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Mg-10Gd-3Y-0.5Zr (wt pct) casting was subjected to friction stir processing (FSP) at a constant
rotation rate of 800 rpm and varied travel speeds of 25, 50, and 100 mm/minute. FSP resulted in
the generation of fine-grained microstructure and fundamental dissolution of coarse Mg5(Gd,Y)
phase at the grain boundaries, thereby enhancing the tensile properties significantly at both
room and elevated temperatures. The grain size of the FSP samples decreased with the
increasing travel speed, whereas the microstructure heterogeneity with the banded structure
(onion rings) became evident at a higher travel speed. Tensile elongation of the FSP samples
increased as the travel speed increased, whereas the highest strengths were obtained at the
medium travel speed of 50 mm/minute. Higher strengths and greater elongations were observed
for the FSP samples in the transverse direction (TD) than in the longitudinal direction (LD).
After post-FSP aging, the strengths of the FSP samples were increased significantly with the TD
and LD exhibiting the same strengths; however, the elongation was decreased remarkably with
the TD having higher elongation than the LD. A variation of the tensile properties was dis-
cussed in detail based on the microstructure heterogeneity and fracture surfaces.
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I. INTRODUCTION

AS the lightest metals, magnesium alloys have
attracted increasing interest in recent years for potential
applications in the aerospace, aircraft, and automotive
industries.[1] However, the low strength and poor creep
resistance at increased temperatures restrict their wide
applications. Recently, Mg-RE alloys (RE represents
rare earth elements) were developed to meet the demand
for high temperature applications. The addition of RE
elements can produce thermally stable second phases in
the Mg matrix, leading to high strength at a high
temperature as well as good creep resistance.[2]

Currently, the Mg-RE alloy parts are produced
mainly by casting, and the microstructure of the castings
is characterized by coarse grains and coarse eutectic
networks at the grain boundaries. This microstructure
limits the mechanical properties of the Mg-RE castings,
especially the properties at a high temperature. There-
fore, a modification of the microstructure is needed to
enhance the mechanical properties and broaden the
applications of Mg-RE alloys. Conventionally, heat
treatment and various plastic deformation methods are
applied to modify the microstructure of the Mg cast-
ings.[3,4] However, the heat treatment at high tempera-
ture for lengthy time not only is time consuming but also
results in coarse grains. Furthermore, a lengthy heat

treatment is also needed before plastic deformation
occurs as a result of the poor formability of magnesium
alloys.
Friction stir processing (FSP), which was developed

based on the principle of friction stir welding (FSW),
has been demonstrated to be an effective method for the
microstructural modification of castings.[5,6] During
FSP, a processed zone is obtained in just several minutes
without preheating for the cast alloys. FSP of conven-
tional cast magnesium alloys, such as AM60B, AZ80,
and AZ91, resulted in significantly enhanced tensile and
fatigue properties because of the grain refinement, the
breakup and dissolution of second phase particles, and
the elimination of porosity.[6–9]

The influences of FSP on the cast Mg-RE alloys were
studied recently. Tsujikawa et al.[10] achieved the ultra-
fine grains and refined lamellar structure in cast
Mg-5.5Y-4.3Zn by FSP; increased hardness was obtained.
Freeney and Mishra[11] obtained a fine-grained micro-
structure with dispersed nanosized particles in EV31A
casting by FSP, and the mechanical properties were
improved significantly. Our previous study on cast Mg-
Gd-Y-Zr indicated that FSP resulted in significant grain
refinement and the dissolution of coarse eutectic
Mg5(Gd,Y) phase, thereby enhancing the mechanical
properties of Mg-Gd-Y-Zr alloy significantly.[12] How-
ever, the alternating fine- and coarse-grained bands were
observed in the FSP Mg-Gd-Y-Zr alloy. These bands or
onion rings were generally suggested to influence the
mechanical properties of the FSW/FSP samples,[6,13,14]

and they could be eliminated by adjusting the process
parameter.[15] However, an investigation of the variation
of the banded structure with the FSP parameter and its
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influence on the mechanical properties of FSP Mg-Gd-
Y-Zr alloy is lacking.

In this study, FSP at varied parameters was con-
ducted on the cast Mg-Gd-Y-Zr with special attention
being paid to the following: (1) the resultant micro-
structure, especially the banded structure under different
FSP parameters; and (2) the tensile properties of various
FSP samples in both the transverse and longitudinal
directions at both room and high temperatures. The aim
is to establish the relationship among the FSP param-
eter, banded structure, tensile properties, and fracture
behavior.

