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a b s t r a c t

Friction stir processing (FSP) was applied to Mg–Gd–Y–Zn–Zr casting at various process parameters to
study the influence of heat and deformation conditions on the distribution of long-period stacking
ordered (LPSO) phase. FSP resulted in grain refinement, fundamental elimination of β-Mg3RE eutectics
and formation of LPSO phase. Various distributions of LPSO phase, including no LPSO phase, LPSO phase
both at the grain boundaries and within the grains and LPSO phase only within the grains could be
obtained after FSP at the investigated process parameters. Based on the microstructure analyses and
formation mechanism of LPSO phase, this varied distribution is believed to be caused by the combined
influence of temperature, plastic strain and cooling rate. Detailed influence of these factors on the
distribution of LPSO phase was discussed.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mg–Gd–Zn based alloys have received considerable attention in
recent years [1–5], because of their superior mechanical properties
provided by the special microstructure, especially the long-period
stacking ordered (LPSO) phase. Recent studies revealed that the
distribution of LPSO phase influenced mechanical properties
greatly [6,7]. While the grain boundary distributed LPSO phase
could improve ductility, the LPSO lamellae within the grains could
enhance yield strength. This indicates that, besides the grain size,
texture, and the size of LPSO phase, the distribution of LPSO phase
may play an important role in the mechanical property optimiza-
tion of Mg–Gd–Zn based alloys.

In Mg–Gd–Zn based alloys, the LPSO phase forms mainly in two
ways: (1) transformation from β phase and (2) precipitation from
the supersaturated matrix. The transformation occurs at above 425 1C
[8], with the transformed LPSO phase being mainly distributed at the
grain boundaries. The precipitation occurs at above 350 1C, with the
LPSO lamellae developing on the bases of stacking faults (SFs), and
growing and coarsening with increasing annealing time and tempera-
ture [1,9,10]. The precipitated LPSO phase can be distributed both at
the grain boundaries and within the grains [11].

During solution treatment of Mg–Gd–Zn based cast alloys, the
solute segregation in grain boundary particles favors the

transformation [12]. As a result, the LPSO phase is distributed mainly
at the grain boundaries [1]. Small amounts of LPSO phase can extend
into the grains by prolonging the annealing time or decreasing cooling
rate [4,6,13]. During subsequent plastic deformation, the already
formed LPSO phase can only be refined, thus its grain boundary
distribution is seldom modified [14,15]. In our recent study, as a result
of high temperature severe plastic deformation, friction stir processing
(FSP) can eliminate solute segregation in Mg–Gd–Y–Zn–Zr casting and
enhance precipitation of LPSO phase, leading to the distribution of
LPSO phase only within the grains [16].

From the above statements, it is clear that the distribution of
LPSO phase is closely related to temperature, plastic deformation
and cooling rate. Therefore, investigating the relationship between
these factors and the formation of LPSO phase is essential to
control the distribution of LPSO phase and further enhance the
mechanical properties of the Mg–Gd–Zn based alloys.

FSP is a short-route technique for microstructural modification
[17–20]. The high temperature severe plastic deformation gener-
ated by FSP can dissolve the eutectics, refine particles, and
alleviate severe solute segregation in cast magnesium alloys.
Besides, the temperature, deformation and cooling rate during
FSP can be varied by controlling the process parameter, e.g. the
rotation rate and traverse speed. Moreover, the heat and deforma-
tion conditions also vary in local regions of the stir zone (SZ) [21–24].
Consequently, various microstructures can be obtained in the SZ
by FSP [25–28]. It is therefore expected that FSP is an ideal method
to study the relationship between the processing conditions
(temperature, deformation and cooling rate) and the distribution
of LPSO phase.
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In this study, FSP was applied to a cast Mg–Gd–Y–Zn–Zr alloy
and the microstructure at different process parameters were
systematically investigated. The aim is to elucidate the relation-
ship between heat and deformation conditions and the formation
of LPSO phase and establish the processing methods for control-
ling the distribution of LPSO phase.

2. Experimental

6 mm thick Mg–9.4Gd–4.1Y–1.2Zn–0.4Zr (wt%) cast plates
were subjected to FSP. A conventional tool with a shoulder
20 mm in diameter, a threaded conical pin 8 mm in root diameter
and 4.3 mm in length was used. FSP was carried out at various
rotation rates and traverse speeds, as summarized in Table 1.
Temperature histories were measured below the SZ using K-type
thermocouples, which were embedded 4.3 mm below the plate
surface in the centerline of the SZ.

