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Abstract: The microstructures and hot tensile behaviors of ZK30 alloys subjected to single- and multi-pass friction stir
processing (FSP) were systematically investigated. Following single-pass FSP (S-FSP), coarse grains underwent
refinement to 1-2 um, with a distinct basal texture emerging in the stir zone (SZ). Additionally, second-phase particles
were fragmented, dispersed, and partially dissolved. Multi-pass FSP (M-FSP) further enhanced the homogeneity
of the microstructure, reduced texture intensity differences, and decreased the fraction of second-phase particles
by 50%. Both S-FSP and M-FSP SZs demonstrated superplasticity at strain rates below 1x107s! and at
temperatures of 250—350 °C. The S-FSP SZ exhibited an elongation of 390% at 250 °C and 1x107*s™!, while the
M-FSP SZ achieved an elongation of 406% at 350°C and 1x1073s!. The superplastic deformation of SZ
was co-dominated by grain boundary sliding (GBS) and the solute-drag mechanism in S-FSP and mainly by GBS in

M-FSP.
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1 Introduction

Magnesium alloys, recognized for being the
lightest structural metals, offer commendable
specific strengths and modulus, excellent damping
properties, abundant reserves, and ease of recycling
[1-6]. Mg—Zn—Zr alloys, a prominent category
among deformation magnesium alloys, demonstrate
the capability to produce intricate large forgings
[7-9]. However, the hexagonal close packing (HCP)
crystal structure of Mg alloys makes them prone to
cracking during plastic forming at room
temperature [10]. In this context, hot deformation

has emerged as an effective method to address the
low formability of magnesium alloys [11-13]. A
noteworthy tensile elongation of 470% in WE43
Mg alloy at a high temperature (375 °C) and a
considerably low strain rate was reported [14].
Equal channel angular was employed to press on
Mg alloys, and tensile elongations to fracture of
550% and 750% were achieved at temperatures of
200 and 250 °C, respectively, under a strain rate of
0.0001 s7'[15]. In addition, the tensile behavior of
the Mg—Al-Zn alloy has been investigated, noting
an increase in elongation with elevated temperature
and a decreased strain rate [16].

It is fundamental prerequisite of establishing a
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uniform microstructure with fine grains [17],
coupled with good thermal stability [18,19] for the
high-temperature forming of magnesium alloys.
Friction stir processing (FSP) stands out among the
widely adopted techniques for modifying
magnesium alloy microstructures [20,21]. For FSP
technologies, the heat source is the friction of a
special tool against the surface of the modified
material, combined with strong plastic deformation.
As a mature solid-state processing technique, FSP
involves the interplay of temperature, mechanics,
and metallurgy [22]. The severe plastic deformation
and corresponding frictional and deformation heat
contribute to solid-state and microstructural
modification, effectively inhibiting the growth of
recrystallized grains to achieve fine-grain micro-
structures [23]. Prior research has demonstrated that
FSP significantly refines the grains of magnesium
alloys, resulting in favorable hot tensile properties,
including superplasticity [24—26]. For instance,
AZ91 alloy processed by FSP exhibited an average
grain size of 0.5 pm and an elongation rate of 1251%
at a high strain rate of 1x102s™! [27]. Friction stir
processed AZ91 alloy also displayed low-
temperature superplasticity at 200 °C and 3x1073s™!,
with an elongation rate of 204% [28].

However, numerous investigations have
highlighted the presence of microstructure
inhomogeneity with regard to the temperature and
strain gradients in the stir zone (SZ) following
single-pass FSP (S-FSP) [29]. Consequently, multi-
pass FSP (M-FSP) has consistently been employed
to enhance the microstructure uniformity and
mechanical performance [30—33]. In contrast to the
widely studied ZK60 alloy in industrial applications,
ZK30 (Mg—3Zn—0.5Zr) alloy offers the advantage
of reduced metallurgical expenses. However, owing
to its lower zinc content, ZK30 exhibits decreased
strength and plasticity compared to ZK60, which
makes it susceptible to cracking during plastic
forming and limits its practical utility. Despite its
potential for widespread wuse in automotive
manufacturing, there is few study focusing on the
microstructural evolution and mechanical behaviors
at elevated temperatures in ZK30 alloy after S-FSP
or M-FSP. This study delves into the micro-
structural changes in ZK30 following both S-FSP
and M-FSP and investigates the hot tensile behavior
of the SZ at varying temperatures. Additionally, the
deformation mechanism is elucidated in detail.