II. EXPERIMENTAL

Mg-10Gd-3Y-0.5Zr (wt pct) ingot was used as the
base metal (BM). Eight-millimeter-thick plates were
machined from the as-received BM and then subjected
to FSP at a constant rotation rate (x) of 800 rpm and
varied travel speeds (m) of 25, 50, and 100 mm/minute. A
tool with a shoulder 20 mm in diameter and a threaded
conical pin 8 mm in root diameter and 4.9 mm in length
was used. After FSP, the aging treatment was conducted
at 498 K (225 �C) for 13 h (hereafter referred to FSP-
T5). For comparison, the BM was solution treated at
798 K (525 �C) for 10 h, quenched into cold water
(referred to cast-T4), then aged at 498 K (225 �C) for
13 h (referred to cast-T6). The principle directions of the
FSP samples were marked as the LD (longitudinal
direction, along the FSP direction), the TD (transverse
direction, transverse to the FSP direction), and the ND
(normal direction, normal to the plate surface).

Microstructural observations were conducted by
optical microscopy (OM), scanning electron microscopy
(SEM; FEI Quanta 600; FEI Instruments,) equipped
with energy-dispersive spectroscopy (EDS), and trans-
mission electron microscopy (TEM, FEI Tecnai G2 F20;
FEI Company, Hillsboro, OR). The specimens for OM
and SEM were cut in the TD-ND plane and prepared by
mechanical polishing and etching using a solution of 6 g
picric acid+10 mL acetic acid+70 mL etha-
nol+10 mL water. The grain sizes were estimated by
the linear intercept method. Electron backscatter dif-
fraction (EBSD) orientation maps were obtained using a
Zeiss Supra 35 (Carl Zeiss, Oberkochen, Germany),
operated at 20 kV, and interfaced to an HKL Channel
EBSD system (HKL Technology ApS, Hobro, Den-
mark). The specimens for EBSD were electropolished
using a solution consisting of 60 mL nitric acid and
140 mL ethanol at 12 V and 243 K (�30 �C). Thin foils
for TEM were prepared by low-energy ion milling.

Tensile specimens with a gage length of 2.5 mm and a
gage width of 1.4 mm were machined from both the cast
and FSP Mg-Gd-Y-Zr samples. The FSP specimens
were machined along both the TD and LD with the gage
being completely in the stir zone (SZ). For surface
observation, the tensile specimens were mechanically
polished and etched before the tensile test. The tensile
tests were conducted at both room and high tempera-
tures at a strain rate of 1 9 10�3 seconds�1.

III. RESULTS

A. Microstructure

Figure 1 shows the optical macrographs of the
transverse sections of the FSP samples at different
travel speeds. All the SZs showed a nonsymmetric
elliptical profile. The SZ under a travel speed of 25 mm/
minute exhibited a relatively uniform structure. As the
travel speed increased, the onion rings became obvious.
At a high travel speed of 100 mm/minute, a void was
found at the top of the SZ (Figure 1(c)).
Figure 2 shows the microstructures of the BM and

region 1 (the center region of the SZ in Figure 1) in
various FSP samples. The BM was characterized by
coarse grains and eutectic Mg5(Gd,Y) networks at the
grain boundaries (Figure 2(a)). The microstructures of
the FSP samples were all composed of fine and equiaxed
grains, and the average grain size decreased as the travel
speed increased. For the travel speeds of 25, 50, and
100 mm/minute, the grain size was determined to be 8.4,
6.1, and 5.6 lm, respectively. Homogenous grains were
observed in the SZ under a travel speed of 25 mm/minute,
whereas the nonuniformity of grain size became evident as
the travel speed increased (Figures 2(c) and (d)).
The OM microstructures of region 2 in the SZs are

shown in Figure 3. The grains in these regions were
equiaxed, and the average grain sizes were the same as in
the centers of the SZs for all the FSP samples (Figure 2).
Note that some narrow black bands approximately 1 to
5 lm in width aligned in discontinuous semicircles were
distributed in these regions, which corresponded to the
onion rings as shown in Figure 1. The width and
continuity of these bands increased with increasing the
travel speed. A careful observation revealed that these
bands were composed mainly of fine grains ~2 lm in
size.
The SEM images of region 1 in various FSP samples

revealed the uniform microstructure without the remain-
ing eutectic Mg5(Gd,Y) phase within the grains or at the
grain boundaries (not shown); this finding was consis-
tent with our previous study.[12] However, for the onion
rings in region 2 of the SZs, besides the discontinuous
fine-grained bands observed in Figure 3, the backscat-
tered electron (BSE) images revealed the discontinuous
white, gray and black bands alternated with each other
in all the SZs, as shown in Figs. 4(a) through (c). These
bands had a width of ~30 lm at a travel speed of
25 mm/minute, and the width increased as the travel
speed increased. EDS analyses indicated that these
bands had different solute contents. The grains in the
white, gray and black bands had high solute contents
(~14 wt pct Gd and ~4 wt pct Y), medium solute
contents (~11 wt pct Gd and 3 wt pct Y), and low solute
contents (~9 wt pct Gd and ~3 wt pct Y), respectively.
In addition, as shown in Figure 4(d), a small amount of
particle-rich bands with the particle size of approxi-
mately 1 lm were observed to be distributed along the
white bands, and the number of particles increased as
the travel speed increased. These particles were deter-
mined to be the Mg5(Gd,Y) phase by EDS. Such onion
rings were also observed in the longitudinal section of
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the FSP samples; these discontinuous bands alternated
with each other in a parallel of semicircular marks.

