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ARTICLE INFO ABSTRACT

Keywords: The creep properties of a hot-compressed Mg-9Gd-4Y-0.5Zr alloy with different volume fractions (VFs) of fine
M?gneSi“m grains were investigated at 523 K, 548 K and 573 K. Based on the initial VFs of fine grains, the samples were
Microstructure divided into four groups including VFy (VF = 0), VFq 3 (VF = 20%), VFo 5 (VF = 50%) and VFqg (VF = 80%)
g?:fz pcation samples. The VFj g sample had the highest yield stress at room temperature, followed by the VF s and VFq 2

samples, and the VF, sample had the lowest. But after creep tests, the VF( 2 and VF 5 samples had better creep
resistance compared to the VFy and VF g samples at all the three temperatures. The creep life was shortest for the
VF( sample due to its lowest yield stress. The VF( 2 and VFg 5 samples were dominated by dislocation climb and
pyramidal <c+a> slip during creep testing. Deformation bands formed by pyramidal <c+a> dislocations and
obvious dynamic precipitation strengthened the creep resistance. Besides, the serrated grain boundaries were
formed by the combination of coarse and fine grains, which absorbed dislocations and further improved the
creep resistance. The VF( g sample was weakened by the precipitate-free zones (PFZs) formed along the high
densities of grain boundaries. Although fine grains could improve yield stress, the excessive fine grains deteri-
orated the creep resistance owing to the heavy appearance of PFZs. Fortunately, the creep properties were
successfully enhanced in this work through introducing mixed microstructures with both coarse and fine grains.

1. Introduction

Magnesium (Mg) and its alloys have been widely used in trans-
portation, aerospace and digital products because of their excellent
physical and mechanical characteristics such as low density, high spe-
cific stiffness, and damping capacity [1-3]. However, the widespread
applications of Mg alloys are restricted due to the low creep resistance at
medium to elevated temperatures [4,5]. So far, many attempts have
been made to overcome this shortcoming. Adding rare-earth (RE) ele-
ments is one of the effective ways [6,7]. RE elements like Gd and Y can
increase the heat resistance and promote the precipitation hardening
during creep process, leading to a better creep resistance in Mg-Gd-Y
based alloys compared to that in RE-free Mg alloys [8,9]. Since RE

elements can inevitably delay the occurrence of dynamic recrystalliza-
tion (DRX) and induce inhomogeneous distributions of grain size during
solid solution, hot deformation is usually performed to achieve high
volume fractions (VFs) of DRXed grains and high yield stress [10-12].
Similarly, in order to make Mg-Gd-Y based alloy become a good
candidate in various industrial fields at medium to elevated tempera-
tures, further improvement for their creep resistance is still in urgent
need.

For Mg alloys, the creep mechanisms include self-diffusion, grain
boundary slide, dislocation climb, and cross-slip etc., which are depen-
dent on the alloy compositions and service conditions [5,8]. The
improvement of creep resistance can be achieved through prohibiting or
promoting these mechanisms [13-15]. Generally, alloying and heat
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treatment are the two common ways. For example, Wan et al. [16]
indicated that the creep resistance of Mg-12Zn-4Al alloy could be largely
improved by adding only a low content of Ca. The reason was that Ca
could catalyze the formation of network phases inside the grain
boundaries and the network phases could postpone the crack initiation
inside the grain boundaries. Si addition was also found to decrease the
creep rate of AZ61 alloy [17]. Although Si could not influence the
dominant creep mechanism, the generation of Mg»Si particles increased
the creep resistance through their polygonal morphology and thermo-
stability. Yuan et al. [18] enhanced the creep resistance of
Mg-6Gd-4Y-Nd-0.7Zr alloy via artificial aging. The dislocation move-
ment was significantly impeded by the precipitated phases. Besides, in a
creative study of pre-creep at 700 K under 5-10 MPa on a Mg-Al binary
alloy, the authors found that pre-creep could compel straight grain
boundaries evolving into serrated shape [19]. During the next creep
tests at 500 K and 600 K, the samples with serrated grain boundaries had
much longer creep life in comparison to the samples with straight grain
boundaries. Nonetheless, the pre-creep temperature of 700 K is too high
for the heat-treatable alloys like Mg-Gd-Y series [20,21]. Moreover, the
applied stress range of 5-10 MPa is too low to induce grain boundary
slide for multi-element alloys and the pre-creep time is too long for
practical applications [22,23]. It is thus expected that an effective and
efficient way could be put forward to enhance the creep resistance and
prolong the creep life of Mg-Gd-Y based alloys.