Specimens for microscopy were machined from the cross-
section of the SZ perpendicular to the FSP direction. Microstruc-
tural characterization was conducted by optical and transmission
electron microscopy (OM and TEM, FEI Tecnai G2 20) in the
centerline of the SZ at 0.2, 2.2 and 4.2 mm below the plate surface,
i.e. the top, center and bottom regions, respectively. Specimens for
OM were prepared by mechanical polishing and etching using a
solution of 4.2 g picric acidþ10 mL acetic acidþ70 mL etha-
nolþ10 mL water. Thin foils for TEM were prepared by low-
energy ion milling. The volume fractions of second-phase particles
were analyzed by an image analysis software (Image-Pro Plus 6.0).

3. Results

3.1. Microstructure

As shown in Fig. 1a, microstructure of the as-cast Mg–Gd–Y–
Zn–Zr alloy is characterized by coarse α-Mg grains and large grain
boundary irregular β-Mg3RE eutectics in a dark contrast and a
small number of LPSO particles in a gray contrast, as reported
previously [16]. In addition, the fine lamellae observed within the

grains were determined to be the SFs by selected area electron
diffraction (SAED), as shown in Fig. 1b.

Fig. 2 shows macrographs of the FSP samples. A basin-shaped
SZ with a wide top region was observed at all process parameters.
According to the contrast difference and the contributions of the
shoulder and pin in formation of the SZ, all the SZs can be divided
into two sub-zones: the shoulder-driven zone (SDZ) in the upper
region and the pin-driven zone (PDZ) in the lower region [29–31].
As shown in Fig. 2a and b, the SDZ in a dark contrast was evidently
observed and occupied half the SZ in FSP 1500-25 and 2000-25
samples. Higher magnification images of the two samples revealed
voids at the SDZ/PDZ interface, as indicated by arrows in Fig. 2g
and h, suggesting insufficient material flow between the SDZ and
PDZ [30]. As the rotation rate increased, voids were eliminated, the
SDZ expanded to almost the whole SZ, and the PDZ significantly
shrank into the narrow bottom region, as shown in Fig. 2c and d. In
the FSP 3000-25 sample, a light etching region was even observed
to extend from the bottom to the upper region of the SZ (as
marked by the dashed line in Fig. 2d), indicating the occurrence of
upward material flow. This is coincident with previous study,
which showed that vertical material flow can be generated when
using a threaded conical pin at a high rotation rate [32,33]. At a
constant rotation rate of 2500 rpm, the PDZ expanded as the
traverse speed increased (Fig. 2c, e and f).

Fig. 3 shows the variation of grain size in different regions of
the SZ with the process parameter. Significant grain refinement
occurred after FSP. Gradient grain size was observed in all the SZs
with the largest grains and grain size deviation in the top region
and the finest in the bottom region. In the FSP 1500/25 sample, the
grains were the finest with a size of 2.8 μm in the bottom region.
The grain size in the top and center regions increased with
increasing the rotation rate and decreasing the traverse speed,
which is coincident with the change of heat input with the process
parameter. However, grain size in the bottom region changed
slightly with the process parameter.

Fig. 4 shows OM images of the top region in the SZ at various
parameters. Nearly equiaxed grains with fine lamellae in the grains
were observed. The grain sizes in the top regions for the FSP 1500-
25, FSP 2000-25, FSP 2500-25, FSP 3000-25, FSP 2500-50 and FSP
2500-100 samples are 11.772.4 μm, 22.173.8 μm, 27.072.4 μm,

Table 1
FSP parameters and sample definition for Mg–Gd–Y–Zn–Zr casting.

Sample definition 1500-25 2000-25 2500-25 3000-25 2500-50 2500-100

Rotation rate (rpm) 1500 2000 2500 3000 2500 2500
Traverse speed (mm/min) 25 25 25 25 50 100

Fig. 1. (a) OM and (b) TEM images of as-cast Mg–Gd–Y–Zn–Zr alloy.
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30.077.1 μm, 20.875.2 μm, 17.873.1 μm, respectively. Except
for the FSP 1500-25 sample with the gray LPSO particles �5 μm
in size in the lower part of Fig. 4a, generally no grain boundary
particles were observed. Typical TEM images of the fine lamellae
within the grains in this region are shown in Fig. 5. According to
the SAED patterns in Fig. 5a and HRTEM image in Fig. 5b, the fine
lamellae were identified to be SFs.