Figure 5 presents the TEM bright-field images of the
cast-T6 and FSP-T5 (800 rpm, 25 mm/minute) samples.
In both samples, a high density of fine plate-shaped
precipitates (~50 nm in length) with three variants were
distributed uniformly in the matrix with the incident
electron beam approximately parallel to [0001]a.
Selected-area electron diffraction (SAED) patterns indi-
cated that these precipitates were the metastable b’
phase and precipitated on the prismatic planes of the
matrix. The size and density of these precipitates in both
the cast-T6 and FSP-T5 samples were almost the same
(Figures 5(a) and (b)). However, the precipitates at the
grain boundaries were different. The discontinuous
precipitates together with narrow precipitate-free zones
(PFZs) were commonly observed in the cast-T6 sample
but seldom detected in the FSP-T5 sample (Figures 5(c)
and (d)).

B. Tensile Properties

The tensile properties of the cast-T4 and various FSP
samples in the TD are shown in Table I.

Compared with the cast-T4 sample, the FSP samples
exhibited significantly enhanced mechanical properties.
The elongation of the FSP samples increased as the
travel speed increased, whereas the strengths did not

exhibit a continuous increase with the travel speed. For
the FSP sample with the medium travel speed of 50 mm/
minute, the highest ultimate tensile strength (UTS) of
363 MPa and yield strength (YS) of 281 MPa were
achieved, whereas the sample with the highest travel
speed of 100 mm/minute exhibited the lowest UTS and
YS.
Figure 6 shows a comparison of the tensile fracture

surfaces between the cast-T4 and FSP samples. The
fractograph of the cast-T4 sample exhibited the pre-
dominant cleavage fracture with deep cleavage steps and
small cleavage facets (Figure 6(a)). In contrast, the
ductile fracture feature composed of equiaxed and fine
dimples was observed for all the FSP samples
(Figures 6(b) through (d)).

C. Tensile Properties in the TD and LD

Tensile tests in both the TD and LD were conducted
for the FSP sample. To minimize the influence of grain
size variation on the tensile properties, the FSP sample
at 25 mm/minute with relatively uniform grain structure
was selected. The tensile results for both the FSP and
FSP-T5 samples are shown in Table II.
For the FSP sample, both the strengths and elonga-

tion were higher in the TD than in the LD. Large
improvements in the UTS and YS were observed
after post-FSP aging, but the elongation was reduced

Fig. 1—Macrographs of transverse sections of FSP samples at 800 rpm and (a) 25 mm/min, (b) 50 mm/min, and (c) 100 mm/min (the advancing
side is on the right).
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remarkably. No distinct difference in the UTS and YS
was observed for the FSP-T5 samples in the TD and
LD, whereas a lower elongation was obtained in the LD.

BSE images of the longitudinal sections of the failed
FSP and FSP-T5 samples are shown in Figure 7. For the
TD specimen, the fracture path seemed to have no
relation with the onion rings under both the FSP and
FSP-T5 conditions (Figures 7(a) and (c)). However, for
the LD specimen, the fracture path tended to follow the
trace of the black bands in the FSP sample and was well
along the white band in the FSP-T5 sample
(Figures 7(b) and (d)). A magnified image of the fracture
path as an insert in Figure 7(d) indicated that the white
band was the narrow particle-rich band, where the
particles were distributed mainly at the grain bound-
aries. Microvoids were found extensively in the interface
between the grains and particles, and these microvoids
were observed frequently in the particle bands near the
fracture tip (Figure 7(e)).

The surfaces of the failed tensile specimens are shown
in Figure 8. For the FSP sample in the TD tension,
grain boundary sliding (GBS) or grain rotation with
elongated grains was observed, extensive parallel slip
lines and slip steps were distributed in the grains, and a
small number of microcracks initiated mainly at the
grain triple junctions (Figure 8(a)). However, for the LD

specimen of the FSP sample, the slip lines were not
observed extensively and the slip steps and GBS were
not discernable, but a great number of cracks were
distributed unevenly at the grain boundaries perpendic-
ular to the tensile axis (Figure 8(b)). For the FSP-T5
sample, the surface of the failed TD specimen revealed
the unevenly distributed straight and wavy slip lines in
the grains, with some cracks being distributed at grain
boundaries and along the slip lines, as indicated by the
arrows in Figure 8(c). On the surface of the failed LD
specimen, the slip lines were not observed distinctly,
and besides the intergranular cracks, microvoids dis-
tributed at grain boundaries were detected frequently
(Figure 8(d)).
The fracture surfaces of the FSP and FSP-T5 samples

in the TD and LD are shown in Figure 9. For the FSP
sample, as shown in Figure 9(a), the TD fracture surface
showed a uniform ductile mode with the dimples
distributed in the whole section of the fracture, as
shown previously in Figure 6(b). On the LD fracture
surface, besides the ductile fracture, part of region with
a distinctly different fracture mode extended from the
bottom to the middle section of the fracture surface, as
marked by the dotted lines in Figure 9(b). A magnified
view of this region revealed the brittle fracture feature of
quasi-cleavage fracture and intergranular rupture, as