In the authors’ previous work [24], the microstructure evolutions of
a cast Mg-Gd-Y-Zr alloy were studied using both one-step compression
and interrupted compression. As a result, the valid methods of attaining
microstructures with different VFs (0-80%) of DRXed grains were ach-
ieved. Inspired by the previous work [24] and the reference [19], the
authors have tried and achieved a novel thought to enhance the creep
resistance of Mg-Gd-Y based alloys via inducing serrated grain bound-
aries and producing mixed microstructures with both coarse and fine
grains. Here, in this paper, the tensile creep properties of a
Mg-9Gd-4Y-0.5Zr alloy with different VFs of DRXed grains are studied at
523 K, 548 K and 573 K. A novel thought for enhancing creep properties
are successfully put forward and the corresponding reasons are
explained by creep kinetics analysis and various microstructural char-
acterizations. It is hoped that the novel thought in this work can
contribute to the theories and applications of heat-resistant Mg-RE based
alloys.

2. Experimental procedure

The Mg alloy with an element composition of 9 Gd, 4 Y, 0.5 Zr and
balanced Mg (all in weight percentage) was prepared through semi-
continuous casting. Cubic samples with a gauge size of 10 x 10 x 12
mm? were cut from the ingot center. Solid solution was performed at
793 K for 8 h and then air cooling, leading to the evolution of a
microstructure composed of equiaxed grains with an average grain size
of ~200 pm.

Hot compression was carried out at 793 K using an Instron-type
mechanical testing machine. Three terminative true strains were
determined, including ¢ = 0.3, 1.2 and 1.6. The samples were subjected
to the same deformation method as the authors’ previous study,
including a traditional one-step compression and an interrupted
compression [24,25]. The true strains to ¢ = 0.3 and 1.2 were obtained
using one-step compression at a strain rate of ¢ = 3 x 10> s~. While the
true strain of ¢ = 1.6 were obtained using interrupted compression,
including compression to a true strain of ¢ = 0.3 at a strain rate of ¢ = 3
x 10357}, intermediate annealing at 793 K for 10 min, and followed by
compression to the terminative true strain of ¢ = 1.6 at a high strain rate
of ¢ = 3 x 107! s7L. In this way, the VF of DRXed grains could get to
80%, otherwise RE elements would delay the DRX process during the
one-step compression [24-26]. After each hot deformation, water
quenching was performed within 1.5 s to preserve the instantaneous
deformed microstructure. For each testing condition, three specimens
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were used to calculate the average values of the VFs of fine grains. The
average grain size of the obtained fine grains during deformation was
around 10 pm. Hereafter, the samples are divided into four groups ac-
cording to their VFs of fine grains, which are VF =0 (¢ = 0), VF = 0.2 (¢
=0.3), VF = 0.5 (¢ = 1.2) and VF = 0.8 (¢ = 1.6). For briefness, the four
groups of samples are labeled as VFy, VF( 3, VF( s, and VFg g samples,
respectively.

Uniaxial tensile tests were carried out at room temperature with a
strain rate of 3 x 10> s™1. Tensile creep tests were conducted through
an RWS-50 electronic creep testing machine at 523 K, 548 K and 573 K
under different applied stresses. The tensile direction was perpendicular
to the hot compressive direction. Samples for uniaxial tensile tests and
tensile creep tests were machined with a gauge size of 5 x 1.5 x 1 mm®.
Before creep tests, the samples were pre-heated to the corresponding
creep temperature and held for 10 min. After creep tests, the samples
were immediately quenched in water. The microstructures before and
after creep tests were examined using optical microscopy (OM), scan-
ning electron microscopy (SEM), electron backscatter diffraction (EBSD)
apparatus with orientation imaging microscopy (OIM), and transmission
electron microscopy (TEM). Samples for OM, SEM and EBSD observa-
tions were cut from the center of the tested specimens, followed by
mechanically grinded on sand papers from 400 # to 1600 # and electro-
polishing in a solution of nitric acid (10 mL) and absolute ethanol (100
mL). The preparation of TEM samples involved ion milling method after
mechanical grinding to a thickness of 100 pm. All the observation di-
rections were along the hot compressive direction.

