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Abstract

Bio-magnesium (Mg) alloys exhibit excellent biocompatibility and biodegradability, making them highly promising for implant applications.
However, their limited strength-ductility balance remains a critical challenge restricting widespread use. In this study, ultra-fine-grained and
homogeneous Mg alloys were fabricated using double-sided friction stir processing (DS-FSP) with liquid CO, rapid cooling, leading to a
significant enhancement in the strength-ductility synergy of the stirred zone. The results demonstrate that DS-FSP samples exhibit simultaneous
improvements in ultimate tensile strength (UTS) and elongation, reaching 334.1 + 15 MPa and 28.2 £ 7.3%, respectively. Compared to the
non-uniform fine-grained microstructure obtained through single-sided friction stir processing, DS-FSP generates a uniform ultra-fine-grained
structure, fundamentally altering the fracture behavior and mechanisms of Mg alloys. The DS-FSP samples exhibit irregular fracture patterns
due to variations in basal slip system activation among different grains. In contrast, single-sided friction stir processing samples, characterized
by a fine-grained yet heterogeneous microstructure, display flat shear fractures dominated by high-density dislocation initiation induced by
twin formation, with fracture propagation dictated by the non-uniform texture. By achieving an ultra-fine grain size and homogeneous texture,
DS-FSP effectively modifies the fracture mechanisms, thereby enhancing the strength-ductility balance of bio-magnesium alloys.
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction application [4-6]. Grain refinement, particularly through the

development of ultra-fine grains, has proven to be a valuable

Bio-magnesium alloys, known for their bio-compatibility
and biodegradability, are emerging as promising alternatives
to traditional orthopedic and bio-material implants [1-3].
However, the inherent crystal structure of magnesium alloys
presents significant challenges, including limited strength-
ductility and hindered formability, which restrict their broader
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strategy for overcoming these limitations, with Severe Plas-
tic Deformation (SPD) being a common method to achieve
ultra-fine-grained structures in Mg alloys [7-9]. Widely used
SPD techniques include extrusion [2,10-15], rolling [16,17],
and friction stir processing (FSP) [18-22]. Numerous studies
demonstrate that Mg alloys with ultra-fine grains processed
through SPD exhibit enhanced strength-ductility properties
[7-9]. For instance, Zhao et al. achieved ultra-fine grains in
Mg-3Al-1Zn-0.2Mn through extrusion, resulting in a UTS of
332.08 MPa and an elongation of 16.9% [7]. Similarly, Klu
et al. produced Mg-9Li-1Al plates with ultra-fine grains and
excellent mechanical properties through a combination of ex-

2213-9567/© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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trusion and repeated rolling, achieving a UTS of 312 MPa
and an elongation of 20% [9]. Recent advancements in FSP,
particularly the friction stir vibration process (FSVP), have
shown significant promise in further improving the mechani-
cal properties of magnesium alloys. FSVP modifies traditional
FSP by introducing vibration, which enhances microstructure
refinement, strength, and ductility. Studies on AZ91 magne-
sium alloy composites reinforced with SiC nanoparticles have
highlighted the benefits of FSVP in achieving these improve-
ments [23-26].

Despite the success of SPD in grain refinement, samples
produced by these methods are often limited in size, restrict-
ing their applicability. In contrast, FSP is particularly advan-
tageous due to its ability to induce high strain without addi-
tional heating, allowing for the efficient processing of larger
samples. FSP works by applying substantial loads and tool ro-
tation, inducing shear deformation that refines the microstruc-
ture [21,22,27]. However, the ductility of Mg alloys processed
by FSP remains limited. For example, Nasiri et al. observed
that, despite refining the grain size to 1.7 pwm, the UTS of as-
cast samples increased from 157 MPa to 267.2 MPa, while
the elongation showed only a modest increase from 2% to
10% [28]. This limited ductility is attributed to insufficient
material plastic flow in the root of the stir zone (SZ), re-
sulting in micro-porous defects [29]. Jia et al. further noted
that the steep temperature gradient in FSP causes interrupted
material flow, leading to void defects [30]. To address these
issues, multi-pass one-sided FSP (MFSP) has been proposed.
Elyasi et al. demonstrated that MFSP significantly improved
the UTS and elongation of Mg alloys by up to 90% and
566%, respectively [31]. However, the accumulation of de-
fects during MFSP may negatively impact ductility, and some
researchers have attributed this low ductility to the hetero-
geneous microstructure in the SZ, including grain size and
texture [27,28]. Park et al. reported that the texture in the
stirred region of one-sided FSP samples is highly heteroge-
neous, with a strong accumulation of the {0001} basal plane
texture on the top surface, causing premature fractures at these
locations [32]. Understanding the factors that govern fracture
behavior in FSP-processed Mg alloys is essential for further
improving their strength-ductility.