2 Experimental

The ZK30 alloy employed in this study originated
as a semi-continuous casting ingot and underwent
subsequent hot extrusion and homogenization
treatment processes. Figure 1 reveals an initial
ZK30 alloy microstructure consisting primarily of
an equiaxed a-Mg matrix and MgZn, second phase
distributed along grain boundaries [34].

Giaing

Fig. 1 Microstructure of ZK30 magnesium alloy base
material: (a) Optical microscopy image; (b) EBSD image
of grain boundary

A 4 mm-thick plate was friction stir processed
using the FSW-3LM-2010 equipment, employing
an H13 steel stirring tool with a shoulder diameter
of 12 mm and a conical-shaped (3.5—3 mm) stirring
pin with a length of 3 mm. The inclination angle of
the stirring tool was set at 2.5°, the reduction was
0.2 mm, and the processing preheating time was
10s. The FSP parameters were configured at
800 r/min and 200 mm/min for both one pass
(referred to as S-FSP) and three passes (referred to
as M-FSP). The termination position of the
preceding pass served as the starting position for
the subsequent pass, without any significant time
gap, ensuring a pass overlap rate of 100%.

For microstructural examinations, specimens
were cross-sectioned perpendicular to the FSP
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Microstructural characterization and
analysis involved optical microscopy (OM),
electron backscatter diffraction (EBSD), and
scanning electron microscopy (SEM). Specimens
for OM and SEM underwent preparation through
mechanical polishing and etching with a solution of
5vol.% HNOs; and 95vol.% ethanol. EBSD
specimens were prepared through mechanical
polishing and electropolishing (40 vol.% H3;PO4 and
60 vol.% ethanol at 20 °C) at a voltage of 2—3 V for
10—20 s. The grain size measurements of the EBSD
specimens were performed using OIM Analysis
7.3.1 software based on ASM International [35].
Particle volume fractions were determined using
Image-Pro Plus 6.0 software.

Hardness measurements were conducted using
a Vickers microhardness testing machine with a
100 g load and a 10 s dwell time at points distanced
0.5 mm from the top surface to a depth of 3.5 mm
on the cross-section of the SZ.

Tensile tests were carried out according to ISO
6892-2:2018. Due to the size limitation of the SZ,
the tensile specimens were proportionally scaled
down with a gauge length, width, and thickness of 5,
3.5, and 1.5 mm, respectively, and machined along
the processing direction at the SZ. The tests were
performed utilizing a RDL50 high-temperature
tensile tester for both S-FSP and M-FSP. The
temperatures for the tensile tests were set at 250,
300, and 350 °C, with strain rates of 1x1072, 1x1073,
and 1x107*s™!. Tensile specimens were allowed to
equilibrate at the set tensile temperature for 10 min
before testing. Furthermore, the fracture surfaces
were examined using SEM.

direction.

3 Results

3.1 Microstructure of SZ in S-FSP and M-FSP
The macroscopic morphology of the SZ cross-

sections perpendicular to the processing direction
after various processing passes is depicted in Fig. 2.
The SZ exhibits well-formed structures free of
defects such as pores or tunnels. With increase of
pass, the width at the middle of the SZ slightly
increases, which is attributed to the metal flow in
M-FSP.

