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a b s t r a c t

Mg–10Gd–3Y–0.5Zr casting was subjected to friction stir processing (FSP) at a tool rotation rate of 800 rpm
and a traverse speed of 50 mm/min. FSP resulted in the fundamental dissolution of the coarse network-
like �-Mg5(Gd,Y) phase and remarkable grain refinement (∼6.1 �m), thereby significantly improving
the strength and ductility of the casting. Post-FSP aging resulted in the precipitation of fine �′ ′ and �′

particles in a fine-grained magnesium matrix, producing an ultimate tensile strength of 439 MPa and a
vailable online 30 November 2010
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yield strength of 330 MPa. FSP combined with aging is a simple and effective approach to enhancing the
mechanical properties of Mg–Gd–Y–Zr casting.

© 2010 Elsevier B.V. All rights reserved.
icrostructures
recipitate

. Introduction

Magnesium alloys with rare earth metals have received a
remendous amount of attention due to their low density and
ood mechanical properties, such as high strength at room and
levated temperatures and creep resistance [1–5]. Among them,
he Mg–Gd–Y system is especially attractive because of its supe-
ior heat resistance due to the high melting point intermetallic
g5(Gd,Y). An exponential drop of the high equilibrium solid

olubility of Gd with decreasing temperature produces an ideal
recipitation strengthening [6,7], in addition to the solid solution
trengthening [8]. In the past few years, the precipitation behavior,
icro alloying, and heat treatment have been widely studied, lay-

ng a foundation for optimizing the mechanical properties of the
g–Gd–Y alloys [1,3,9–12].
At present, the Mg–Gd–Y alloys are supplied mainly in the form

f casting. Generally, the as-cast Mg–Gd–Y alloys are character-
zed by a network of coarse eutectics of Mg5(Gd,Y) and �-Mg,
hus they are very brittle. A solution treatment at a high temper-

ture (∼500 ◦C) for an extended period of time with subsequent
ging is necessary for modifying the distribution and morphology
f the eutectic network. However, the high-temperature solution
reatment results in not only increased material cost but also

∗ Corresponding author. Tel.: +86 24 83978908; fax: +86 24 83978908.
E-mail address: zyma@imr.ac.cn (Z.Y. Ma).

1 Now is with Northeastern University, Shenyang 110004, China.

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.147
obvious surface oxidation and grain growth. By comparison, plas-
tic working could refine the grain structure and the precipitates
of Mg–Gd–Y alloys significantly, therefore improving mechanical
properties, especially ductility [13–15]. Hou et al. [13] reported
that an extruded Mg–8Gd–2Y–1Nd–0.3Zn–0.6Zr sheet exhibited
an elongation up to 14.2% at room temperature, while ultimate
tensile strength and yield strength were 376 and 270 MPa. More-
over, Zhang et al. [14] found that extruded the Mg–Gd–Y–Zr alloy
exhibited superplasticity. However, considering the brittleness of
the as-cast alloys, it is hard to perform the extrusion or rolling
directly on the ingots without a pre-homogenization temper. Thus,
developing a short-route working technique for microstructural
modification of Mg–Gd–Y alloys is important for widening their
applications.

Friction stir processing (FSP), developed based on the basic
principles of friction stir welding (FSW) [16,17], is a relatively
new working technique for microstructural modification [18]. FSP
investigations on the magnesium based alloys have demonstrated
that effective microstructural homogenization and refinement
could be achieved as a result of severe plastic deformation and
dynamic recrystallization (DRX) [19,20]. Investigations of AZ91D
and AZ80 castings indicated that FSP resulted in significant breakup
and dissolution of the coarse, network-like eutectic �-Mg17Al12

phase distributed at the grain boundaries and remarkable grain
refinement, producing a fine-grained supersaturated solid solu-
tion. A post-FSP aging then resulted in the precipitation of the fine
�-Mg17Al12 particles, enhancing the mechanical properties of the
AZ91 and AZ80 castings significantly [21–23].