DS-FSP offers a potential solution to these challenges.
By providing more complex material flows and further re-
fining the grain structure, DS-FSP helps avoid the hetero-
geneous microstructure typically observed in one-sided FSP
samples. For instance, Yang et al. demonstrated that DS-FSP
of 7050-T7451 aluminum alloy plates improved the unifor-
mity of micro-hardness distribution in the SZ [33], while Ra-
turi et al. found that DS-FSP of AA6061-AA7075 aluminum
alloys led to the lowest susceptibility to corrosion, attributed
to the dissolution and decomposition of precipitated phases
[34].

This study focuses on achieving ultra-fine grain bio-
magnesium alloys with a homogeneous microstructure and
enhanced strength-ductility through DS-FSP combined with
liquid CO; cooling. By analyzing the microstructure and frac-
ture behavior of both one-sided FSP and DS-FSP samples,

this research contributes to a deeper understanding of the
complex relationship between microstructure and mechanical
performance, paving the way for enhanced strength-ductility
in FSP-processed Mg alloys.

2. Experimental procedure

In this work, the bio-magnesium alloys (Mg-2wt%Zn-
0.46Wt%Y-0.5wt%Nd, abbr. ZE21B) plates were homog-
enized at 420 °C for 72 h. The homogenized alloys
demonstrate a microstructure consisting of equiaxed grains,
and the average grain size is 112428 pm, as illustrated
in Fig. 1(a-b). From the scanning electron microscope
(SEM) image obtained in secondary electron (SE) mode
(Fig. Ic), the second-phase particles are dispersed inside
the grains (indicated by the blue arrows) as well as along
the grain boundaries (indicated by the red arrows). From
X-ray diffraction (XRD) spectrum in Fig. 1d, the phases
are o-Mg matrix, Mg¢sZngsY,81 and NdZns intermetallic
compounds.

The detailed dimension of Mg alloys plates was shown
in Fig. 2a. The Mg alloys plates underwent FSP using two
processing methods: (I) MFSP, where two FSP passes were
overlapped entirely on the same side A, and (II) DS-FSP, in-
volving the initial FSP pass on side A and the subsequent
pass on side B, as illustrated in Fig. 2a and 2b. The ro-
tation speed was 600 rpm, while the processing speed was
100 mm-min~'. The processing were cooled by liquid carbon
dioxide. The tool was made of cemented carbide. These pro-
cessing parameters were selected based on preliminary tests
and literature guidelines to optimize the material’s mechani-
cal properties while maintaining process stability. The size of
tool was shown in Fig. 2c. Tensile testing were conducted at
the central regions of the SZ, as illustrated in Fig. 2d, and the
size of tensile testing sample in Fig. 2e. The tensile velocity
was 0.2 mm-min~!,

The specimen was finely polished using sandpaper and pol-
ishing reagents, followed by thorough cleaning with ethanol.
For electron back-scattered diffraction (EBSD), the sample
was further polished to a mirror finish using diamond paste,
followed by electropolishing to remove any deformation lay-
ers. The step size used for EBSD data acquisition was 0.1
pm. The high-angle grain boundaries (HAGBs) were defined
as boundaries with an angle greater than 15°, while low-angle
grain boundaries (LAGBs) were identified with angles <15°.
A Confidence Index (CI) of 2 was used to ensure the relia-
bility of the EBSD results.