Grain boundary maps of the SZ under various
processing passes are illustrated in Fig. 3. The blue
lines denote grain boundaries exceeding 15°, while
the red lines represent boundaries ranging from 2°
to 15°. Compared to those in the base material
(BM), the grains in the processed area are
substantially refined. Notably, an evident
inhomogeneity in grain size is observed between
the upper and lower sections of the S-FSP SZ
(Figs. 3(a, b). Furthermore, S-FSP results in finer
grains with a banded distribution. With an increase
in the number of passes, the average grain size
increases slightly, and the grain size inhomogeneity
between the upper and lower sections of the SZ
decreases (Figs. 3(c, d)).

The misorientation angle statistics of grain
boundaries in the SZ are presented in Fig. 4.
Misorientation angles below 5° were excluded to
minimize noise impact. Peaks at 30° and 90° are
frequently associated with twinning [36]. In
contrast to the BM, the entire SZ exhibits a high
proportion of high-angle grain boundaries (above
15°). As the number of pass increases, the
distribution of misorientation angles gradually
aligns with that of the BM, especially with a
reduction in peak intensity near 30° and a rightward
shift of the peak near 90°.

SEM images of the second phase in the SZ for
various numbers of processing passes are displayed
in Fig. 5. Through FSP, the coarse second-phase
particles along the grain boundaries in the BM are
fragmented and dispersed. The area fractions of the

Fig. 2 Macroscopic morphology of cross-section of processed area: (a) S-FSP; (b) M-FSP
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Fig. 3 Grain boundary EBSD maps of SZ: (a) Upper section of S-FSP SZ; (b) Lower section of S-FSP SZ; (c) Upper

section of M-FSP SZ; (d) Lower section of M-FSP SZ
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Fig. 4 Grain boundary misorientation distribution in SZ

second phase in the BM and in the S-FSP and
M-FSP SZs were measured using Image-Pro Plus
software. The fraction of second-phase particles in
the BM was 2.79%, whereas in the S-FSP zone, it
was reduced to 1.35%, which is only 48.39% of that
in the BM. The fraction further decreased to 0.75%
in the M-FSP zone, indicating the re-dissolving of
the initial second-phase particles during FSP. An
increase in the number of processing pass promotes
this re-dissolving of the second-phase particles.
Pole figures of {0002}, {1011}, {1010}

and {1012} for the BM and SZs under S-FSP and
M-FSP are depicted in Fig. 6. The texture of the BM

Fig. 5 Distribution of second-phase particles in SZ:
(a) S-FSP SZ; (b) M-FSP SZ

is randomly distributed, with a maximum intensity
of only 5.56. After FSP, a strong grain orientation
distribution in the (0002) direction, parallel to the
processing direction, is formed in both the S-FSP
and M-FSP SZs. Additionally, the texture intensity
in the upper section is greater than that in the
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lower section of the SZs under both processing
conditions. Moreover, the difference in texture
intensity decreases with an increase in the number
of pass.

3.2 Microhardness of SZ in S-FSP and M-FSP
Figure 7 shows the microhardness distribution
across the cross-sections of the samples subjected to

S-FSP and M-FSP. Notably, the S-FSP sample
exhibits a significantly inhomogeneous micro-
hardness distribution in Fig. 7(a). In contrast, after
M-FSP, the microhardness distribution becomes
homogenous, accompanied by a decrease in
hardness. This reduction is attributed to grain
growth and the re-dissolving of second-phase
particles during M-FSP.

BM S-FSP SZ

Upper section of Lower section of  Upper section of  Lower section of
S-FSP SZ

M-FSP SZ M-FSP SZ

Max: ~52.457

{0002)

(1011) %

Max: ~5.426

.
Q N
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Max: ~27.229

Upper surface

@

Depth/mm
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(b)
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Distance from centre/mm

Fig. 7 Microhardness distribution in S-FSP (a) and M-FSP (b) SZs
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3.3 Hot tensile performance of SZ in S-FSP and
M-FSP samples

Figure 8 shows the tensile stress—strain curves
of the SZ under different processing passes. Tables
1 and 2 present the tensile fractured samples and
corresponding elongations for the S-FSP and M-FSP
SZs at various temperatures and strain rates.

