particles could exert an effective pinning
effect on the grain boundaries, therefore the grain size of the FSP
GW103 alloy was unchanged after annealing at different tempera-
tures (Fig. 6(a)–(c)). After superplastic deformation, the growth of
both the grains and the b particles occurred. It can be seen that
the grain growth in the samples deformed at 400 and 415 �C was
not significant (Fig. 6(d)–(e)), while intense grain growth occurred
at 425 �C (Fig. 6(f)). This suggests that although the b particles
were coarsened during superplastic deformation, the pinning
effect of the b particles was still effective at 400 and 415 oC, but



Fig. 9. Variation of _ekTd3
=DgGb4 with normalized effective stress r/G for FSP GW

103 alloy.
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decreased remarkably at 425 �C due to significantly reduced parti-
cle number.

4.2. Superplasticity

As shown in Fig. 4(a), the FSP GW103 alloy exhibited a high
elongation of 1110% at a strain rate of 1 � 10�3 s�1. This elongation
was much higher than those of the Mg–Gd based alloys prepared
by hot extrusion [13] and hot rolling [11] with similar high alloy
contents.

It is also evident from Fig. 4(a) that the superplasticity of the FSP
GW103 alloy varied remarkably at a small temperature range of
400–425 �C. This indicates that the superplasticity of the FSP
GW103 alloy was very sensitive to the testing temperature. This
could be explained by the marked variation in the volume fraction
of the b particles at different temperatures.

In the sample deformed at 400 �C, while a high volume fraction
of fine b particles could suppress the grain growth, large local
stress concentration could also be generated at the interface be-
tween the b particles and the matrix, and therefore the cavities
were easy to form. As shown in Fig. 6(d), the large-sized cavities
were often associated with the b particles, indicating the large local
stress concentration around the particles. In addition, the evident
strain softening at the initial stage of deformation at 400 �C as
shown in Fig. 3 (a) was also probably suggestive of the early forma-
tion and growth of cavities. In this case, the superplasticity was re-
stricted at 400 �C.

In the sample deformed at 425 �C, although the local stress con-
centration around the b particles decreased due to the significant
decrease in the volume fraction of b particles, the grain boundary
pinning effect also decreased. In this case, intense grain growth
occurred during superplastic deformation. This would result in
the strain hardening as shown in Fig. 3(a). Such grain growth could
cause stress accumulation at the grain triple junctions, and the cav-
ities were formed, as shown in Fig. 6(f).

In the sample deformed at a medium temperature of 415 �C, the
medium volume fraction of b particles could restrict grain growth,
but did not produce a large local stress concentration. In this case,
the lowest cavity volume fraction and the smallest cavity size were
observed. Therefore, the FSP GW103 alloy exhibited the optimum
superplasticity at 415 �C. Ma and Mishra [26] observed that the
FSP 7075Al deformed at the optimum superplastic temperature
exhibited the lowest cavity volume fraction and the smallest cavity
size. The present result on the FSP GW103 alloy is consistent with
that on the FSP 7075Al.

4.3. Deformation mechanism

Grain boundary sliding (GBS) is considered to be the main
superplastic deformation mechanism in fine grained materials
and the m value is �0.5 when GBS is dominant. In the FSP
GW103 alloy, the m values of �0.5 were observed under investi-
gated temperatures and strain rates, indicating that the main
superplastic deformation mechanism was GBS. In addition, the
uniform and neck-free characteristic of the FSP GW103 alloy was
also suggestive of this deformation mechanism as the high m value
indicated the high resistance to necking.

It should be noted that, unlike the usually observed deforma-
tion surface with clear evidence of GBS [19,27,28], the deformation
surface of the FSP GW103 alloy was quite different, as the exten-
sive SBs with a large width were observed. The SBs were also ob-
served in previously studied materials after superplastic
deformation [12,29,30]. It is explained that the SBs were the newly
exposed grain faces inclined to the specimen surface, and were
formed by sliding of grains upward and downward relative to
the specimen surface [29]. The deformation surface in the FSP
GW103 alloy was similar to that of the Zn–Al two phase alloy after
superplastic deformation [31,32], and was formed as a result of dif-
fusion creep, GBS and grain boundary migration (GBM). In the FSP
GW103 alloy, during superplastic deformation, besides the defor-
mation of the matrix grains, the mass transfer and phase migration
processes could also take place due to the coarsening of b particles.
Therefore, the deformation surface of the FSP GW103 alloy might
be a complex result of diffusion creep and GBS caused by the mo-
tion of both the grains and the b particles.