3. Results
3.1. Initial microstructures and uniaxial tensile properties

Fig. 1 presents the initial microstructures of the VF, VFg 2, VFq 5, and
VFo s samples. The initial grains of the VF, sample (Fig. 1(a)) are
gradually fragmented and straight grain boundaries are apparently
serrated as the compressive strain increases to ¢ = 0.3 and ¢ = 1.2
(Figs. 1(b) and (c)). Fine grains are successively formed as colonies along
the initial grain boundaries, resulting in the VFy 3 and VFy 5 samples
owning microstructures with mixed grain sizes and serrated grain
boundaries. When the true strain is increased to ¢ = 1.6, DRX happens in
most regions and the serrated grain boundaries tend back to straight
shape in the VF g sample. No obvious dynamic precipitation happens in
the VF(, VF 2 and VF( 5 samples while a low extent of dynamic pre-
cipitation happens in the VF, g sample. Therefore, dynamic precipitation
during hot compression acts a minor role in the following uniaxial
tensile tests and tensile creep tests.

The typical inverse pole figure (IPF) maps of initial microstructures
are presented in Fig. 2. Different colors indicate different crystallo-
graphic orientations, for example, red grains represent their c-axes
parallel to the compressive direction. Black lines represent high angle
boundaries (HABs) with misorientations over 15° and white lines
represent low angle boundaries (LABs) with misorientations ranging
from 2° to 15°. It is seen that the initial grains in the VF sample (Fig. 2
(a)) show random orientations. After hot compression, DRX happens and
fine grains are created with random orientations in the VFg 3, VFo 5 and
VF(.g samples. Most of their residual initial grains are rotated to have
their c-axes parallel to the compressive direction (Fig. 2(b)-(d)). Within
the red colored grains, LABs are formed and some of the LABs are
penetrating across the whole grains.

Fig. 3 shows the typical kernel average misorientation (KAM) maps
of initial microstructures. As can be seen, the VF, sample has an un-
distorted microstructure. With the compressive strain increasing, the
residual stress firstly increases and then decreases. Moreover, the re-
sidual stress mostly exists in residual initial grains and matches the
positions of LABs in Fig. 2 very well. These stable LABs during hot
compression are considered as deformation bands or kink bands, which
are usually treated as the primary factor for continuous DRX in hot-
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Fig. 1. Initial microstructures of (a) VFy, (b) VFy.o, (c) VF s and (d) VF, g samples. Observation direction is along hot compression direction.

deformed Mg alloys [24-29].Fig. 4 shows the resultant mechanical
properties after uniaxial tensile tests in triplicate. As can be seen, the
VF(.g sample has the highest yield stress due to the high VF of DRXed
grains [28]. The yield stresses of the samples, all measured as the 0.2%
proof stresses, are 116 MPa for the VF, sample, 143 MPa for the VFg»
sample, 174 MPa for the VF( 5 sample and 232 MPa for the VF( g sample,
respectively. The applied stresses for tensile creep tests are then deter-
mined lower than the yield stress of the VFy sample. The other me-
chanical properties at room temperature are listed in Table 1.

3.2. Creep properties

Fig. 5 shows the typical creep curves for the four groups of samples
tested at 523 K, 548 K and 573 K under the applied stress of 100 MPa. It
can be obviously observed from the creep curves that the VFy sample has
a short creep life and the VF( g sample has a high creep rate at all the
three creep temperatures. The specific steady creep rates of the samples
tested under 100 MPa are listed in Tables 2-4, respectively. For brevity,
the steady creep rates under other applied stresses are also listed in the
tables instead of further enumeration. It is noteworthy that the VFg s
sample shows the best creep resistance and followed by the VF( 5 sample
at 523 K and 548 K while the VF 5 sample owns the best creep resistance
at 573 K. This switched phenomenon of the creep resistance between the
VFy.2 and VFg 5 samples is interesting, which will be discussed later.
With the results shown in Fig. 5 and listed in Tables 2-4, it can be
suggested that the samples with mixed grain sizes have better creep
resistance compared to the fine-grained sample and the coarse-grained
sample. Namely, the best microstructure conducive to creep properties
does not exists in the sample which has the highest yield stress. This is a
new finding in heat-resistant Mg alloys and it is also worthy of
explaining the detailed reasons later.