OM images of the center region in the SZ at various parameters are
shown in Fig. 6. The grain sizes in the center regions for the FSP 1500-
25, FSP 2000-25, FSP 2500-25, FSP 3000-25, FSP 2500-50 and FSP
2500-100 samples are 9.072 μm, 13.473.3 μm, 17.073.5 μm,
20.375.0 μm, 15.772.6 μm, 15.572.6 μm, respectively. Grain
boundary distributed particles with both gray and/or dark contrasts
were observed at all the investigated process parameters with their
volume fraction listed in Table 2. Combining the subsequent TEM
images with SAED patterns, the phase with a dark contrast in OM
images is identified as the β phase, while the phase with a gray
contrast is the LPSO phase. In the FSP 1500-25 sample, fine LPSO and
β particles were heterogeneously distributed, besides, fine lamellae
were observed only within the grains near the particles (Fig. 6a). As
the rotation rate increased, the grain boundary particles and grains
with fine lamellae tended to distribute uniformly. In the FSP 2000-25
sample, only LPSO particles with a high volume fraction of 8.9% and a
large size of �10 μm in length were distributed uniformly (Fig. 6b).
At a higher rotation rate of 2500 rpm, the LPSO particles tended to be
distributed in streamlines (Fig. 6c). However, in the FSP 3000-25
sample, coarse β particles always associated with LPSO particles with
a total volume fraction of 9.9% appeared and were uniformly
distributed, as shown in Fig. 6d. At a constant rotation rate of
2500 rpm, the LPSO particles tended to be distributed uniformly as

the traverse speed increased from 25 to 100mm/min (Fig. 6c, e and f),
while β particles appeared at 100 mm/min (Fig. 6f). Besides, the
volume fraction of grain boundary particles increased slightly as the
traverse speed increased (Table 2).

Fig. 7 shows TEM images of the center region in the SZ at various
process parameters. In FSP 1500-25 sample, the LPSO particles were
identified to be mainly of the 18R structure by SAED patterns
(Fig. 7a), as were the LPSO phases at other process parameters. In
addition, the irregularly-shaped β particles were determined to be
Mg3RE phase by SAED patterns in Fig. 7a, the same to that in the as-
cast alloy. This indicates that the β particles observed in FSP samples
were the remnant particles. The fine lamellae within the grains were
determined to be LPSO phase at all the investigated parameters, but
the average width of LPSO lamellae was almost unchanged with the
process parameter, which was �20 nm (Fig. 7b–d).

As shown in Fig. 8, uniform and fine microstructure was
observed at all the investigated parameters in the bottom region
of the SZ. The grain sizes in the bottom regions for the FSP 1500-25,
FSP 2000-25, FSP 2500-25, FSP 3000-25, FSP 2500-50 and FSP
2500-100 samples are 2.870.3 μm, 4.070.6 μm, 6.270.9 μm,
6.271.4 μm, 6.271.3 μm, 6.371.1 μm, respectively. At a constant
traverse speed of 25 mm/min, fine and dispersed grain boundary
particles were observed at all rotation rates and their size and
volume fraction increased with increasing the rotation rate from
1500 to 3000 rpm (Fig. 8a–d and Table 3). The particles at the
lowest rotation rate of 1500 rpm can hardly be distinguished, while
those at higher rotation rates with a gray contrast were determined
to be only LPSO phase by additional TEM identification (not shown).
At a constant rotation rate of 2500 rpm, the volume fraction of LPSO
particles decreased substantially with increasing the traverse speed

Fig. 2. Optical macrographs of the SZs at various parameters: (a) 1500-25, (b) 2000-25, (c) 2500-25, (d) 3000-25, (e) 2500-50, and (f) 2500-100; (g) a magnified image of (a),
(h) a magnified image of (b) (the advancing side is on the right).
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Fig. 3. Variation of grain size with (a) rotation rate and (b) traverse speed at different regions of the SZ.

Fig. 4. OM images of the top region in the SZ at: (a) 1500-25, (b) 2000-25, (c) 2500-25, (d) 3000-25, (e) 2500-50, and (f) 2500-100.
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from 25 to 100 mm/min, and LPSO particles could even not be
observed at 100 mm/min, as shown in Fig. 8c, e and f and Table 3.