dx.doi.org/10.1016/j.jallcom.2010.11.147
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zyma@imr.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.11.147
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ture of the SZ was characterized by fine and equiaxed �-Mg grains
(Fig. 1(b)). This indicates that DRX occurred during FSP, leading to
significant grain refinement. The average grain size in the SZ was
determined to be 6.1 �m. However, OM examinations indicated
Fig. 1. Microstructure of GW103 samples: (a) as-cast, (b)

Considering the fact that the Mg–Gd–Y alloys, such as
g–10Gd–3Y–0.5Zr (GW103), contain a great number of ther-
ally stable Mg5(Gd,Y) particles, it would be very interesting to

now whether FSP could achieve the dissolution of the coarse
eat-resistant intermetallic particles in the Mg–Gd–Y casting as

n the Mg–Al–Zn castings [21–23]. Recently, Freeney et al. [24]
eported that FSP enhanced the mechanical properties of a cast
g–Zn–Nd–Gd–Zr alloy (ASTM EV31A, patented by Magnesium

lektron) due to grain refinement, breakage and dissolution of
econd-phase particles. However, the evolution of the precipitates
ontaining Gd during FSP was not specified. In addition, the Gd con-
ent of the EV31A alloy is much lower (1.7 wt.%) than that of the
W103 alloy. Therefore, it is worthwhile to examine whether FSP
an achieve the dissolution of the high content of coarse network-
ike Mg5(Gd,Y) phase in the GW103 alloy. In this paper, the effect
f FSP on the microstructure and mechanical properties of the
W103 casting was investigated. The aim is to establish a simple
nd effective approach to enhancing the mechanical properties of
he Mg–Gd–Y casting.

. Experimental

8 mm thick plates cut from a GW103 cast billet (Base material, BM) with a nom-
nal composition of Mg–10Gd–3Y–0.5Zr (wt.%) were used in this study. A tool with
shoulder 20 mm in diameter and a threaded cone pin 8 mm in diameter and 6 mm

n length was used. One-pass FSP was performed at a tool rotation rate of 800 rpm
nd a traverse speed of 50 mm/min (hereafter denoted as 800/50 for short). After
SP, parts of the samples were subjected to artificial aging at 225 ◦C for 13 h.

The specimens used for microstructural examinations were cross sectioned per-
endicular to the FSP direction. Microstructural characterization and analyses were
arried out by X-ray diffraction (XRD), optical microscopy (OM), scanning electron
icroscopy (SEM) complemented by energy-dispersive spectroscopy (EDS), trans-
ission electron microscopy (TEM), and differential scanning calorimetry (DSC).

he specimens for OM and SEM were prepared by mechanical polishing and etching
sing a solution of 4% HNO3 and 96% ethanol. Thin foils for TEM were ion-milled by

PIPS691 miller at a voltage of 4 kV. The grain size was estimated using the linear

ntercept method.
The Vickers microhardness tests were performed on the cross-section perpen-

icular to the FSP direction using a 200 g load for 10 s. Tensile specimens with a
auge length of 25 mm, a width of 4 mm and a thickness of 2.5 mm were machined
arallel to the FSP direction with the gauge completely within the stir zone (SZ).
Z of as-FSP, (c) SZ of as-FSP, (d) SZ of as-FSP (SEM image).

Tensile tests were performed using an INSTRON 5848 mini tester at a strain rate of
1 × 10−3 s−1. The tensile fracture surfaces were examined under an SEM.

3. Results and discussion

OM examinations indicated that the microstructure of the
as-cast GW103 alloy consisted of approximately equiaxed �-Mg
dendrites and the net-shaped divorced eutectics of �-Mg and inter-
metallic phases around the dendrites (Fig. 1(a)). Furthermore, small
platelet-like precipitates near the eutectics were found within the
�-Mg grains. XRD patterns revealed that the intermetallic phases
were �-Mg5(Gd,Y) (Fig. 2(a)). The average grain size of the �-Mg
in the as-cast sample was about 145 �m. After FSP, the microstruc-
Fig. 2. XRD patterns of GW103 samples: (a) as-cast, (b) as-FSP, (c) FSP + aging.
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Table 1
The results of EDS analyses of Fig. 1(d) (wt.%).