It is essential to speculate the possible creep mechanisms for un-
derstanding the different creep properties in the tested samples. The
stress exponent, n, which represents the sensibility of creep rate to stress

variation at a certain temperature and corresponds to the specific creep
mechanism, can be obtained by taking the creep time derivative from
the creep curves [30]. Specifically, for Mg alloys, an n value ~1 stands
for the creep process controlled by self-diffusion, ~2 for grain boundary
slide, ~3 for dislocation viscous glide, ranging from 4 to 7 for dislocation
climb or cross-slip [16,30]. The steady creep rate can be expressed by
the conventional power-law equation in accordance with the applied
stress o and the absolute temperature T [31,32]:

. 0
eé=Ac"exp| — 1
xv( RT @
where A is a constant, Q is the activation energy for creep and R is the
gas constant. When the T is constant, the equation can be modified as:

_ dln¢
" dlno

@

The stress exponent, n, can be obtained from the slope of a In-In plot
of steady creep rate versus applied stress. Based on the results in Fig. 5
and Tables 2-4, three plots of creep stress exponents are shown in Fig. 6.
At 523 K and 548 K, as shown in Figs. 6(a) and (b), the stress exponents
of the VFy, VF( 5 and VFj 5 samples are all around or above 4, indicating
that their creep mechanisms may be dislocation climb or cross-slip [32].
Nonetheless, the stress exponent of the VFyg sample appears to be
around 2, suggesting the main creep mechanism of the VF( g sample is
grain boundary slide [30]. Similarly, the creep stress exponents at 573 K
exhibited in Fig. 6(b) still have the lowest n value in the VF, g sample.
Since the n values are approximate at all the three temperatures, the
corresponding creep mechanisms should be the same. Meanwhile, the
activation energy, Q, for all samples crept under 100 MPa is calculated
and shown in Fig. 7. Compared to the self-diffusion energy in Mg (135
kJ/mol), the main creep mechanism is dislocation slip for the VFq, VFj 2
and VFys samples and grain boundary slide for the VFyg sample
[30-32]. Accordingly, the OM, SEM and TEM observations are all per-
formed on the samples crept at 523 K. Moreover, the longer creep life at



Y. Yang et al.

Materials Science & Engineering A 777 (2020) 139052

Fig. 2. Typical IPF maps of initial microstructures of (a) VFy, (b) VF.5, (c) VFgs and (d) VF g samples. Black lines represent grain boundaries with high angle
misorientations above 15° while white lines represent low angle boundaries with misorientations between 2° and 15°. Observation direction is along hot

compression direction.

523 K can improve the accuracy of microstructural characterization.
4. Discussion

4.1. Microstructure evolutions during creep testing

Judging from the above, it is obvious that the VFj 5 and VF; 5 samples
own better creep properties at all the three temperatures. It is necessary
to find the crack areas in the four groups of samples. Fig. 8 shows the
microstructures of the samples crept at 523 K under 100 MPa. When the
VF( sample crept to 50 h, there are evident cracks (indicated by the red
arrows) propagating in the grain interiors in Fig. 8(a). Although the
grain boundaries are still straight, the VF, sample fails due to its low
yield stress in a short time, which is not even long enough for strain
aging to happen [31,33]. In the VF 2 sample, a few cracks can be found
in the sites of DRXed nucleation (Figs. 8(b) and (c)). These sites are
surrounded by initial coarse grains, indicating that fine grains prefer to
acting as crack site during creep process [33,34]. This is in agreement
with many other researches about the creep properties in steel and Ni

alloys [35-38]. In the VFg 5 sample, as shown in Figs. 8(d) and (e), the
cracks are also found in the areas of fine grains. Considering the similar n
values (corresponding to the main creep mechanism of dislocation slip)
but different creep properties in the VFy, VFy s and VFg 5 samples, an
interesting suggestion can be proposed here. The serrated grain
boundaries formed by coarse and fine grains can continuously absorb
dislocations during creep process, since serrated grain boundaries tend
to evolve back into straight shape [19,38]. These grain boundaries
remain the serrated shape stably even the creep approximately reaches
rupture as presented by Fig. 8(b)-(e). In contrast, in Fig. 8(f), the high VF
of fine grains leads to very few serrated grain boundaries in the VFy g
sample. Grain boundary slide happens rapidly and crack sites are easily
increased [39].