With an increase in temperature or a decrease
in strain rate, the S-FSP and M-FSP SZs both
exhibit an increase in elongation. At 250 °C, the
elongation of the S-FSP SZ surpasses that of the
M-FSP SZ. However, as the temperature reaches
300 °C or above (i.e., approaches or exceeds 0.57w),
the elongation of the M-FSP SZ consistently
exceeds that of the S-FSP SZ. For the S-FSP SZ, at
strain rates of 1x1072and 1x107s™!, the elongation
increases with an increase in deformation
temperature. However, at 1x107%s™!, elongation
decreases with respect to temperature. Regarding
the M-FSP SZ, the elongation generally exhibits an

Ji WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3615-3628

increase with temperature and a decrease with strain
rate. However, at 350°C and a strain rate of
1x10™*s’!, the elongation decreases to 198%, which
is possibly related to the thermal stability of the
microstructure.

3.4 Fracture morphology of hot tensile samples

Figure 9  depicts the typical fracture
morphologies of the SZs of hot tensile samples
subjected to S-FSP and M-FSP. The images reveal
the presence of cleavage planes and some cavities
in the S-FSP samples, along with numerous
cavities in the M-FSP samples, potentially
nucleating at the ftriple junctions of grain
boundaries [36]. This phenomenon is recognized as
a typical ductile fracture characterized by the
coalescence of micropores, indicating that the
formation and growth of such cavities are key
factors influencing the failure process under hot
tensile conditions.

60
. —=— 250 °C, 1x10725"!
£ 50 —e— 250 °C, 1x1073 57!
= —a— 250 °C, 1x1074g7!
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Fig. 8 Tensile stress—strain curves of SZ: (a) S-FSP; (b) M-FSP

Table 1 Hot tensile results of S-FSP SZ

No. Strainrate/s!  Temperature/°C  Yield strength/MPa  Elongation to fracture/%  Tensile specimen

| 0.01 250 25.18 86 'wﬂ

2 0.01 300 15.94 92 B-a

3 0.01 350 12.89 148 E’ﬂ

4 0.001 250 13.02 172 }-—-‘

5 0.001 300 8.27 222 B-- 8

6 0.001 350 773 239 &g

7 0.0001 250 6.88 390 u — .
8 0.0001 300 5.01 322 }-——{
9 0.0001 350 3.82 294 .»—_-n
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Table 2 Hot tensile results of M-FSP SZ

3621

No.  Strainrate/s'  Temperature/°C  Yield Strength/MPa  Elongation to fracture/%  Tensile specimen
1 0.01 250 21.76 ) 74
2 0.01 300 14.02 132 28
3 0.01 350 8.99 166 +—43
4 0.001 250 9.31 136 ‘:t--n
5 0.001 300 7.48 264 H
6 0.001 350 6.05 406 f}-w—u
7 0.0001 250 6.37 310 }«-«l
8 0.0001 300 4.87 338 - o -_'
9 0.0001 350 2.81 198 H

fracture surfaces:
(a) S-FSP SZ at 250 °C and 1x107*s™!; (b) M-FSP SZ at
350 °C and 1x1073s™!

4 Discussion

4.1 Effect of number of FSP pass on micro-
structure evolution of SZ
The OM results indicate that FSP effectively
refines the grains of the BM through dynamic
recrystallization (DRX) [37,38]. However, in the
case of the S-FSP SZ, the nonuniformity in grain
size between the upper and low sections implies

incomplete metal flow, particularly under the
shoulder section. This results in the formation of
banded regions comprising finer grains. According
to the previous investigation [39], even after
multiple processing passes with 100% overlap
during M-FSP, further grain refinement becomes
difficult. Theoretically, the grain size should remain
the same after multiple passes since the same
parameters are used during M-FSP. However, a
slight grain growth was observed in the M-FSP SZ
in this study. The grain growth is attributed to the
accumulated thermal input experienced by the
sample and the occurrence of DRX with each FSP
pass. Moreover, increased processing temperature
and enhanced metal plastic flow during M-FSP
resulted in more uniform grain size between the
upper and lower sections, with few observed bands.

