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Friction stir processing (FSP) was applied to Mg–Gd–Y–Zn–Zr casting, resulting in significant dissolution
of large grain boundary eutectic b-Mg3RE and long-period stacking ordered (LPSO) phases. A fine-grained
structure with a grain size of �2.4 lm was developed in the FSP sample. Besides, fine LPSO lamellae with
a width of �5 to �200 nm were distributed only within the grains in the FSP sample, which is different
from that observed in both solution-treated and other plastically deformed counterparts. Formation of
such special structure is attributed to the high temperature severe plastic deformation generated by
FSP. The FSP Mg–Gd–Y–Zn–Zr exhibited high mechanical properties with a yield strength of �345 MPa
and an elongation of �21.5%. This study provides an effective way for mechanical property optimization
in LPSO-contained magnesium alloys.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Ever since the development of a rapidly solidified powder met-
allurgy (RS P/M) processed Mg97Zn1Y2 alloy with a high tensile
yield strength of 610 MPa and an appreciable elongation of 5%
[1], Mg–Zn–RE (rare earth) alloys containing long-period stacking
ordered (LPSO) phase have gained numerous attention in develop-
ment of high strength magnesium alloys [2–9]. The LPSO phase can
form both in the casting and after annealing, and can be distributed
both within the grains and at the grain boundaries [5,6,10]. Studies
on the strengthening effect of the LPSO phase revealed that, it can
kink by any angle to promote homogeneous deformation, inhibit
twinning [11], increase the critical resolved shear stress of basal
slip and activate non-basal slip in the matrix [7,12]. Therefore,
the LPSO phase is beneficial to both strength and ductility of
magnesium alloys.

Many efforts have been made for mechanical property optimi-
zation in the Mg–Zn–RE alloys, such as alloy design, refinement
of grains, LPSO phase and other second phases, and texture control
[9,13–16]. Because the distribution of LPSO phase can be varied,
different distributions of LPSO phase can exhibit different contri-
butions to the strength and ductility of Mg–Zn–RE alloys. By
changing the cooling rate of the homogenized Mg–Gd–Y–Zn–Zr
alloy, Xu et al. [17] obtained varied distributions of LPSO phase
and showed that, the lamellar-shaped LPSO phase within the
grains could enhance the yield strength. The study by Wang
et al. [18] revealed that the bulk-shaped LPSO phase distributed
along the grain boundaries promoted the formation of equiaxed
grains and enhanced the ductility, whereas the lamellar LPSO
phase precipitating within the grains induced strip-shaped grains
and improved the strength of the as-extruded Mg–9Gd–xEr–
1.6Zn–0.6Zr alloys.

The distribution of LPSO phase at the grain boundaries can be
easily obtained in the Mg–Zn–RE alloys [10,19–21], and its contri-
bution to strength can be well clarified. However, due to the inev-
itable solute segregation (especially Zn) in ingot cast alloys, the
distribution of LPSO phase within the grains is inevitably accompa-
nied by the grain boundary LPSO phase in the as-cast, solution-
treated, and even plastically-deformed alloys [14,17–19,22,23].
Thus, contribution of the LPSO phase within the grains to the
strength and ductility of Mg–Zn–RE alloys cannot be fully identi-
fied, and this hinders the study of mechanical property optimiza-
tion in LPSO-contained magnesium alloys.

By the RS P/M method, the LPSO phase can be distributed only
within the grains in Mg–Zn–RE alloys [24,25]. However, the
unavoidable contamination of oxidation makes the RS P/M alloys
incomparable with the ingot cast counterparts. Moreover, for both
heat-treated and plastically-deformed Mg–Zn–RE alloys, a solution
treatment at �500 �C for �6–35 h is an inevitable process. Such a
solution treatment not only is time consuming, but also results
in surface oxidation and grain growth. Therefore, a simple and
effective technique that can achieve the distribution of LPSO
phase only within the grains in ingot cast Mg–Zn–RE alloys is
desired in the study of LPSO distribution effect on the mechanical
properties.
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Friction stir processing (FSP), based on the concepts of friction
stir welding (FSW), has been demonstrated to be an effective tech-
nique for microstructural modification [26,27]. The severe plastic
deformation at high temperature generated by FSP can signifi-
cantly refine the grains by dynamic recrystallization, dissolve the
eutectics and refine large particles, alleviate severe composition
segregation in cast magnesium alloys in just several seconds
[28–30]. In this case, FSP has the combined function of solution
treatment and plastic deformation [28,30].