4.2. Precipitation behaviors during creep testing
To further study the influences of different microstructures on the

creep properties, it is also necessary to analyze the precipitation be-
haviors during creep testing. Since OM maps cannot clearly show
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Fig. 3. Typical KAM maps of initial microstructures of (a) VFy, (b) VFy.s, (¢) VFy s and (d) VFg g samples. Observation direction is along hot compression direction.
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Fig. 4. True stress-strain curves of samples tensile tested at room temperature.

dynamic precipitates, the occurrence of dynamic precipitation needs to
be proven by SEM observation. The typical SEM images of the VFg o,
VF(5 and VFj g samples crept at 523 K under 100 MPa after 100 h are
shown in Fig. 9. It can be seen in Fig. 9(a) that many needle-like

Table 1

Results of uniaxial tensile tests at room temperature.
Properties VF, VFj.o VFo 5 VFps
Yield stress /MPa 116 143 174 232
Ultimate tensile stress /MPa 135 188 226 288
Fracture elongation /% 6.1 7.3 7.5 12.6

precipitates are formed in the VFy 5 sample and the precipitates are
crossing each other by an angle of 60°. Besides dynamic precipitation in
the VFg» sample, Fig. 9(b) shows the formation of deformation bands
which are the LABs in the residual coarse grains in Fig. 2(b). The
deformation bands can promote cDRX during hot compression, improve
yield stress at room temperature, trigger dynamic precipitation and
strengthen creep resistance [40,41]. However, in the VFs sample
(Fig. 9(c)), PFZs are generated along the fine grain boundaries. In Fig. 9
(d), the PFZs becomes wider and owns a higher density owing to grain
boundary slide being the main creep mechanism of the VF( g sample. As
PFZs are usually treated as the weak-strength areas perpendicular or
having large tilt angles to the tensile creep direction [34,42,43], the
creep resistance of the VF( g sample is much lower compared to the VF 5



Y. Yang et al. Materials Science & Engineering A 777 (2020) 139052
5 25
— VF, T=523K (a) — VF, T=548K (b)
— VF — VF
4l 02 o0l -
— VFos — VFos
—— VFos —— VFos
R 3f =2
e c
S Rupture =
S 2L © 10
5 2 - £
»
1F 5t
Rupture
Q 1 1 1 1 1 L O 1 1 1 1 1 1 1
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80
- Time, h Time, h
— VF, T=573K (€)
ool T VFoz
— VFos
°\° 15
c
© qjof
=
() L
5+ Rupture
/
0 1 L L 1 1 1 1
0 5 10 15 20 25 30 35 40
Time, h
Fig. 5. Creep curves of samples crept at (a) 523 K, (b) 548 K and (c) 573 K under 100 MPa.
Table 2 Table 4
Steady creep rate of samples crept at 523 K. Steady creep rate of samples crept at 573 K.
Applied VFqo VFo.2 VFos VFos Applied VFqo VFo.2 VFos VFos
stress stress
60 MPa 1.97 x 1078 1.90 x 1078 8.24 x 107° 1.38 x 1077 60 MPa 2.30 x 1077 9.62 x 1078 1.96 x 1077 2.72 x 107°
st s st st st st st st
70 MPa 357 x 108 241 x10°8 9.27 x 10°° 1.67 x 1077 70 MPa 472 x 1077 241 x 1077 2.81 x 1077 4.10 x 10°¢
st s st st st st st st
80 MPa 5.29 x 1078 3.66 x 10°° 1.28 x 1078 252 x 1077 80 MPa 1.12 x 10°° 2.70 x 1077 5.02 x 1077 4.65 x 10°°
st s st st st st st st
90 MPa 7.21 x 1078 5.81 x 1078 2.06 x 1078 3.12 x 1077 90 MPa 2.63 x 10°° 4.85 x 1077 1.29 x 10°° 5.59 x 10°°
st s st st st st st st
100 MPa 1.09 x 1077 9.03 x 1078 3.41x10°8 3.75 x 1077 100 MPa 457 x 10°° 1.16 x 10°° 1.69 x 10°° 8.04 x 10°°
st s st st st st s st
easy grain boundary slide. Then, the dynamic precipitates are likely to
’;‘abl; 3 . ) S48 K dissolve into the Mg matrix, which is the precipitate re-dissolution [32,
teady creep rate of samples crept at . 44,51]. With the continuous occurrence of precipitate re-dissolution,
Applied VFo VFo. VFos VFosg PFZs are gradually formed and tend to widen along grain boundaries
stress of fine grains. The low-density and tiny-scale precipitates and the wide
60 MPa 7.04 x 1078 4.03 x 1078 2.94 x 107° 6.47 x 1077 PFZs observed in fine grains can further prove the serious grain
1 1 1 1 . .
s s s s . s boundary slide and the resultant poor creep resistance of the VFgg
70 MPa 1.42 x 1077 7.80 x 10~ 5.67 x 10~ 8.67 x 1077
o1 o1 o1 o1 sample.
80 MPa 2.50 x 107 1.09 x 107 8.80 x 10-8 112 x 10°© Hence, serrated grain boundaries absorbing dislocations and defor-
s st s st mation bands strengthening the residual coarse grains can effectively
90 MPa 4-?0 x 1077 1-Z3 x 1077 1-‘1‘9 x 1077 1-‘1‘3 x 107° enhance creep properties, but the formation of PFZs in the fine grains
s LS L LS i severely deteriorates creep properties. Mixed microstructures contain-
100 MPa 7.61 x 10 3.40 x 10 2.41 x 10 1.88 x 10 ) . . . . .
o1 o1 o1 o1 ing suitable VFs of coarse grains and fine grains enhancing the creep