During FSP, the second-phase particles
undergo processes such as fragmentation,
re-dissolution, and dispersion with metal flow.
Additionally, they play a role in pinning dislocation
movement and inhibiting grain boundary migration,
thereby impeding grain growth during dynamic
microstructural evolution. The low diffusion rate of
alloying elements contributes to the formation of a
fine-grained supersaturated solid solution in the SZ.
In contrast to S-FSP, the increasing temperature
during M-FSP promotes the re-dissolution of
second-phase particles. Concurrently, the material
movement facilitates a more uniform distribution
within the Mg matrix, thereby reducing the
inhibitory pinning effect on grain growth. The
variation in average microhardness aligns well with
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the change in grain size and the distribution of
second-phase particles in both the S-FSP and
M-FSP SZs.

4.2 Effect of FSP pass on hot tensile and fracture

behavior of SZ

As elucidated earlier, FSP is effective in
refining the microstructure and enhancing
mechanical properties. Corresponding with the
results of hot tensile testing, both S-FSP and M-FSP
SZs display increased elongation with rising
temperatures or decreasing strain rates. Notably,
certain S-FSP and M-FSP samples exhibit
exceptional plastic deformation, particularly the
S-FSP samples at a strain rate of 1x107*s! and
temperature of 250 °C and M-FSP samples at a
strain rate of 1x1073s'and temperature of 350 °C,
demonstrating  superplastic =~ behavior  with
elongations of 390% and 406%, respectively.

The strain rate sensitivity (m-value), a metric
for evaluating hot tensile flow behaviors, is
calculated according to Eq. (1):

Olno
m =
Olnég

(1)

where o is the peak stress, and &£ is the strain rate.
Figure 10 illustrates the Ino—Iné plots at various
deformation temperatures for S-FSP and M-FSP.
The graphs reveal that the flow stress of the S-FSP
and M-FSP SZs decreases with temperature at a
constant strain rate and increases with strain rate at
a constant temperature. Notably, at the same
temperature and strain rate, the flow stress of S-FSP
slightly exceeds that of M-FSP.

The m-values, represented by the slopes of the
Ino—In & lines obtained through linear fitting of
the data points, indicate varying strain rate
sensitivities. All the m-values decrease with
increasing temperature. The m-values of the M-FSP
samples are slightly higher than 0.3, whereas those
of the S-FSP samples are not, suggesting that
M-FSP enhances the elongation of the SZ at higher
temperatures.

In this context, the Arrhenius equation [40] can
be employed to explore the relationship among
peak flow stress, strain rate, and temperature. The
equation is expressed as follows:

i=A,c" )
g=A,exp(fo) 3)

(2)

In(6/MPa)
|98}
=)

]
[}
T

N
(=)
T

In(o/MPa)
W
<=

]
(%]
T

20

1.5
-0 -9 -8 -7 -6 -5 -4
In(é/s ™)
Fig. 10 Ino-In& plots of hot tensile results: (a) S-FSP
SZ; (b) M-FSP SZ

: . " -0
£=A[sinh(o00)] exp(ﬁj 4)

By taking the logarithm of Egs. (2) and (3), the
material constants 0=0.0461 and 0=0.0597 for
S-FSP and M-FSP, respectively, are calculated from
the average values of #n=4.2688 for S-FSP and
n=3.29654 for M-FSP, alongside f=0.19682 for
S-FSP and $=0.196963 for M-FSP, by the linear
regression of In & —Ino and In € —o, as illustrated in
Fig. 11.