Location Mg Gd Y Zr O

A 87.87 9.41 2.72 – –
B 28.19 – – 28.34 43.47
C 4.37 61.17 34.47 – –

Table 2
Crystal lattice parameters of pure Mg and GW103 samples under various conditions.

Materials a (Å) c (Å) c/a

t
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F

Pure Mg 3.2090 5.2102 1.6236
As-cast GW103 3.2239 5.2140 1.6173
As-FSP GW103 3.2256 5.2174 1.6175

hat the grain size in the SZ was not completely uniform. Alter-
ating coarse grain bands (CGBs) and fine grain bands (FGBs) were
bserved, as marked by the white lines in Fig. 1(c). Similar obser-
ations have been previously reported in FSW copper and FSW
luminum [25,26]. The alternating CGBs and FGBs were macroscop-
cally represented by the onion rings [25], typical structures found
n the SZ of FSW/FSP materials [16].

In addition to significant grain refinement, another microstruc-
ural characteristic of the FSP GW103 is that no �-Mg5(Gd,Y) phase
as detected under OM even at a high level of magnification

Fig. 1(c)), and the corresponding diffraction peaks disappeared in
he XRD patterns (Fig. 2(b)). Fig. 1(b) shows that the net-shaped
utectics were stretched into particle bands at edge of the SZ,
ndicating the breakup of the eutectics in the SZ. EDS analyses
howed that the grain interior of the SZ contained ∼9.41 wt.% Gd
nd 2.72 wt.% Y (Fig. 1(d) and Table 1), which were much higher
han the content in the as-cast sample (4.75 wt.% Gd and 1.93 wt.%
) and close to the chemical compositions of the as-received alloy.
hese results indicate that the coarse Mg5(Gd,Y) particles in the
s-cast sample were fundamentally dissolved into the magnesium
atrix during FSP.
XRD analyses also revealed that the peaks of �-Mg in the SZ

hereafter referred to as the as-FSP sample) shifted toward the
ower angle region compared to those in the BM (as shown by
he insert in Fig. 2), indicating a change in the lattice parameters.
able 2 shows that compared to those of pure magnesium and the
s-cast sample, the crystal lattice parameters a and c of the as-FSP
amples exhibited a remarkable expansion, though the ratio of c-

xis to a-axis of the as-FSP sample was very close to that of the
s-cast sample. Fig. 3 shows the relationship between the crystal
attice parameters and the Gd + Y concentration in the magnesium

atrix determined by EDS. The crystal lattice parameters of the as-

ig. 3. Relationship between crystal lattice parameters and Gd + Y concentration.
mpounds 509 (2011) 2879–2884 2881

FSP sample tend to increase with increasing the concentration of
the dissolved Gd and Y. The atomic radius of Gd (0.25 nm) and Y
(0.22 nm) are much larger than that of magnesium (0.17 nm). The
dissolution of Gd and Y into the magnesium matrix resulted in an
expansion in the crystal lattice parameters of the magnesium solid
solution. The data of lattice parameters in Table 2 is in good agree-
ment with an earlier report [27]. Therefore, the expansion in the
crystal lattice parameters further proved that FSP resulted in the
fundamental dissolution of the Mg5(Gd,Y) phase.

The eutectic point of the Mg–Gd alloy system is 548 ◦C, so
conventional T4 treatment was performed at high temperatures
around 500 ◦C for several hours [3,15]. According to the previous
investigations on FSP of Mg alloys, the duration at above 300 ◦C was
only about 20 s [19,28]. Chang et al. [19] reported that a maximum
temperature of ∼420 ◦C was recorded in a position 1.5 mm from
the SZ during FSP of AZ31 at rotation rates up to 1800 rpm and a
constant traverse speed of 90 mm/min. The fundamental dissolu-
tion of high melting point phase Mg5(Gd,Y) in a short time and at
a relatively low temperature could be rationalized by the severe
deformation during FSP, which resulted in intense mixing of the
�-Mg and second phase and the break-up of the eutectic (Fig. 1(b)).
Consequently, the diffusion distance of the Gd and Y atoms in the
Mg matrix was significantly shortened. Furthermore, the diffusion
rate was believed to be remarkably accelerated during FSP [29].
These induce accelerated dissolution of the coarse second-phase
particles [29].