Fig. 2—Microstructure of (a) base metal and region 1 in the SZ as shown in Fig. 1 at different travel speeds: (b) 25 mm/min, (c) 50 mm/min,
and (d) 100 mm/min.
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shown in Figure 9(e). For the FSP-T5 sample, a uniform
fracture feature was observed in the TD specimen
(Figure 9(c)), whereas in the LD specimen, a wide band
of relatively different fracture surface was observed
evidently in the middle section throughout the tensile
specimen (Figure 9(d)); a magnified view of this region
revealed small and flat dimples (Figure 9(f)).

D. High-Temperature Tensile Properties

The effects of temperature on the tensile properties of
the aged Mg-Gd-Y-Zr samples are shown in Figure 10.
It is noted that the cast-T6 sample showed a low
strength of less than 250 MPa and the strength
decreased almost monotonically from room temperature
to 573 K (300 �C). By comparison, the FSP-T5 sample
exhibited significantly enhanced strengths, and both the
UTS and YS were almost unchanged from room
temperature to 473 K (200 �C), but decreased quickly
above 473 K (200 �C). In contrast, the elongation of
both cast-T6 and FSP-T5 samples increased roughly
with temperature, and the elongation of the FSP-T5
sample was higher than that of the cast-T6 sample at all
temperatures.

Figure 11 shows the fracture morphologies of the
cast-T6 specimens at various temperatures. The fracto-

graph at room temperature exhibited brittle fracture
composed of transgranular and intergranular rupture
and deep cleavage steps, and some features on cleavage
facets were observed (Figure 11(a)). As the temperature
increased, the cleavage steps decreased, and the cleavage
facets became smooth and featureless (Figures 11(c) and
(e)). As observed from the longitudinal sections close to
the fracture tip, twins were observed in all specimens,
and their number decreased with increasing temperature
(Figures 11(b), (d), and (f)). Cracks were observed only
inside the grains, with some being associated with the
deformation twins (as indicated by arrows). The number
of the cracks along the twins increased with increasing
temperature to 523 K (250 �C) but decreased at higher
temperature of 573 K (300 �C) (Figures 11(b), (d), and
(f)).
Figure 12 shows the fracture morphologies of the

FSP-T5 sample at different temperatures. The fracture
surfaces from room temperature to 523 K (250 �C) were
almost the same and were characterized by the majority
of quasi-cleavage fracture accompanied by a few inter-
granular cracks and small dimples (Figures 12(a) and
(c)). The fracture surface at 573 K (300 �C) revealed the
dominant intergranular rupture with fine dimples dis-
tributed densely in the fractured surfaces (Figure 12(e)).
On the longitudinal sections close to the fracture tip,

Fig. 3—Microstructure of region 2 in the SZ as shown in Fig. 1 at different travel speeds: (a) 25 mm/min, (b) 50 mm/min, and (c) 100 mm/min.

2098—VOLUME 43A, JUNE 2012 METALLURGICAL AND MATERIALS TRANSACTIONS A



cavities were observed at the grain boundaries, and they
tended to be elongated and interlinked perpendicular
to the tensile direction as the temperature increased
(Figures 12(b), (d), and (f)). No twins or cracks were
observed inside the grains.

IV. DISCUSSION

A. Microstructure Characteristics

The cast Mg-Gd-Y-Zr alloy was characterized by
coarse grains and large eutectic Mg5(Gd,Y) phases at
the grain boundaries. After FSP, because of the com-
bined effect of the mechanical mixing and frictional
heating generated from the FSP tool, fundamental
dissolution of the Mg5(Gd,Y) phase and significant
grain refinement were obtained (Figure 2). The non-
symmetric elliptical features of the SZs were present at
all FSP parameters (Figure 1). The same phenomenon
was observed in FSW aluminum alloys and was sug-
gested to be caused by the asymmetric flow of plasticized

materials during FSW.[16] The void at the top of the SZ
in the FSP sample at 100 mm/minute might result from
insufficient material flow, as reported previously in FSW
aluminum alloys.[17]

The microstructure of the SZ depended on the FSP
parameters. The grain size decreased with increasing
travel speed. At a lower travel speed, relatively uniform
microstructure was obtained throughout the SZ,
whereas at a higher travel speed, a heterogeneous grain
structure with evident onion rings was produced
(Figures 2 and 3). The formation of these microstruc-
tures could be explained by the difference in heat input
and strain rate. It is known that the heat input increased
with increasing the ratio of x/m, and the strain rate in the
SZ was controlled by both the x and m; higher x and m
produced a higher strain rate.[18,19]

At a higher travel speed, the high strain rate resulted in
fine grains and a more thorough breakup of the
Mg5(Gd,Y) phase, but the insufficient heat input resulted
in the incomplete dissolution of the Mg5(Gd,Y) phase
and insufficient material flow. Therefore, the fine grains
were obtained, but the onion rings with nonuniform