Taking the natural logarithm of Eq.(4), we
obtain

In ézlnA—R—QT+nln [sinh( a0 )] (5

The test data show a linear fitting relationship

for In & —In[sinh(ao)], as illustrated in Figs. 12(a)

and (b). Moreover, the activation energy (Q) can be
expressed and calculated as follows:

0=k dné | @ln[sinh(ao)]|

- dIn[sinh(ao)]|, 8(1000/T) |

(6)

é
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Fig. 11 In€ —In o (a, b) and In € —o (c, d) plots of hot tensile results: (a, ¢) S-FSP SZ; (b, d) M-FSP SZ

By calculating the slope of the linear fit of the
experimental data, we obtain 0=103.6 kJ/mol for
S-FSP and 0=95.48 kJ/mol for M-FSP, as depicted
in Figs. 12(c) and (d). The activation energies for
both S-FSP and M-FSP slightly exceed the grain
boundary diffusion activation energy (~90 kJ/mol)
but are lower than the lattice diffusion activation
energy (~135kJ/mol). Notably, the activation
energy of S-FSP is greater than that of M-FSP,
which is attributed to a high volume of precipitates
and twinning-induced deformation in the early
stage [41].

Superplasticity has been reported under
conditions of both low and high strain rates at low
and high temperatures, with solute-drag creep (a
dislocation creep mechanism) and grain boundary
sliding (GBS) identified as dominant deformation
mechanisms [42]. In general entailing a fine grain
size (below 15 pm), a uniform microstructure, and
high strain rate sensitivity (7>0.3), the primary
deformation mechanism is GBS. Conversely, when
the m-value is smaller than 0.3, solute-drag creep is
the dominant deformation mechanism. In this study,

despite the grain size being below 3 um and M-FSP
enhancing the homogeneity of the microstructure,
GBS alone cannot attain high elongation in friction
stir processed Mg alloys. The occurrence of GBS
introduces stress concentration at crossed grain
boundaries, subsequently inhibiting GBS and
leading to pore formation. Therefore, for S-FSP, the
superplastic deformation is jointly governed by
GBS and the solute-drag creep mechanism [43]. As
discussed in Section 4.1, during FSP, the low
diffusion rate of alloying elements contributes to
the formation of a fine-grained supersaturated solid
solution in the SZ. A previous study [44] also
indicated that solute atoms may preferentially
segregate around dislocations during deformation at
elevated temperatures, causing a drag force that
interacts with moving dislocations. Therefore, GBS
and solute-drag creep are primarily responsible for
the tensile deformation observed in this study.
Conversely, in the case of M-FSP, a thorough
analysis of activation energy and the m-value
suggests a relatively significant contribution from
GBS.
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(b, d) M-FSP SZ

The layered flow of material around the
rotating tool in S-FSP creates stacked shear layers,
altering the grain orientation and forming a texture.
M-FSP results in a noticeable modification of
texture, which is tilted toward the processing and
transverse directions, especially in the lower section.
In addition, the texture is more uniform in the
M-FSP SZ. The average Schmid factor values for
{0001}(1120) in the friction stir processed
samples are listed in Table 2. It demonstrates that
the texture is advantageous for activating basal slips
at the initial stage of the tensile test in both S-FSP
and M-FSP. A more uniform texture in the SZ
contributes further to the coordinated deformation.

Table 2 Average Schmid factor values for {0001}-
(1120) in S-FSP and M-FSP

S-FSP M-FSP
Upper Lower Upper Lower
section section section section
0.42 0.31 0.36 0.31
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Additionally, during hot tensile deformation, other
slip systems such as {(ct+a) are activated, which
weakens the texture intensity. This weakening of
the texture promotes the GBS phenomenon [28].
Furthermore, the second-phase particles
substantially influence the thermal stability of the
microstructure. In particular, they resist grain
recrystallization and provide a Zener pinning effect
at elevated temperatures. As the temperature
increases and strain rates decrease, the increased
dissolution and dispersion of second-phase particles
in the M-FSP SZ weaken the pinning effect. This
results in grain coarsening and decreased elongation
during prolonged exposure to high temperatures.
Figure 13 illustrates the microstructure near the
fracture location after the stretching of the M-FSP
SZ to failure at a strain rate of 1x107*s™! and
temperatures of 250, 300, and 350 °C. Under all
conditions, the grains near the fracture locations
maintain a uniformly distributed and equiaxed
structure without elongation in the load direction.
While grain growth is not prominent at 250 and
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300 °C, it becomes more significant at 350 °C,
exceeding 10 pm and consequently reducing the
elongation (198%) of the M-FSP SZ.