In Fig. 1(d), a few of the spheroid and cuboid particles with a
size of 0.5–3.5 �m were detected. EDS analyses revealed that they
were a zirconium rich phase and a compound containing Mg, Y,
and Gd, respectively (Table 1). The cuboid-shaped particles con-
taining Mg, Gd, and Y were similar to those reported by Gao et al.
[3]. They found that after the Mg5(Gd,Y) phase was dissolved with
a solution-treatment at 525 ◦C for 12 h, a few of the cuboid-shaped
particles remained. They suggested that the cuboid-shaped phase
was Mg2Y3Gd2 based on EDS and XRD analyses. However, these
particles in the present GW103 alloy could not be detected by XRD
due to their low number.

Fig. 4(a) presents TEM images of the as-FSP sample. Few dis-
locations existed in the grain interior, which is consistent with
the occurrence of DRX with the boundary migration and grain
growth. Furthermore, a few of the cuboid-shaped particles were
found in the �-Mg solution. The selected area electron diffraction
(SAED) pattern indicated that the cuboid-shaped particles had a
face-centered cubic (fcc) structure with a crystal lattice constant of
0.56 nm (as shown by insert A in Fig. 4(a)). Aside from that, only
the diffraction spots of the �-Mg existed (as shown by insert B in
Fig. 4(a)), confirming the fundamental dissolution of the Mg5(Gd,Y)
phase.

He et al. [15] reported similar cuboid-shaped particles with the
same crystalline parameters. They deduced that the cuboid-shaped
phase was Mg5(Gd,Y) by TEM and EDS. However, the atomic ratio
of Mg:Y:Gd for the present cuboid particles was 18.78:40.54:40.68
(point C, Fig. 1(d)), and obviously deviated from the results of Refs.
[3,15]. Li et al. [30] suggested that Mg2Y3Gd2 could precipitate
within the Mg5(Gd,Y) phase. Unfortunately, the lack of information
about phase constitutions in Mg–Gd–Y alloys (the present pow-
der diffraction files (PDF Cards) for XRD constitution of Mg, Gd, Y
are limited) makes exact identification of the cuboid-shaped phase
impossible up to this point.

A previous study [22] reported that a single-pass FSP on AZ80
castings at a FSP parameter of 400/100 produced an average grain

size of 14.6 �m. It is interesting to note that although a higher heat
input of 800/50 was used for the GW103 casting in this study, a
smaller grain size of 6.1 �m was obtained. This is attributed to the
effective pining of the Zr-rich phase and the remaining MgGY phase
particles on the growth of recrystallized grains during FSP. There-
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Fig. 4. TEM images of GW103 sa

ore, it is possible to produce the fine grained Mg–Gd–Y–Zr alloys by
SP at a higher heat input condition. The higher heat input condition
as beneficial to the dissolution of intermetallics due to intensified

tirring and higher temperatures.
For Mg–Al–Zn alloys, in order to achieve a fine grain structure,

SP under a lower heat input condition is necessary due to the
bsence of pinning particles. However, one pass FSP usually pro-
uced an ununiform microstructure with undissolved Mg17Al12
article bands along the onion ring structure in the Mg–Al–Zn cast-

ngs [22]. It is necessary to conduct a two-pass FSP to achieve a
omplete dissolution of the Mg17Al12 phase and produce a uni-
orm microstructure. In the present GW103 alloy, a relatively
omogeneous microstructure without undissolved particle bands
as achieved by one pass FSP under a relatively high heat input

ondition, though the alternating CGBs and FGBs were observed.
herefore, it is possible to produce fine and uniform microstructure
n the Mg–RE alloys by adjusting the FSP parameters.

After 13 h of post-FSP aging, the XRD patterns revealed that
he peaks corresponding to the Mg5(Gd,Y) phase emerged, indi-
ating the re-precipitation of the dissolved phase (Fig. 2(c)). It is
oted that the peaks in the aged FSP sample is significantly lower
han that in the as-cast sample, which is attributed to the pre-
ipitation of fine metastable phase particles. The average grain
ize in the SZ kept almost constant (∼6.2 �m) even after aging at
25 ◦C (Fig. 5), compared with that of the as-FSP sample (Fig. 1(c)).