Fig. 4—SEM images of region 2 in the SZ as shown in Fig. 1 at different travel speeds: (a) 25 mm/min, (b) 50 mm/min, and (c) 100 mm/min. (d)
A magnified image of the particle bands at 25 mm/min.
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grains, bands of different solute contents, and particle
bands were evident in the FSP sample at 100 mm/minute
(Figures 2(d), 3(c), and 4(c)). By comparison, the FSP
sample at a lower travel speed was exposed to higher
temperature, and the dissolution of the Mg5(Gd,Y)
particles was then enhanced; however, the higher tem-
perature and lower strain rate resulted in the coarse
grains. Therefore, a more uniform microstructure with
relatively large grains was obtained in the FSP sample at
25 mm/minute (Figures 2(b), 3(a), and 4(a)). The
increased width of the onion rings with increasing the
travel speed was attributed to the increased m/x value,
which resulted from a geometric extrusion process.[20]

It was reported that for the cast EV31A and AZ91D
magnesium alloys, the homogeneous SZ structure could
be achieved at a relatively low heat input.[8,11] For a cast
Mg-Al-Ca alloy containing thermally stable Al2Ca
phase, the uniform SZ with the dispersed fine Al2Ca

particles could be obtained at a low heat input param-
eter of 1500 rpm and 1500 mm/minute.[21] For the
current Mg-Gd-Y-Zr alloy, a high heat input with the
combined parameters of 800 rpm and 25 mm/minute
was needed to obtain a relatively uniform microstruc-
ture. Reasons for these differences could be explained
based on the second phase.
In the reported cast magnesium alloys, either the

fraction of the second phase or the eutectic temperature
was relatively low. For the cast EV31A and AZ91D
magnesium alloys containing the dissolvable second
phase with a low eutectic temperature, low values of x
and m or high values of x and m could be applied to
obtain a defect-free and uniform microstructure with
dissolved particles because either the shorter duration at
a higher temperature or the longer time at a lower
temperature could result in the dissolution of parti-
cles.[15] For the cast Mg-Al-Ca alloy containing the

Fig. 5—TEM images of (a) (c) cast-T6 and (b) (d) FSP-T5 (800 rpm, 25 mm/min) samples.

Table I. Tensile Properties of Mg-Gd-Y-Zr Alloy in Various Conditions

Temper YS (MPa) UTS (MPa) El. (pct)

Cast-T4 157 ± 6.3 224 ± 6.3 14.4 ± 2.6
FSP, 800 rpm-25 mm/min 268 ± 2.2 357 ± 0.6 24.0 ± 1.5
FSP, 800 rpm-50 mm/min 281 ± 6.6 363 ± 2.3 29.1 ± 0.4
FSP, 800 rpm-100 mm/min 214 ± 6.6 322 ± 2.1 31.0 ± 1.5
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indissolvable Al2Ca particles, the strain rate played a
dominant role in obtaining a uniform microstructure
with refined particles. Therefore, high values of x and m
with a low heat input and high strain rate could produce
a uniform microstructure with dispersed fine particles in
the cast Mg-Al-Ca alloy.

In the current cast Mg-Gd-Y-Zr alloy, a high volume
fraction of eutectic phase with a high eutectic temper-
ature (~813 K [~540 �C]) was present,[22] and the diffu-
sion rates of the Gd and Y elements in Mg are low
because of their large atom radius. In this case, both a
higher temperature and longer duration at high temper-
ature are needed to dissolve the eutectics and obtain a
uniform microstructure; therefore, a high heat input
with low travel speed is applied. It was also observed
that the grain size was relatively fine and affected weakly
by the heat input; the same phenomenon was observed

in a previous study.[23] This may be attributed to the
solute drag of the large RE atoms and the pinning effect
of the eutectic particles during FSP, which can influence
strongly the recrystallization kinetics.[24,25]

The dense b’ particles were observed in both the cast-
T6 and FSP-T5 samples (Figure 5). The similar size and
density of the b’ particles in both samples indicated the
similar aging response. This was coincident with the
previous report that the grain size had little influence on
the aging kinetics of the Mg-RE alloys.[2] However, the
precipitates at the grain boundaries were different in the
cast-T6 and FSP-T5 samples. The grain boundary
precipitates were observed commonly in the cast-T6
sample but seldom in the FSP-T5 sample, which
indicates that solute segregation at the grain boundaries
still existed in the cast-T4 sample but was alleviated
significantly after FSP because of the accelerated disso-
lution of the second phase and the diffusion of solutes
promoted by the intense plastic deformation and mate-
rial mixing.

B. Mechanical Properties

The BM exhibited low UTS of 187 MPa and YS of
178 MPa, and a low elongation of 3.2 pct because of the
coarse grains and large eutectic Mg5(Gd,Y) phase.[12]

After the solution treatment, the Mg5(Gd,Y) phase was

Fig. 6—Fractographs of (a) cast-T4 and FSP samples at different travel speeds: (b) 25 mm/min, (c) 50 mm/min, and (d) 100 mm/min.