The stir zone (SZ) of MFSP and DS-FSP was char-
acterized by optical microscopy (Olympus, BM-51X). The
microstructure was further analyzed using scanning elec-
tron microscopy (SEM, JEOL-7001F), electron back-scattered
diffraction (EBSD, JEOL-7001F), Transmission Electron Mi-
croscopy (TEM, JEOL JEM-2010), and X-ray diffraction
(XRD, Bruker D8 DISCOVER). For TEM, thin foils were
prepared using focused ion beam (FIB) milling to achieve
electron transparency. XRD analysis was performed at the
center of the homogenized Mg alloy.
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Fig. 1. The microstructural characteristics of homogenized alloys: (a) optical microscope image, (b) grain size distribution histogram, (c) SEM map and (d)

XRD spectrum.
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3. Results

The microstructural characteristics of the first pass FSP,
MEFESP, and DS-FSP samples are illustrated in Fig. 3, includ-
ing the images in transverse cross sections, and the EBSD
IPF maps. In this work, both the one pass FSP and the multi-
pass one-sided FSP belong to one-sided FSP. From Fig. 3(a-
c), there are no volumetric defects and micro-pores in the
cross sections of all samples. For the one-sided FSP samples,
the shapes closely resemble the shape of the tool, while the
shape in DS-FSP sample presents dumbbell-shaped and shows
higher symmetry in the SZ (highlighted by the red dashed
lines). To further analyze the microstructural characteristics,
some regions (as shown by the white rectangles) in the SZ
are selected along the ND for the all samples, and regions

1, 2, and 3 (as shown by the white dots) are further selected
within these regions. Through analyzing microstructural char-
acteristics of the EBSD maps in Fig. 3(d-f), the following
conclusions are obtained: (I) the microstructure of one-sided
FSP samples (in Fig. 3(d-e)) is the fine-grained and heteroge-
neous, and the grain size increase from top zones to bottom
zones, and (II) the microstructure of the DS-FSP sample, as
shown in Fig. 3f, exhibits ultra-fine grains and a homoge-
neous texture. To minimize grain growth in region 1 due to
thermal effects, we employed liquid CO, cooling throughout
the friction stir process. This cooling method helps reduce
the extent of grain growth and maintains the uniformity of
the microstructure in the SZ. These results demonstrated that
DS-FSP is beneficial to achieve ultra-fine grains and improve
the uniformity of microstructure of the SZ.
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The {0001} pole figures of the first pass FSP, MFSP, and
DS-FSP samples are presented in Fig. 4, corresponding to
the EBSD IPF maps. The whole texture of the first pass FSP
sample is {0001} (-1100) with the highest pole density of
59.27 mrd, and tilted to TD about 30°, as shown in Fig. 4a.
Compared to the whole texture, the texture of the regions
1, 2 and 3 are tilted about 30°, 45° and 45° to TD, and the
texture types are also quite different (in Fig. 4(b-d)), implying
the existence of texture heterogeneity in the first pass FSP
sample. Similarly, the whole texture (in Fig. 4e) of the MFSP
sample is also {0001} (-1100) with the highest pole density
of 60.59 mrd, and it is tilted to TD about 30°, but the texture
of regions 1, 2 and 3 (in Fig. 4(f-h)) are tilted about 45°, 30°
and 30° to TD.

The difference in grain orientation between the top and
bottom regions of the stir zone in one-sided FSP samples is
mainly due to thermal gradients, plastic deformation distribu-
tion, and cooling rate variations [29]. The top region, which
is in direct contact with the tool shoulder, experiences higher
temperatures, promoting more significant dynamic recrystal-
lization, while the bottom region, being farther from the heat
source, remains at a lower temperature, leading to differences
in grain refinement [30]. Additionally, the top region under-
goes more intense plastic deformation due to higher shear
strain, whereas the bottom region experiences less deforma-
tion, affecting the crystallographic orientation. The cooling
rate also differs, with the top cooling more slowly due to con-
tinuous heat input, allowing for prolonged recrystallization,
while the bottom cools faster due to contact with the base ma-
terial, limiting grain growth [31]. In MFSP, the second pass

further alters the bottom region’s microstructure, but initial
differences in grain structure, strain hardening, and crystal-
lographic orientation persist, and thermal accumulation may
further modify the microstructure without completely elimi-
nating these variations.