EM examinations revealed that a great number of fine parti-
les with sizes less than ∼10 nm were uniformly distributed in
he �-Mg matrix (Fig. 4(b)). The SAED analyses suggested that
he fine particles were the metastable �′ ′ and �′ phases with
019 and cbco structures, respectively [31]. The crystallographic

Fig. 5. Microstructure of aged FSP GW103 sample.
s: (a) as-FSP and (b) FSP + aging.

orientation relationship between �′ ′/�′ and the Mg matrix was
determined as follows: (1 1̄ 0 0)Mg‖(1 1̄ 0 0)�′′ , [0 1 1̄ 0]Mg‖[0 1 1̄ 0]�′′

and (1̄ 1 0 0)Mg‖(0 1 0)�′ , [0 0 0 1]Mg‖[0 0 1]�′ . It is well known that
the metastable �′ ′ and �′ phases were coherent with the matrix
[6,31]. No transition �1 phase or equilibrium � phase was detected
in the grain interiors.

In Ref. [32], it was reported that the precipitation sequence at
250 ◦C for the Mg–Gd–Y–Zr could be described as: super-saturated
solid solution (S.S.S.S.) → �′ ′ (D019) → �′ (cbco) → �1 (fcc) → �
(fcc), while the �′ ′ and �′ phases could coexist at peak aging status
[33]. In the present study, the 13 h aging at 225 ◦C was close to the
peak aging status [1,3,15], leading to the coexistence of the �′ ′ and
�′ phases. However, it should be noted that the �′ phase particles as
reported in Refs. [15,32] were difficult to observe in the TEM image
(Fig. 4(b)). It might be attributed to the limited precipitation of the
�′ phase due to the lower aging temperature and shorter time in
this study than those in Refs. [15,32].

DSC analyses indicated that there were three exothermic peaks
in the as-FSP sample, whereas one exothermic peak and one
endothermic peak were observed in the aged FSP sample (Fig. 6).
The �′ ′ and �′ phases coexisted in the peak aging condition and the
�1 phase appeared mainly at higher aging temperatures (250 and
300 ◦C) or in over-aging conditions [1]. It is noted that exothermic
peak P1 occurred only in the as-FSP sample. Considering that the
as-FSP sample is a supersaturated solid solution, exothermic peak
P1 is attributed to the precipitation of the �′ ′ or �′ phase.

In the as-FSP sample, exothermic peak P2 was observed at the

temperature range of 250–300 ◦C, whereas endothermic peak D1
appeared at the same temperature range in the aged FSP sample.
Peak P2 in the as-FSP sample corresponded to the �1 formation in
accordance with Ref. [1]. The aged FSP sample contained mainly �′ ′

Fig. 6. DSC curves of GW103 samples in as-FSP and FSP + aging conditions.
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increase in the hardness resulting from the precipitation of fine �′ ′

and �′ particles, because both the BM and the SZ are supersaturated.
Table 3 summarizes the room temperature tensile properties

of the GW103 samples under various conditions. The as-cast sam-

Table 3
Tensile properties of GW103 samples under various conditions.
ig. 7. Microhardness profiles of GW103 samples in as-FSP and FSP + aging condi-
ions.

hase as well as a small amount of �′ phase as discussed above. The
′ phase was relatively stable and could exist even at an overaging
tage, and the �1 formation results from the decomposition of the
′ phase instead of the nucleation on the �′ ′ phase [32]. Due to the

imited amount of stable �′ phase, the formation of the �1 phase
as limited. Therefore, it can be concluded that endothermic peak

1 in the aged FSP sample mainly resulted from the dissolution of

he �′ ′ phase.
In both the as-FSP and aged FSP samples, exothermic peak P3

ppeared, and it is associated with the formation of the equilibrium
hase �. From DSC and TEM analyses, it could be concluded that

Fig. 8. SEM fractographs of GW103 samples
mpounds 509 (2011) 2879–2884 2883

the aging process in this study was close to the peak aging status,
and the grains were stable during the aging process (Fig. 5). There-
fore, the post-FSP aging could produce an ideal microstructure with
fine grains and uniformly distributed coherent precipitates in the
matrix.