In this study, FSP was applied to a cast Mg–Gd–Y–Zn–Zr alloy.
The aim is to develop a fine-grained structure with the LPSO phase
only within the grains and enhance the mechanical properties of
the Mg–Gd–Y–Zn–Zr casting by FSP.

2. Experimental

Six millimeter thick Mg–9.4Gd–4.1Y–1.2Zn–0.4Zr (wt.%) cast plate was
subjected to FSP. Two-pass FSP was carried out with a tool rotation rate of
2500 rpm and a traverse speed of 100 mm min�1 for the first pass, and a rotation
rate of 800 rpm and a traverse speed of 100 mm min�1 for the second pass. A tool
with a shoulder 20 mm in diameter and a threaded conical pin 8 mm in diameter
and 4.0 mm in length was used.

Microstructural characterization was conducted in the cross section of the pro-
cessed zone by X-ray diffraction (XRD), optical microscopy (OM), field-emission
scanning electron microscopy (FE-SEM, LEO SUPRA 35) and transmission electron
microscopy (TEM, Tecnai F20) equipped with energy-dispersive spectroscope
(EDS). Thin foils for TEM were prepared by low energy ion milling. The texture
was examined by electron backscatter diffraction (EBSD) analysis using an HKL Cha-
nel 5 System equipped in a scanning electron microscope. Coordinate axes of the
pole figures are indicated using the processing direction (PD), transverse direction
(TD) and normal direction (ND) of the plate.

Tensile specimens with a gauge length of 2.5 mm, a gage width of 1.4 mm and a
gage thickness of 0.8 mm were machined in the cross section perpendicular to the
FSP direction, with the gage being centered in the processed zone. Tensile tests
were conducted at a strain rate of 1 � 10�3 s�1 using an Instron 5848 microtester.
At least three specimens were used to obtain consistent stress–strain curve.

3. Results and discussion

3.1. Microstructure

Fig. 1 shows XRD patterns of the as-cast and FSP Mg–Gd–Y–Zn–
Zr alloys. The as-cast alloy consisted mainly of a-Mg and eutectic
b-Mg3RE phase. Besides, weak peaks of the LPSO phase were de-
tected. However, neither b nor LPSO phase was detected in the
FSP alloy, indicating significant dissolution of the b and LPSO
phases during FSP.

OM image of the as-cast alloy shows the dendritic a-Mg grains
�97 lm in size and the eutectic b phase in a black contrast
(Fig. 2(a)). Besides, a small amount of the block-shaped LPSO phase
with a gray contrast was observed at the grain boundaries. EDS
analysis revealed that the average composition of b phase was
Mg-10.5 ± 1.8Gd-7.2 ± 1.7Zn-6.8 ± 1.1Y (at.%), with obvious segre-
Fig. 1. XRD patterns of the Mg–Gd–Y–Zn–Zr alloy.
gation of Zn. Selected area electron diffraction (SAED) patterns of
the LPSO phase revealed that there were spots at positions of n/6
(002)Mg (n is an integer) (Fig. 2(b)), indicating the 18R structure
[2]. Furthermore, as shown in Fig. 2(c), profuse stacking faults
(SFs) were distributed within the grains. Zn was seldom detected
within the grains.

Microstructure of the FSP alloy consisted of uniform and fine
dynamically recrystallized grains of �2.4 lm with no grain bound-
ary particles, furthermore, the fine lamellae within the grains could
be observed (Fig. 3(a)). The back scattered electron (BSE)–SEM im-
age in Fig. 3(b) revealed that, except for a few cuboid-shaped com-
pounds commonly observed in Mg–Gd–Y based alloys, no
decoration of other second phase particles was observed at the
grain boundaries. This suggested that, no grain boundary particles
existed in the FSP Mg–Gd–Y–Zn–Zr alloy.

The bright-field TEM image in Fig. 4(a) further confirmed the
absence of grain boundary phase, and neither the b nor the meta-
stable precipitates were detected within the grains. However, the
fine lamellae with a width ranging from �5 to �200 nm were ob-
served within the grains, and SAED patterns indicated that they
were mainly the 18R LPSO phase. Further observation by high-
resolution TEM (HRTEM) with the electron beam parallel to
<1120>a in Fig. 4(b) revealed that, the LPSO phase consisted of
ABCA-type building blocks that were arranged in the same direc-
tion in each grain. Most building blocks were separated by two
close-packed a-Mg layers to form the 18R structure as seen in
the left side of Fig. 4(b), which is consistent with the distinct SAED
patterns in Fig. 4(a). Besides, the separation of four a-Mg layers
occasionally occurred both in adjacent two and three building
blocks, as seen in the middle and right side of Fig. 4(b). Note that
combination of the three building blocks in the middle of
Fig. 4(b) could make the 24R structure, as reported previously
[3,31,32]. Other types of LPSO phase were not observed.