Table II. Tensile Properties of FSP Sample (800 rpm,

25 mm/min) in the TD and LD

Specimen Orientation YS (MPa) UTS (MPa) El. (pct)

FSP TD 268 ± 2.2 357 ± 0.6 24.0 ± 1.5
LD 223 ± 3.4 323 ± 7.2 18.8 ± 0.7

FSP-T5 TD 327 ± 4.5 424 ± 8.8 6.0 ± 1.3
LD 329 ± 4.9 418 ± 7.1 3.4 ± 0.3
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dissolved, the UTS and elongation of the cast-T4 sample
were improved significantly, but the YS was reduced.
The FSP samples exhibited significantly enhanced UTS,

YS, and elongation compared with the cast-T4 sample
(Table I). This finding is attributed to significant
grain refinement and fundamental dissolution of the

Fig. 7—Longitudinal section of failed tensile specimens for (a) and (b) FSP, and (c) and (d) FSP-T5 samples (800 rpm, 25 mm/min) in (a) and
(c) TD, and (b) and (d) LD. (e) Particle-rich bands near the fracture tip of FSP-T5 sample in LD.
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Mg5(Gd,Y) phase. The elongation of the FSP samples
increased with increasing the travel speed. However, the
UTS and YS of the FSP samples did not exhibit a
monotonous increase with decreasing the grain size. It
seems that the onion rings exert an influence on the
variation in the strengths.

It is documented that the solid solution, precipitation,
and grain refinement contribute to the strengthening of
the Mg-Gd-Y-Zr alloy.[26] For the FSP samples with a
fine-grained structure of nearly supersaturated solid
solution, both grain refinement and solution strength-
ening are the main strengthening mechanisms. In all the
SZs, the onion rings with alternating bands of different
solute contents were observed (Figure 4). Gao et al.[27]

found that the strengthening rate of Gd and Y atoms in
the solid solution of Mg is considerably higher than that
of Al and Zn. In this case, fluctuant solution strength-
ening would exist in the SZs: The strengthening in the
black bands with low solute contents was weaker than
that in the gray and white bands with medium and high
solute contents. Therefore, a layered structure with
varied strength was present in the SZ, and such a
structure is like the laminated structure.

It was reported that for the laminates with increasing
the layer thickness, the strength decreased, whereas the
elongation increased.[28] The current FSP samples

exhibited increased band width and reduced grain size
with increasing the travel speed. Therefore, the elonga-
tion increased with the travel speed. And the variation
of the tensile strength with the travel speed could be
considered as the combined results of the band width
and grain size. As the travel speed increased, the
strengthening from the grain size increased, whereas
that from the onion rings decreased. Increasing the
travel speed from 25 to 50 mm/minute, the combination
of the onion rings with a medium width and the fine
grains with an average size of 6.1 lm contributed to the
highest strength in the FSP sample with the travel speed
of 50 mm/minute. At the highest travel speed of
100 mm/minute, remarkably widened onion rings
reduced the strength of the FSP sample significantly,
although the grain size decreased even more to 5.6 lm.
Furthermore, although the particle bands existed in all
the SZs, their effect on the tensile properties was small as
a result of their small numbers.

C. Tensile Properties in the TD and LD

The anisotropy of tensile properties for the FSP
sample in the TD and LD was also observed previously
in magnesium alloys and was suggested to be caused by
the texture variation.[29,30] In the FSP AZ31B alloy,

Fig. 8—Surface morphology of (a) and (b) FSP, and (c) and (d) FSP-T5 samples (800 rpm, 25 mm/min) tested in (a) and (c) TD, and (b) and (d)
LD (tensile axis is horizontal).
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enhanced elongation and lower strengths were observed
in the LD,[29] and these were attributed to the (0002)
texture variation as a result of shear deformation during
FSP. Bhargava et al.[30] observed that for AZ31B alloy,
both the tensile strength and elongation were enhanced
in the TD. They found that besides the basal plane
texture, the strong 1010

� �
texture was also present, this

strong texture caused the prismatic planes to align for
easy slip during the TD test, and increased stress were
then needed to activate this prismatic slip.

To evaluate the influence of texture on the TD and
LD tensile properties, the Schmid factor analyses in the
TD-LD and TD-ND planes for the FSP sample at
25 mm/minute were conducted using the EBSD method.
The EBSD was conducted on the tensile specimens and
covered the whole section of the gage region; thus the
exact Schmid factors could be obtained for the tensile
specimens. The distribution of the Schmid factor for the
basal slip systems in the TD and LD tests is shown in
Figure 13. The average Schmid factor for the TD and

Fig. 9—Fracture surfaces of (a) and (b) FSP, and (c) and (d) FSP-T5 samples (800 rpm, 25 mm/min) tested in (a) and (c) TD, and (b) and (d)
LD. (e) A magnified image of region E in Fig. 9(b). (f) A magnified image of region F in Fig. 9(d).
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LD tests was determined to 0.34 and 0.32, respectively.
This finding implies that from the viewpoint of the
orientation factor, the TD specimens should have lower
YS than the LD ones. However, the tensile results did
not follow this prediction. Thus, the texture is not the
factor that resulted in the varied tensile properties in the
TD and LD. The fracture surfaces in the LD test
(Figures 7 and 9) indicated that the fracture behavior
was related to the onion rings; thus, the low tensile
properties in the LD were most likely to be caused by
the onion rings.