The constitutive relationship for the superplastic deformation
behavior of fine-grained (d < 10 lm) magnesium alloys with GBS
as the main deformation mechanism can be expressed as [33],

_e ¼ 2� 105 D0Gb
kT

� �
exp

�92000
RT

� �
b
d

� �3 r� r0

G

� �
ð1Þ

where _e is the strain rate, Do the pre-exponential constant for diffu-
sivity, G the shear modulus, b the Burgers vector, k the Boltzmann’s
constant, T the absolute temperature, d the grain size, r the flow
stress, and ro the threshold stress. Superplastic data of the FSP
GW103 alloy were plotted as _ekTd3

=DgGb4 versus r/G in Fig. 9. For
comparison, a solid straight line predicted by Eq. (1) was also
plotted.

It is seen that the normalized superplastic data of the FSP
GW103 alloy can fit onto a straight line with a slope of 2, this con-
firms that GBS controlled by grain boundary self-diffusion is the
main superplastic deformation mechanism for the FSP GW103 al-
loy. On the other hand, the normalized strain rate for the FSP
GW103 alloy is about thirty times lower than that for the fine-
grained magnesium alloys, indicating that the FSP GW103 alloy
has lower deformation kinetics than conventional magnesium
alloys.

Previous studies indicated that the presence of high percentage
of HAGBs in the FSP alloys could enhance the superplastic defor-
mation kinetics [27,28]. However, enhanced superplastic deforma-
tion kinetics was not observed in the present FSP GW103 alloy in
spite of the high percentage of HAGBs. This implies that for the
FSP GW103 alloy, the main factor that influences superplastic
deformation kinetics was not the grain boundary structure. Note
that the grain boundary b particles in the FSP GW103 alloy were
larger in size and their volume fraction was higher than that in pre-
viously studied FSP aluminum and magnesium alloys [16,27]. Such
a high volume fraction of large b particles probably resulted in the
low superplastic deformation kinetics in the FSP GW103 alloy.

Although the FSP GW103 alloy did not exhibit enhanced defor-
mation kinetics, the maximum superplasticity and the optimum
strain rate were higher than those obtained in the Mg–Gd alloys
prepared by other processing methods [11,13,14]. This is attrib-
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uted to the following three factors. First, the grain size in the FSP
GW103 alloy was finer than that in the previous Mg–Gd alloys
[11,13]. It is well documented that fine grain size is beneficial to
achieving superplasticity at higher strain rate and lower tempera-
ture [34]. Second, it is reported that the HAGB is beneficial to GBS,
the predominant HAGBs in the FSP GW103 alloy promoted GBS,
increasing the superplastic elongation and the optimum strain
rate. Third, as discussed above, a moderate volume fraction of
the b particles obtained at an optimum temperature of 415 �C
could both restrict grain growth and minimize cavitation, thereby
enhancing superplasticity.

5. Conclusions

(1) Fine-grained supersaturated GW103 alloy with a grain size
of 6.1 lm and predominant HAGBs was produced by FSP.

(2) Fine b-Mg5(Gd,Y) particles about �1 lm in size precipitated
at the grain boundaries in the FSP GW103 alloy during heat-
ing before superplastic deformation, and their volume frac-
tion decreased significantly as temperature increased from
400 to 425 �C.

(3) The superplasticity of the FSP GW103 alloy was very sensi-
tive to the deformation temperature, and enhanced super-
plasticity with a maximum elongation of 1110% was
obtained at 415 �C and 1 � 10�3 s�1.

(4) The fine grains, predominant HAGBs, and a moderate vol-
ume fraction of the b particles were beneficial to the devel-
opment of superplasticity in the FSP GW103 alloy.

(5) The FSP GW103 alloy exhibited relatively low superplastic
deformation kinetics with GBS as the main deformation
mechanism.
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