and VFg 5 samples. Some fine grain interiors have very few and tiny
precipitates. Previous reports put forward that the strength is lower
along grain boundary than in grain interior at high temperature [32,
44-50]. Vacancies are always formed along grain boundaries due to the

properties is the most important finding in this work.
4.3. Dislocation slip during creep testing

To better understand the primary causes for the differences between
creep properties of the VF > and VF( 5 samples, TEM observations are
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performed. Fig. 10 presents the bright fields of typical areas in the VFg 2
and VFq 5 samples crept at 523 K under 100 MPa for 100 h. Two-beam
mode is taken for the observation of the VFj, sample in Figs. 10(a)
and (b). The incident beam direction is B = [0110]. Under this condi-
tion, all the basal planes are edge on. When the diffraction vector is g =
[2110], as shown in Fig. 10(a), <c> dislocations are all extinct based on
the g-b criterion [52]. There are some short trails of dislocations lying on
the basal planes and perpendicular to the dynamic precipitates. Since
whole basal dislocations should have a long and thin shape and a
dispersed distribution, the short trails are confirmed as edge <a> dis-
locations climbing from one basal plane to the adjacent basal plane [35].
Meanwhile, an elongated structure (surrounded by the two blue dash
lines) is penetrated by precipitates. It is the deformation band existing in
the residual coarse grain. To avoid the contrast effect brought by pre-
cipitates and to manifest the dislocation component of deformation
band, Fig. 10(b) shows the bright field under the diffraction vector g =
[0002]. Under this condition, all <a> dislocations are extinct and the
contrast of precipitates becomes light [39,53]. It is clearly seen that the

deformation band contains masses of <c> dislocations. Due to <c>
dislocations are sessile, <a> dislocations must exist in the deformation
band [54,55]. Namely, the deformation band are the arrays of pyramidal
<c+a> dislocations. The hard observation of <a> dislocations are
possibly because of the much larger scale of precipitates in comparison
to the short length of <a> dislocations. Fig. 10(c) shows the bright field
of the VF( 5 sample crept at 523 K under 100 MPa for 100 h. Under the
incident beam direction B = [2110], dislocations are observed to gather
as clusters and distribute parallel to the basal plane trace, which are also
the typical characterization of dislocation climb [35,56]. Thus, it can be
concluded from the stress exponents and the TEM observations that the
main creep mechanisms of the VF( 5 and VF 5 samples are dislocation
climb and pyramidal <c+a> slip.