Fig. 7 shows the hardness profiles on the cross-section of the
FSP samples. The hardness in the BM zone of the as-FSP sample
exhibited a remarkable fluctuation, with the highest hardness val-
ues being higher than those of the SZ. The hardness fluctuation
of the as-cast BM was attributed to the presence of the coarse �-
Mg5(Gd,Y) phase. By comparison, the hardness of the SZ is relatively
uniform and generally higher than that of the BM zone except for
the high hardness points of the BM zone at the �-Mg5(Gd,Y). This is
attributed to significant grain refinement and the breakage and dis-
solution of most of the coarse �-Mg5(Gd,Y) particles in the SZ zone.
After post-FSP aging, both the BM and the SZ exhibit an obvious
Sample UTS (MPa) YS (MPa) El. (%)

As-cast 187 178 3.2
FSP 312 210 19
FSP + aging 439 330 3.4

: (a) as-cast, (b) as-FSP, (c) FSP + aging.
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le exhibited a yield strength (YS) of 178 MPa, an ultimate tensile
trength (UTS) of 187 MPa, and an elongation of 3.2%. The coarse
utectic Mg5(Gd,Y) network at the grain boundaries tended to crack
r debond from the magnesium matrix early under a lower stress
uring tensile deformation (Fig. 8(a)). Thus, the strength and duc-
ility are low. FSP resulted in a slightly improved YS (210 MPa)
nd significantly improved UTS (312 MPa) and elongation (19%).
iu et al. [1] reported that an as-extruded GW103 alloy with a
re-tempering (480 ◦C for 6 h) exhibited YS and UTS of 192 and
90 MPa, respectively, with an elongation of 13%. The as-extruded
lloy contained streamline-like eutectics, which were broken up
y extrusion with an average grain size of 9 �m. In contrast, the
verage grain size was finer and the number of secondary phases
as fewer in the present as-FSP sample. The as-FSP sample showed

etter tensile properties due to the solution strengthening and
icrostructure refinement. The fracture surface of the as-FSP sam-

le was characterized by equiaxed and fine dimples (Fig. 8(b)),
ndicating a typical dimple-fracture.

The aged FSP sample exhibited a UTS of 439 MPa, a YS of
30 MPa, and an elongation as low as 3.4%. It was reported that the
recipitation strengthening of Mg alloys by prismatic precipitate
lates is invariably larger than those produced by basal precipi-
ate plates [34]. The plate-shaped �′ precipitates, formed on the
rismatic planes of the matrix in a dense triangular arrangement
32], were vertical to the basal plane of the �-Mg and, together
ith the �′ ′ precipitates [33], provided the most effective obsta-

les to the basal dislocation slip. Therefore, the strength of the aged
SP sample was significantly improved. Meanwhile, the precipi-
ation strengthening led to the generation of stress concentration
ue to the dislocation being pinned up, thus micro-cracks devel-
ped along (0 0 0 1) crystal planes and cleavage fracture occurred
22], as shown in Fig. 8(c). As a result, the elongation decreased
ignificantly due to the precipitation hardening and cleavage frac-
ure. In a previous study by Liu et al. [1], a T5-treated (aged
t 225 ◦C) extruded GW103 alloy exhibited a UTS of 383 MPa
nd a YS of 261 MPa with an elongation of 9%. In contrast, the
resent aged FSP sample exhibited higher strength and lower
longation. Therefore, optimizing the FSP parameters and aging
rocedures is necessary for improving the ductility of the FSP
ample.

. Conclusions

In summary, the following conclusions are reached:
1) Single-pass FSP on GW103 casting caused remarkable grain
refinement and fundamental dissolution of the coarse eutectic
Mg5(Gd,Y) network, thereby improving significantly the tensile
properties, in particular ductility.

[
[

[

[

mpounds 509 (2011) 2879–2884

(2) Post-FSP aging resulted in the precipitation of the �′ ′ and �′

phase, thereby increasing considerably the yield and tensile
strengths.

(3) FSP combined with aging is an effective approach to enhancing
the mechanical properties of cast Mg–Gd–Y–Zr alloy.
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