Previous studies on FSP of magnesium castings indicated that
FSP had the combined function of solution treatment and plastic
deformation, as both dissolution of the eutectics and grain refine-
ment were achieved during FSP [28,30]. It is interesting to note
that although the grain size in the FSP Mg–Gd–Y–Zn–Zr alloy is
equivalent to that in the plastically-deformed counterparts
[13,19], the distribution of LPSO phase in these processed alloys
is different. In the solution-treated and subsequent plastically-
deformed Mg–Gd–Zn based alloys, the LPSO phase was inevitably
distributed at the grain boundaries [13,18,22,33]. However, in the
present FSP Mg–Gd–Y–Zn–Zr alloy, the LPSO phase was distributed
only within the grains.

Formation of the special microstructure in the FSP Mg–Gd–Y–
Zn–Zr alloy could result from the unique deformation process of
FSP. It is acknowledged that formation of the LPSO phase is a pro-
cess of high temperature diffusion and periodic segregation of Zn
and RE atoms in the adjacent (0001)Mg layers, higher temperature
could enhance this process [6,10,25]. Moreover, the LPSO phase
can both be transformed from the b phase at the grain boundaries
and precipitate from the matrix upon annealing in the Mg–Gd–Zn
based alloys [6,10].

During solution treatment of the Mg–Gd–Zn based castings, the
solute segregation in the grain boundary eutectics results in pre-
ferred formation of the LPSO phase at the grain boundaries due
to much shortened diffusion distance. As a result, precipitation of
the LPSO phase within the grains is hindered due to the lack of sol-
ute atoms (especially Zn). Further formation of the LPSO phase
within the grains required much longer time and higher tempera-
ture due to low diffusion rate of the solutes. During subsequent
plastic deformation, the already formed grain boundary LPSO
phase could only be refined and precipitation of the LPSO phase
is still restricted due to the lack of Zn within the grains. In this case,
the inevitable distribution of LPSO phase at the grain boundaries is



Fig. 2. Microstructure of the as-cast Mg–Gd–Y–Zn–Zr alloy: (a) OM image, TEM images of (b) the grain boundary LPSO phase and (c) the stacking faults within the grains.

Fig. 3. (a) OM and (b) BSE–SEM images of the FSP Mg–Gd–Y–Zn–Zr alloy.

Fig. 4. (a) Bright-field TEM image of the FSP Mg–Gd–Y–Zn–Zr alloy; (b) HRTEM image of the LPSO phase with the electron beam parallel to <1120>a.
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observed in the Mg–Gd–Zn based alloys processed by conventional
methods.

Our previous study on the FSP Mg–Gd–Y–Zr alloy revealed that,
the severe plastic deformation and high temperature generated
during FSP could result in dissolution of the eutectic b-Mg5(Gd,Y)
particles [28]. Therefore, for the present Mg–Gd–Y–Zn–Zr casting
with similar particle dissolution temperature and FSP condition,
FSP can also result in intense material mixing, breakup and disso-
lution of the eutectic b-Mg3RE and LPSO particles in the casting.
Therefore, the severe solute segregation was eliminated, and the



Fig. 5. Pole figures of the FSP Mg–Gd–Y–Zn–Zr alloy.

Table 1
Tensile properties of Mg–Gd–Y–Zn–Zr alloy.

Condition YS (MPa) UTS (MPa) El (%)

As-cast 187 ± 5.2 249 ± 5.5 7.9 ± 0.6
FSP 345 ± 5.5 380 ± 9.9 21.5 ± 3.3

Fig. 6. Engineering stress–strain curves of the as-cast and FSP Mg–Gd–Y–Zn–Zr
alloy.
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solutes (especially Zn) were distributed uniformly in the matrix.
Consequently, the LPSO phase precipitated during high tempera-
ture annealing, and was distributed only within the grains.