Fig. 9 shows TEM images of the bottom region in the SZ at various
parameters. The fine grain boundary particles in the FSP 1500-25
sample (indicated by arrows in Fig. 9a) were identified to be only the
LPSO phase by SAED patterns. LPSO lamellae were formed within the
grains at all process parameters. The average width of LPSO lamellae
varied with the process parameter: the width of LPSO lamellae
increased from �30 to 300 nm as the rotation rate increased from
1500 to 3000 rpm at a constant traverse speed of 25 mm/min
(Fig. 9a–c), and it decreased from �200 nm at 25 mm/min to �50 nm
at 100 mm/min at a constant rotation rate of 2500 rpm (Fig. 9b and d).
Besides, the absence of LPSO particles at the grain boundaries in the
FSP 2500-100 sample in Fig. 8f was further confirmed.

3.2. Temperature history

Fig. 10 shows the temperature histories recorded below the SZ at
various parameters. The peak temperature reached above 370 1C at
all process parameters, which is higher than the formation tem-
perature of LPSO phase (�350 1C). The peak temperature and high-
temperature duration increased with the rotation rate and
decreased with the traverse speed. At a constant traverse speed of
25 mm/min, the peak temperature increased from 370 1C at
1500 rpm to 460 1C at 3000 rpm, and the duration above 300 1C
increased from �44 s at 1500 rpm to �64 s at 3000 rpm. At a
constant rotation rate of 2500 rpm, the peak temperature decreased
from 450 1C at 25 mm/min to 426 1C at 100 mm/min, and the
duration above 300 1C decreased markedly from �58 s at 25 mm/
min to �17 s at 100 mm/min. Besides, increasing the traverse speed
can significantly increase the cooling rate. The cooling rate was
�3 K/s at 25 mm/min, while it was �8.6 K/s at 100 mm/min.

4. Discussion

As a result of high temperature severe plastic deformation that
induces dynamic recrystallization, particle breakup, accelerated
diffusion and decreased diffusion distance of solutes, generally
fine-grained microstructure with predominant LPSO phase was
obtained in FSP Mg–Gd–Y–Zn–Zr casting at all the investigated
process parameters. This is similar to our previous studies [16,34].

Moreover, various distributions of LPSO phase, i.e., no LPSO phase,
LPSO phase both at the grain boundaries and within the grains, and
LPSO phase only within the grains can be achieved after FSP,
suggesting that FSP is an effective method to control the distribution
of LPSO phase. The inhomogeneous microstructure with varied grain
size and distribution of LPSO phase in all the SZs reflected the local
variation of heat and deformation conditions in the SZ.

The gradient grain size in all the SZs (Fig. 3) suggested the
existence of a temperature gradient, with the temperature being
the highest at the surface and decreasing with increasing the
distance from the SZ surface. This is confirmed by both experi-
mental and simulation studies [25,27,35–37]. In addition, simula-
tion on the equivalent plastic strain distribution in the SZ revealed
that the highest strain was located in the PDZ, whereas the plastic
strain was lower in the SDZ and decreased with increasing the
distance from the SZ surface [21]. Guerdoux et al. [23] also
suggested that high equivalent strain was concentrated in the
bottom of the SZ with a threaded pin.

It is seen from Fig. 2 that, in all FSP samples, the top and center
regions are located in the SDZ, and the bottom region is located in
the PDZ. Therefore, the heat and deformation conditions in
different regions of the SZ during FSP can be speculated as:
(1) the top region underwent the highest temperature and a
medium strain; (2) the center region experienced a medium
temperature and the lowest strain and (3) the bottom region
experienced the lowest temperature but the highest strain. As for
the influence of the FSP parameters, increasing the rotation rate
generally resulted in the increase of temperature and strain,
increasing the traverse speed resulted in decreased temperature
and strain, and increased cooling rate [17,25–27,36,38–42].

Based on the above analyses, the varied distribution of LPSO
phase in the SZ should be caused by the variation of heat and
deformation conditions. In the following section, the formation of
LPSO phase in different regions of the SZ is first analyzed, then the
influence of heat and deformation conditions on the distribution
of LPSO phase is clarified.