(2)

20 pm

Fig. 13 Microstructures near fracture surface of M-FSP
SZ at strain rate of 1x107*s7!: (a) 250 °C; (b) 300 °C;
(c) 350 °C

It is widely acknowledged that achieving
higher elongation at elevated temperatures requires
a fine grain size, uniform microstructure, high strain
rate sensitivity (m-value), and thermal stability.
Fracture behavior can reflect the mechanical
performance. Figure 14 presents the microstructure
near the fracture location in the S-FSP and M-FSP
samples at 1x103s! and 350 °C. It is evident that
cavities preferentially form at grain boundaries. In
regions where coarse and fine grains intersect,
stress concentration is likely to occur, creating
potential sites for cavity formation during hot

deformation. Furthermore, as strain increases, the
growth and merging of these cavities, coupled with
uneven grain growth, may lead to tensile failure and
intergranular  fracture, impacting the total
elongation of the SZ.

(2)

Fig. 14 Microstructures near fracture surfaces in SZs at
350 °C and 1x1073s7: (a) S-FSP SZ; (b) M-FSP SZ

5 Conclusions

(1) Compared to S-FSP, M-FSP enhances the
homogeneity of the microstructure in the SZ,
increases the average grain size to 1-1.3 pm, and
improves the dissolution proportion of the
second-phase particles by 50% while enabling a
more dispersed distribution, and unifies the texture
of the SZ.

(2) The SZs of both S-FSP and M-FSP samples
exhibit superplasticity under suitable deformation
conditions. The maximum elongation achieved by
S-FSP is 390% at 250 °C and 1x10™*s™!, while for
M-FSP, it reaches 406% at 350 °C and 1x1073s ™",

(3) The superplastic deformation of the SZ is
co-dominated by GBS and the solute-drag creep
mechanism for S-FSP and mainly by GBS for
M-FSP. At excessively high deformation
temperatures (~350 °C) and low strain rates
(~1x10*s™"), grains in the SZ of M-FSP samples
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undergo abnormal growth due to the decreased
thermal stability of the microstructure, resulting in
premature failure during high-temperature plastic
deformation.
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SRR EE N T Mg—-3Zn—0.5Zr &1
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I AEN, AmAS, XA FEE, 2 B, k&2 FHE2 FH%

LK% WAMEH SRR AR SR E K ESSERE, Z25 066004
2. PEHRBRGARAF, ZEE 066004
L MELRY MRS TSR, #E5 066004;
4. HEMRHBRAT, JEI3T 100076

1 E: RGHFITEAE RN 28 R FEEIN T.(FSP) )G ZK30 &4 B B IR ARAT Ay o BATE YR I B R I
T(S-FSP)J&, BH:X(SZ)FHHEBAILE 1~2 um, FHEIEZFRILHE . Msh, Bl FRAEER, o
BOEER MR . 2B RIS T(M-FSP)IE T T ZK30 &4 WA sIrE, BRAR T HEHE X S0 50 i 2
R, BRI FIFRR T 50%. ERASHRMET 13107 s AR N 250~350 CHY S-FSP il M-FSP SZ %1%
DL FEIEPE . S-FSP SZ 7E 250 CHl 1107 7' B i ZUH K28 390%, 1fi M-FSP SZ 7F 350 ‘CAHl 1x1073 s~ )
WrE i 265 406% . % T+ S-FSP, SZ 18 ¥ 14 AR T 32 L ph & S0 #8 (GBS R 5 4t AL ¥ [ 4% F, T4 T~ M-FSP,
GBS AN E BT
KHEIR: ZK30 &4 ZIERBFEEESIN T, WM, BRI BBt

(Edited by Xiang-qun LI)