As shown in Figure 7, the onion rings showed
different morphologies in the transverse and longitudi-
nal sections of the SZ. In the transverse section, the
onion rings exhibited the feature of approximately
concentric and discontinuous circles, whereas parallel
and discontinuous semicircular marks were present in
the longitudinal section. Therefore, the deformation
conditions were different for the TD and LD tensile
tests. For the TD tension, the tensile axis was almost
parallel to the alternating bands, whereas for the LD
tension, the tensile axis was perpendicular to these
bands. It is thus proposed that for the FSP sample, the
anisotropy of tensile properties could be explained by
the difference in the deformation conditions.

As discussed above, the onion rings containing
alternating bands were like the laminated structure.
For the TD test of the FSP sample, these bands were
roughly on the isostrain orientation,[31,32] and the
strength contribution of these bands followed the rule
of mixture. It is known that the layer thickness and the
constituent materials could affect the deformation
behavior of the laminates. The thin layers and the low
mechanical dissimilarity between the constituent mate-
rials could generate uniform deformation and enhance
the fracture elongation.[33] In the TD test, the deforma-
tion surface and fractograph of the FSP sample exhib-
ited the uniform deformation (Figures 8(a) and 9(a)).
This might result from the narrow bands with a width of
approximately 50 lm and the low mechanical dissimi-
larity between these bands, as they differed in the solute
contents inside the grains. Therefore, enhanced tensile
elongation was obtained in the TD test for the FSP
sample.

For the LD test of the FSP sample, these bands were
perpendicular to the tensile axis. The tensile strength

was the minimum strength of these bands, i.e., the black
bands. Therefore, lower tensile strength was observed in
the LD than in the TD. As a result of localized
deformation in the soft black bands, the stress concen-
tration was generated in the interfaces of the black
band/matrix or the black band/white band, causing
early failure of the LD specimen. This is supported by
the deformation and fracture surfaces. On the longitu-
dinal section of the failed specimen, the fracture path
followed the black bands well, indicating the localized
deformation at the black bands. The lack of extensive
slip lines (Figure 8(b)) and the unevenly distributed
cracks on the deformed surface were indicative of the
nonuniform deformation. The brittle rupture part on the
fracture surface also indicated this nonuniform defor-
mation, and its termination in the middle section of the
tensile specimen (Figure 9(b)) would be attributed to the
discontinuity of these bands, as shown in Figure 7(b).
Therefore, lower elongation was observed in the LD
test.
For the FSP-T5 sample, the precipitation of densely

distributed, nanosized b’ particles (Figure 5(b)) signifi-
cantly enhanced the strength and reduced elongation
compared with the FSP sample. In this case, precipita-
tion strengthening was the main strengthening mecha-
nism in the FSP-T5 sample. However, different from
that for the FSP sample, the strength anisotropy in the
TD and LD for the FSP-T5 sample disappeared, which
is attributed to the similar precipitation strengthening
effect. For the Mg-RE alloys, a previous study indicated
that the increase of supersaturation could accelerate the
aging kinetics.[2] For the black bands with low solute
content, the age-hardening response was slower than
that for gray and white bands with medium and high
solute contents. Therefore, the size or density of the
precipitates might vary between these bands after aging
for 13 h. This hypothesis was confirmed by Anyanwu
et al.,[34] who studied the aging characteristics of
Mg-Gd-Y-Zr with different solute contents. They
observed that the precipitates decreased in number and
became coarser as the Gd content decreased, and the
peak hardness gradually decreased with increasing the
Y/Gd ratio when aged at 498 K (225 �C).[34]
According to previous studies on the Mg-Gd-Y-Zr

alloy with the similar solute contents as the present
bands, aging at 498 K (225 �C) for 13 h could reach the

Fig. 10—Elevated temperature tensile properties of Mg-Gd-Y-Zr alloy.
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peak hardness.[26,34] Thus, the bands with solute content
difference in the FSP-T5 sample were all on the peak
aging condition. The Y/Gd mol ratio in the black, gray
and white bands was 0.55, 0.45, and 0.47, respectively,
and the hardness in these bands should be almost the
same according to the study of Anyanwu et al.[34] In this
case, despite the differences in the precipitates, the
precipitation strengthening effect in various bands had
little difference. So the effect of solute content differ-
ences on the strengths in the LD test was not as evident

in the FSP-T5 sample as in the FSP sample, and the
strengths in the TD and LD were almost the same.
Although the bands with different solute contents had

little influence on the tensile strength anisotropy of the
FSP-T5 sample, the small amount of particle bands did
affect the tensile elongation. The fracture surface of the
TD specimen showed the uniform fracture mode
(Figure 9(c)) as a result of uniform deformation. For the
LD tension, the breakup of the particle bands (Figure 7(d))
led to the early failure of the specimen, and a low