4.1. Relationship between formation of LPSO phase and FSP
parameter

In the top region of the SZ, due to the highest temperature rise
and large plastic strain, breakup and complete dissolution of LPSO

Fig. 5. (a) TEM and (b) HRTEM images of the lamellae with the electron beam parallel to 〈11�20〉α of the top region in the SZ of FSP 3000-25 sample.
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and β particles occurred, resulting in α-Mg single phase structure
at all processing parameters, as shown in Fig. 4. It should be
mentioned that, only SFs formed in the top region, while LPSO
lamellae formed in the center and bottom regions (Figs. 7 and 9).
Formation of only SFs in the top region indicated the short high-
temperature duration in the top region that restricts further
development of LPSO phase. This is consistent with previous

report that the top region of the SZ experienced the fastest cooling
rate during FSP [27]. As the heat input decreased, the region with
α-Mg single phase microstructure narrowed. This is evidenced by
the narrow top region with no particles in FSP 1500-25 sample
(Fig. 4a).

In the center region of all the SZs, the grain boundary
distributed LPSO particles and fine LPSO lamellae with the width
almost unchanged with the process parameter suggested that, due
to both lower peak temperature and plastic strain than the top
region, phase dissolution cannot occur effectively in this region.
The particles then experienced mainly breakup and transforma-
tion from β into LPSO phase, while only a small amount of β
particles were dissolved in the center region. As a result, fine LPSO
lamellae were formed at all process parameters. The observed
irregularly-shaped β particles always associated with LPSO parti-
cles further confirmed the occurrence of transformation mechan-
ism, and also indicated the incomplete transformation process.

Fig. 6. OM images of the center region in the SZ at: (a) 1500-25, (b) 2000-25, (c) 2500-25, (d) 3000-25, (e) 2500-50, and (f) 2500-100.

Table 2
Volume fraction of grain boundary particles in the center regions of FSP samples.

FSP sample 1500-25 2000-25 2500-25 3000-25 2500-50 2500-100

Volume
fraction, %

2.6 8.9 5.0 9.9 5.9 6.3

Q. Yang et al. / Materials Science & Engineering A 626 (2015) 275–285280



It should be mentioned that, although the temperature experi-
enced in the center region is not the lowest in the SZ, remnant β
particles are only observed in this region. The lowest plastic strain
experienced in the center region should be the main reason for
remnant β particles. The low plastic strain cannot exert effective
breakup of β particles, thus it will take longer time for the coarse
broken β particles in the center region to achieve complete
transformation or dissolution. Moreover, the LPSO lamellae in
the center region with low plastic strain are finer than that in
the bottom region for all the SZs (Figs. 7 and 9). These suggest that,
large plastic strain is much more effective than high temperature
in achieving both phase transformation and dissolution.

At the lowest rotation rate of 1500 rpm, the insufficient
material flow in the center region caused locally low plastic strain
and probably low temperature, resulting in incomplete transfor-
mation process. This is evidenced by the heterogeneously distrib-
uted remnant β particles (Fig. 6a). Besides, particle dissolution also
occurred locally, resulting in distribution of LPSO lamellae only
within the grains near the particles. As the rotation rate increased,
the temperature and plastic deformation increased, thus enhan-
cing the transformation process and homogeneous distribution of
LPSO lamellae (Fig. 6b–f and Fig. 7). The transformation process
completed at a rotation rate of 2000 rpm (Fig. 6b). As the rotation
rate increased to 2500 rpm, the increased plastic strain would
enhance particle dissolution and induce additional deformation of
the transformed LPSO particles. As a result, similar to that
observed in extruded or rolled Mg–Gd–Zn based alloys [14,15],
LPSO particles were distributed in streamlines with a lower
volume fraction than that in FSP 2000-25 sample (Fig. 6c and
Table 2). However, further increasing the rotation rate to 3000 rpm
caused considerable upward material flow (Fig. 2d). The change of
material flow may alter the local deformation condition. The high
volume fraction particles with remnant β particles in the center

region of FSP 3000-25 sample indicated the locally low plastic
strain, which results in incomplete transformation.

At the constant rotation rate of 2500 rpm, increasing the
traverse speed resulted in decreased peak temperature and strain,
and increased cooling rate. As seen from Fig. 10, the local peak
temperature did not change much with the traverse speed, but the
cooling rate increased largely with the traverse speed. Thus, the
remnant β particles in the center region of the FSP 2500-100
sample (Fig. 6f) should result mainly from the increased cooling
rate that restricts the transformation. Moreover, the decreased
plastic strain restricts both particle dissolution and additional
deformation of particles, resulting in uniformly distributed parti-
cles with increased volume fraction at increased traverse speed
(Fig. 6c, e, f and Table 2).