Another equally important thing is the switched creep resistance
between the VF( 5 and VF 5 samples at the three creep temperatures, as
depicted in Fig. 5. Taking into account that the main creep mechanisms
of the VFy > and VF 5 samples are alike, the reason is probably lying on
the different VFs of fine grains and the following formation of PFZs. Two
TEM bright fields of the VF 2 and VFg 5 samples crept at 523 K under
100 MPa after 100 h are taken and shown in Fig. 11. Obvious PFZs can
be found in both the VFj 2 and VF s samples. The incident beam di-
rection is B = [0110] for the VFq > sample in Fig. 11(a) and the PFZ
width is roughly 280 nm, while the incident beam direction is B =
[2423] for the VFg 5 sample in Fig. 11(b) and the PFZ width is around
520 nm (nearly 2 times of the PFZ width in the VFg 5 sample). Since the
formation of PFZs is caused by grain boundary slide of fine grains, the
higher VF of fine grains in the VF( 5 sample leads to the wider PFZs in
Fig. 11(b). As the length of one <a> dislocation is 0.32 nm [11], the
wider PFZs in the VF, 5 sample store higher densities of dislocations and
induce more serious stress concentration. Although the higher yield
stress of the VFg 5 sample can compensate the creep resistance, a lower
creep resistance is still obtained at 573 K due to the atomic diffusion rate
would be more easily triggered and the PFZs would be wider in the VFj 5
sample [8]. Additionally, the lowest yield stress can hardly compensate
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Tensile direction
<

>

Fig. 8. Microstructures of samples crept at 523 K under 100 MPa: (a) VF, sample crept for 50 h, (b), (¢) VFy 5, (d), (e) VFq s and (f) VF, g samples crept for 100 h (Red
arrows indicate cracks.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).

the short creep life of the VF( sample although PFZ is rarely formed in 5. Conclusions

coarse grains at all the three temperatures. And the creep resistance of

the VF( g sample is further deteriorated at 573 K owing to more serious The tensile creep properties of a hot-compressed Mg-9Gd-4Y-0.5Zr
grain boundary slide. alloy with different initial microstructures are investigated at 523 K,

548 K and 573 K under a wide range of applied stress. Based on the VFs
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Fig. 10. TEM bright fields of (a), (b) VF » and (c) VF, 5 samples after crept at 523 K under 100 MPa for 100 h. Incident beam directions are (a), (b) B = [0110] and
(c) B = [2110].
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Fig. 11. TEM bright fields of precipitate-free zones in (a) VFy 5 and (b) VF s samples after crept at 523 K under 100 MPa for 100 h. Incident beam directions are (a)

B = [0110] and (b) B = [2423].

of DRXed grains after hot compression, the samples are classified into
four groups: VFg, VFg 2, VFo 5 and VFg g samples, which correspond to
the VFs of 0, 0.2, 0.5 and 0.8, respectively. The main conclusions ob-
tained from tensile creep tests and microstructural characterizations are
summarized as follows:

(1) Due to the low yield stress, the VF, sample is lacking a hardening
effect during creep testing. The crack initiation is early and the
creep life is short for the VFy sample. Due to the high VF of fine
grains, the VF( g sample is dominated by grain boundary slide and
the PFZs are easily generated during creep testing. The high-
density PFZs in the VF( g sample leads to a low creep resistance
regardless of the high yield stress.

(2) The main creep mechanisms of the VFy 3 and VF( 5 samples are
dislocation climb and pyramidal <c+a> slip. The evident dy-
namic precipitation and deformation bands composed by pyra-
midal <c+a> dislocations strengthen the creep resistance.
Besides, serrated grain boundaries are formed by the combination
of coarse and fine grains, which can absorb dislocations to further
improve the creep resistance.

(3) At all the three temperatures, the VFy 5 and VF 5 samples acquire
better creep properties compared to the VFy and VFj g samples.
Particularly, the creep resistance of the VF 5 sample is higher at
523 K and 548 K but lower at 573 K compared to that of the VF( 5
sample. This switch is caused by the easier formation of PFZs with
the increased creep temperature.

(4) Although high VFs of fine grains could improve yield stress,
excessive fine grains undermine the creep properties due to easy
grain boundary slide and heavy appearance of PFZs. Fortunately,
this work successfully presents an efficient and economical
method to improve creep properties through introducing mixed
microstructures with both coarse and fine grains.
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