Fig. 11—SEM images of fracture surfaces ((a), (c), and (e)) and longitudinal sections ((b), (d), and (f)) near fracture tip of cast-T6 sample at (a)
and (b) room temperature, (c) and (d) 523 K (250 �C), and (e) and (f) 573 K (300 �C).
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elongation was obtained. This result was justified by
the deformation and fracture surfaces. The microvoids
on the LD deformation surface (Figure 8(d)) and the
extensive microvoids located at these particles in
Figures 7(d) and (e) were indicative of the local stress
concentration at the particles, these voids would
interlink in the particle bands and cause early failure
of the FSP-T5 sample. The region with small and flat
dimples on the LD fracture surface (Figure 9(d)) was

also indicative of failure at the particle bands with
dense and fine particles. It is observed that the
fracture location of the LD tensile specimens shifted
from the black bands in the FSP condition to the
particle-rich band in the FSP-T5 condition. The
reason for this was the sensitivity of the high-strength
FSP-T5 samples to local stress concentration gener-
ated in the particle bands perpendicular to the tensile
axis in the LD test.

Fig. 12—SEM images of fracture surfaces ((a), (c), and (e)) and longitudinal sections ((b), (d), and (f)) near fracture tip of FSP-T5 sample at (a)
and (b) room temperature, (c) and (d) 523 K (250 �C), (e) and (f) 573 K (250 �C).
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D. High-Temperature Tensile Properties

The FSP-T5 sample exhibited superior strength and
enhanced elongation compared with the cast-T6 sample.
This was attributed to the fine grains and thermally
stable b’ phase as identified in Figure 5. The effective
pinning effect of b’ precipitates on the basal slip resulted
in high strength even at 473 K (200 �C). At above 498 K
(225 �C), rapid deterioration of strength occurred for
the FSP-T5 sample because of the coarsening of the
precipitates and the reduced blocking effect of the b’
precipitates to the activated nonbasal gliding. It is noted
that because of the coarse grains, the strength deterio-
ration rate of the cast-T6 sample was lower than that of
the FSP-T5 sample.

As observed from all the fractographs, no obvious
deformation on the cleavage planes or the small facets
was observed, so the elongation of both the as-cast and
FSP samples was relatively low even at high tempera-
tures. Note that the intergranular rupture was com-
monly observed at all temperatures in the cast-T6
sample but seldom observed in the FSP-T5 sample even
at 473 K (200 �C). This intergranular fracture in the
cast-T6 sample could be caused by the presence of grain-
boundary precipitates (Figure 5(b)).

The deformation mechanisms of the cast-T6 and FSP-
T5 samples were different. Twins were observed in the
deformed cast-T6 sample at all testing temperatures.
The occurrence of twins even at high temperatures was
probably a result of the low ductility caused by the
coarse grains and dense precipitates, and even the acti-
vation of nonbasal slip could not accommodate the
deformation. The extensive cracks occurred and prop-
agated along the boundaries between the twins and the
matrix at all temperatures (Figure 11). This failure
mechanism was commonly observed in deformed
coarse-grained magnesium alloys, and it was suggestive
of the local stress concentration generated by twins.[35]

So the dominant deformation mechanism of the cast-T6
sample was twin deformation even at high temperatures.
No twins were observed at all testing temperatures in the
FSP-T5 sample. The grain boundary voids and their

interlinkage were observed as the temperature increased.
Therefore, the deformation mechanism of the FSP-T5
sample was dislocation slip accompanied by void
growth.

V. CONCLUSIONS

1. FSP resulted in significant grain refinement and
fundamental dissolution of the eutectic Mg5(Gd,Y)
phase in the Mg-Gd-Y-Zr casting. At the investi-
gated travel speeds of 25 to 100 mm/minute, the
onion rings with bands of different solute contents
were observed. As the travel speed increased, the
grain size decreased and the banded structure
became evident.

2. Compared with the cast BM, the FSP samples
exhibited remarkably enhanced tensile properties.
As the travel speed increased from 25 to 100 mm/
minute, the elongation of the FSP sample increased;
however, the highest strengths were obtained at a
medium travel speed of 50 mm/minute. Further-
more, the FSP samples exhibited a tensile anisot-
ropy; both the strengths and elongation were higher
in the TD than in the LD.

3. After post-FSP aging, the strengths of the FSP sam-
ples were significantly increased and the elongation
was reduced. The strengths in the TD and LD were
almost the same, whereas lower elongation was
observed in the LD.

4. The FSP samples showed enhanced tensile proper-
ties at high temperatures compared with the cast
BM. High yield strength of above 250 MPa was
kept even at 523 K (250 �C).
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