The bottom region of the SZ experienced the lowest tempera-
ture but high plastic strain during FSP, thus the finest microstruc-
ture was obtained in this region. Different from that in the center
region where the process parameter cannot change the distribu-
tion of LPSO phase, the distribution of LPSO phase in the bottom
region can be substantially affected by the process parameter. For
example, in the FSP 2500-100 sample, the LPSO phase was
distributed only within the grains, while the grain boundary
distributed LPSO particles were observed in other samples (Fig. 8).

The distribution difference of LPSO phase in the bottom region
with the process parameter should not result from the differed
local temperature or plastic strain. The local peak temperature
experienced in FSP 2500-100 sample is intermediate in all samples
(Fig. 10), and the plastic strain in FSP 2500-100 sample should also
not be the lowest because of the intermediate rotation rate. The
distinct difference between these samples is the shortest high-
temperature duration and the largest cooling rate experienced in
FSP 2500-100 sample (Fig. 10). This should be the main reason for
the different distributions of LPSO phase. The distribution of LPSO

Fig. 7. TEM images of the center region in the SZ at: (a) 1500-25, (b) 2500-25, (c) 3000-25 and (d) 2500-100.
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phase only within the grains in FSP 2500-100 sample suggests
that, all the particles could be dissolved in FSP 2500-100 sample
with the shortest high-temperature duration. Accordingly, the
observed LPSO phase in the bottom region should form only
through precipitation, rather than transformation for all FSP
samples. The cooling rate should then be the main factor influen-
cing the distribution of LPSO phase in the bottom region. The LPSO
phase precipitated only within the grains at high cooling rate,

while both at the grain boundaries and within the grains at lower
cooling rate. Therefore, the traverse speed that significantly
influences the cooling rate can control the distribution of LPSO
phase in the bottom region of the SZ.

The distribution variation of LPSO phase with the cooling rate
in the bottom region should stem from two aspects. First, the
interface between LPSO phase and the matrix is coherent [1,43],
such coherency favored homogeneous precipitation of LPSO phase.
Second, the undercooling can influence the driving force for
precipitation, with the driving force increasing with increasing
the undercooling [44]. For the FSP 2500-100 sample with a high
cooling rate, the large undercooling renders high driving force for
LPSO precipitation, therefore homogeneous precipitation of LPSO
phase occurs. For other FSP samples with lower cooling rates, the
low undercooling causes insufficient driving force for LPSO pre-
cipitation. Thus, the nucleation of LPSO phase at the grain
boundaries that can reduce the nucleation barrier was promoted.

Fig. 8. OM images of the bottom region in the SZ at: (a) 1500-25, (b) 2000-25, (c) 2500-25, (d) 3000-25, (e) 2500-50, and (f) 2500-100.

Table 3
Volume fraction of grain boundary particles in the bottom region of FSP samples.

FSP sample 1500-25 2000-25 2500-25 3000-25 2500-50 2500-100

Volume
fraction, %

1.2 4.0 4.2 7.2 1.3 0

Q. Yang et al. / Materials Science & Engineering A 626 (2015) 275–285282



In addition, the coarsening of LPSO phase also occurred at
decreased cooling rate and increased high-temperature duration.
This is evidenced by the coarsening of LPSO particles and widening
of LPSO lamellae at increased rotation rate and decreased traverse
speed (Fig. 9).

The different phase evolution process occurred between the
bottom and center region should be caused mainly by the different
plastic strain. It has been proved that plastic deformation can
enhance phase transformation or dissolution [20,45,46]. Recently,
an effective temperature was proposed by Zhang et al. to show the
contribution of severe deformation effect of FSP, which was much
higher than the actual temperature experienced during FSP [47]. In
this case, although the temperature is low in the bottom region,
the large plastic strain could contribute high effective temperature
that can enable complete phase dissolution. Besides, the large
plastic strain can exert thorough breakup of particles and also
accelerate solute diffusion, thus homogeneous solute distribution
can be achieved. While for the center region with low plastic

strain, both the particle breakup extent and solute diffusion rate
are lower than the bottom region, therefore, the short-range
transformation from β to LPSO particles would prefer to occur.

4.2. Distribution control of LPSO phase

Based on the above discussions, distribution of LPSO phase is
strongly controlled by its formation mechanism, which is influ-
enced by the heat and deformation conditions. Fig. 11 illustrates a
schematic influence of temperature, plastic strain and cooling rate
on the distribution of LPSO phase. This also reflects the distribu-
tion of LPSO phase in the top, center and bottom regions of the SZ.