It is worth noting that, different from the commonly observed
14H structure in the solution-treated and plastically-deformed
Mg–Gd–Zn based alloys [4,6,10,34], the 18R and even 24R struc-
Fig. 7. Fractographs of (a) as-cast an
tures formed in the FSP Mg–Gd–Y–Zn–Zr alloy. Similar polytypes
of LPSO phase were observed in the RS P/M Mg–Zn–Y alloys
[3,31]. Recently, Zhu et al. [32] observed the formation of 24R in
18R structure in a cast Mg–Zn–Y alloy after annealing at 500 �C
for 1 h, and proposed that formation of 24R provided a simple path
for the transformation from 18R to 14H. Accordingly, the LPSO
phase in the present FSP alloy is in a non-equilibrium state and
would transform to the 14H upon further annealing.

Fig. 5 reveals that different from the concentrated basal texture
with the c axis aligning approximately along the processing direc-
tion developed in FSP conventional magnesium alloys [35–37], a
weak and much scattered basal texture was developed in the FSP
Mg–Gd–Y–Zn–Zr alloy. Similar weak basal texture was reported
in plastically-deformed Mg–Gd–Zn alloy [13], and should be attrib-
uted to the contribution of RE elements that weaken the texture of
magnesium alloys [38,39].
3.2. Mechanical properties

Table 1 summarizes the mechanical properties of the as-cast
and FSP Mg–Gd–Y–Zn–Zr alloys, and the typical tensile curves
are shown in Fig. 6. Due to the coarse grains and large grain bound-
ary particle networks, the as-cast alloy exhibited low strengths and
elongation. In contrast, the FSP alloy revealed substantially im-
proved strengths and elongation, with a yield strength (YS) of
�345 MPa, an ultimate strength (UTS) of �380 MPa and a large
elongation to failure of �21.5%. However, compared with the as-
cast alloy, the FSP alloy exhibited a weak work hardening behavior
during the whole deformation process.

As shown in Fig. 7(a), the brittle fracture characterized by deep
cleavage steps and small cleavage facets occurred for the as-cast
sample. In contrast, equiaxed and fine dimples were obviously
d (b) FSP Mg–Gd–Y–Zn–Zr alloy.
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observed on the fracture surface of the FSP sample (Fig. 7(b)), indi-
cating a good ductility.

In general, the mechanical properties of magnesium alloys are
strongly influenced by the grain size based on the Hall-Petch rela-
tionship, the texture through its effect on activation of slip sys-
tems, and the second phase by dispersion and precipitation
strengthening. The fine grains of �2.4 lm can enhance both
strength and ductility significantly in the FSP sample compared
with the as-cast sample. Besides, Stanford and Barnett stated that
the weak texture developed in magnesium alloys can lead to easy
basal slip, resulting in enhanced ductility but reduced YS [40,41].
Therefore, the weak basal texture developed in the FSP sample
can enhance the ductility. Furthermore, it was confirmed by both
experimental observation and first-principle study that, the LPSO
phase is effective in hindering basal slip and activating non-basal
slip [7,12]. The suppression of basal slip enhances the YS, and the
activation of non-basal slip promotes homogeneous deformation,
leading to enhanced ductility. Therefore, the LPSO phase within
the grains in the FSP sample also plays an important role in
enhancing the mechanical properties. Namely, fine grains, weak
texture, and LPSO phase within the grains contributed to the high
mechanical properties in the FSP Mg–Gd–Y–Zn–Zr alloy.

The weak work hardening behavior of the present FSP Mg–Gd–
Y–Zn–Zr alloy might be caused by the fine grains and the distribu-
tion of LPSO phase only within the grains, both of these can acti-
vate the non-basal slip that is crucial for dislocation recovery
during tension. Detailed study is required to understand the effect
of LPSO distribution on the mechanical properties and deformation
behavior of the Mg–Zn–RE based alloys.

4. Conclusions

1. The Mg–Gd–Y–Zn–Zr casting was successfully friction stir pro-
cessed. FSP resulted in significant grain refinement and dissolu-
tion of the large grain boundary b-Mg3RE and LPSO particles in
the casting.

2. The FSP Mg–Gd–Y–Zn–Zr alloy exhibited fine grains of�2.4 lm,
besides, fine LPSO lamellae with a width of�5 to�200 nm were
distributed only within the grains.

3. The FSP Mg–Gd–Y–Zn–Zr alloy with a YS of �345 MPa and an
elongation of �21.5%, exhibited significantly enhanced
mechanical properties compared to the as-cast counterpart.
FSP provides an effective way for mechanical property
optimization in LPSO-contained magnesium alloys.
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