I. At high temperature, high plastic strain with high cooling rate,
the phase dissolution occurs, resulting in α-Mg single phase
microstructure.

Fig. 9. TEM images of the bottom region in the SZ at: (a) 1500-25, (b) 2500-25, (c) 3000-25, and (d) 2500-100.

Fig. 10. Temperature histories of the FSP Mg–Gd–Y–Zn–Zr casting at various
parameters.

Fig. 11. Schematic diagrams showing the influence of temperature, plastic strain
and cooling rate on the distribution of LPSO phase in FSP Mg–Gd–Y–Zn–Zr casting.
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II. At intermediate temperature and low plastic strain, the LPSO
phase was formed mainly through transformation from β
phase. Consequently, the LPSO phase was distributed mainly at
the grain boundaries. The cooling rate had minor influence on
the distribution of LPSO phase, but decreased plastic strain or
increased cooling rate resulted in incomplete transformation
process and thus remnant β particles after FSP.

III. At low temperature (above �350 1C) and high plastic strain,
complete particle dissolution occurs and the LPSO phase forms
only by precipitation. The cooling rate exerts an important
influence on the distribution of LPSO phase. LPSO formed both
at the grain boundaries and within the grains at low cooling
rate, while it formed only within the grains at high
cooling rate.

It can be seen from Fig. 11 that, the distribution of LPSO phase
at the grain boundaries can be easily obtained by both transfor-
mation and precipitation mechanisms in wide temperature and
deformation ranges. This explains well the commonly observed
grain boundary distributed LPSO phase in the solution-treated and
plastically deformed Mg–Gd–Zn based alloys [3–5,8,13,15,48–51].
However, complete distribution of LPSO phase within the grains
can be obtained only by the precipitation mechanism, which
requires high plastic strain and high cooling rate at above
�350 1C. This requirement can be hardly achieved by solution
treatment and other plastic deformation methods. In contrast, it
can be achieved by FSP.

The distribution of LPSO phase in the top and center regions
located in the SDZ cannot be substantially changed by the process
parameter. However, distribution of LPSO phase in the bottom
region located in the PDZ can be changed substantially by the
traverse speed. Low traverse speed results in the distribution of
LPSO phase both at the grain boundaries and within the grains,
while high traverse speed results in the distribution of LPSO phase
only within the grains. Moreover, to improve microstructure
homogeneity of the SZ, the rotation rate should be further
decreased to both decrease the grain size deference and enlarge
the region of PDZ, as seen from Figs. 2 and 3. Because the rotation rate
of 1500 rpm resulted in void defects (Fig. 2g), the material flow of Mg–
Gd–Y–Zn–Zr casting should be improved to obtain a defect free SZ at
rotation rates below 1500 rpm. The material flow can be improved by
applying second pass FSP or using a tool with lower thermal
conductivity [52,53]. The above speculations have been well verified
in our previous studies, that uniform microstructure with LPSO phase
distributed only within the grains can be obtained at a low rotation
rate of 800 rpm and a high traverse speed of 100 mm/min by two-
pass FSP or improved FSP tool [16,34].

5. Conclusions

FSP was applied to Mg–Gd–Y–Zn–Zr casting at rotation rates of
1500–3000 rpm and traverse speeds of 25–100 mm/min to study the
influence of heat and deformation conditions on the distribution of
LPSO phase. The main conclusions are summarized as follows:

1. FSP resulted in significant grain refinement, fundamental
elimination of β-Mg3RE eutectics and formation of LPSO phase.
Parameter dependent gradient distribution of LPSO phase was
obtained in all the SZs.

2. In the top region of the SZ, α-Mg single phase microstructure
was observed at all process parameters. In the center region of
the SZ, the LPSO phase was mainly distributed at the grain
boundaries. In the bottom region of the SZ, the LPSO phase was
distributed both at the grain boundaries and within the grains

at traverse speeds of 25 and 50 mm/min, but only within the
grains at a traverse speed of 100 mm/min.

3. The distribution of LPSO phase in FSP samples is influenced by the
temperature, plastic strain and cooling rate. While the distribution
of LPSO phase at the grain boundaries can be obtained in wide
ranges of temperature, plastic strain and cooling rate, distribution
of LPSO phase only within the grains requires high plastic strain
and high cooling rate at above �350 1C.
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