On the contrast, the texture of the DS-FSP sample is ho-
mogeneous both in whole and regions 1, 2 and 3, as shown
in Fig. 4(i-1), and it is the silk texture parallel to TD. In addi-
tion, the maximum pole density in the SZ reached 10.11 mrd
for the DS-FSP sample, indicating DS-FSP method reduces
the anisotropy and density of texture, and this finding has
also been documented by Liu et al. [29]. DS-FSP enhances
microstructural homogeneity by mitigating strain gradients,
optimizing thermal cycles, and promoting uniform dynamic
recrystallization. Unlike single-pass FSP, where asymmetric
material flow and localized deformation lead to microstruc-
tural anisotropy, DS-FSP subjects the material to two con-
secutive deformation and thermal cycles, resulting in a more
balanced strain distribution across the SZ. The bidirectional
stirring process refines the grain structure by facilitating more
uniform dynamic recrystallization, reducing local variations
in grain size and crystallographic orientation. Furthermore,
DS-FSP promotes a more uniform heat distribution, mini-
mizing temperature gradients and suppressing excessive grain
growth in specific regions. This process also optimizes ma-
terial flow, reducing localized inhomogeneities and enhanc-
ing textural uniformity. Consequently, DS-FSP decreases tex-
ture anisotropy and refines the overall microstructure, as ev-
idenced by the reduced maximum pole density in the SZ.
Additionally, in accordance with pertinent literatures, reduc-
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ing the anisotropy and density of texture promotes uniform
plastic deformation and reduces local stress concentration,
thereby enhancing strength-ductility of Mg alloys under stress
[35-37].

Figs. 5 and 6 provide detailed insights into the distribu-
tion and refinement of intermetallic compounds (IMCs) in
the SZ of the first pass FSP sample, MFSP sample and DS-
FSP samples. As shown in Fig. 5(a-c), after the first pass
FSP, the IMCs exhibit a streamline distribution due to the
combined effects of tool shoulder pressure and stirring pin-
induced fragmentation. This characteristic persists even after
MFSP (Fig. 5(d-f)), despite an increased number of fine par-
ticles. In contrast, Fig. 5(g-i) reveals that DS-FSP leads to
further refinement of IMCs and a significantly more uniform
distribution. The overall quantity of IMCs appears reduced
compared to single-sided FSP, which may be attributed to
either partial dissolution during the DS-FSP process or the
presence of ultrafine particles below the resolution limit of
our observations.

To conduct a more detailed analysis of the size and mor-
phology of IMCs in the DS-FSP alloy, Fig. 6 presents the
distribution and elemental mapping of IMCs in the upper and
middle regions of the SZ. In the upper region (Fig. 6a), IMCs
exhibit a high degree of fragmentation and a nearly uniform
dispersion, with sizes ranging from 2 to 4 wm. This is due to
the combined effects of shearing by the stirring pin and high
axial pressure from the tool shoulder, which enhance particle
refinement and homogenization. In contrast, in the middle

region (Fig. 6b), IMCs still show some streamline distri-
bution, with larger particle sizes of 3 to 5 pwm. Fig. 6(c-d)
provides a detailed view of region A in Fig. 6b, illustrating
that the elemental composition of these particles remains con-
sistent before and after DS-FSP, as confirmed by elemental
mapping.

Fig. 7 summarizes tensile performances of the first pass
FSP, MFSP and DS-FSP samples. As evident from Fig. 7a,
the DS-FSP sample demonstrates higher values for both UTS
and elongation compared to the one-sided FSP samples. Ex-
amining the trend of curves in Fig. 7a, it can be observed
that the stress in one-sided FSP samples declines rapidly after
reaching its peak, whereas the DS-FSP sample demonstrates a
gradual decrease after reaching UTS, indicating that the sam-
ple underwent obvious necking. This behavior may be associ-
ated with crack propagation and strain accumulation [38]. The
data results of mechanical properties are presented in Fig. 7b.
The detailed data of the first pass FSP sample are UTS of
280.2 £ 28.2 MPa, YS of 140.3 4+ 19.2 MPa and elongation
of 18.4 £ 4.3%, respectively. For the MFSP sample, the cor-
responding values are 311.4 4+ 20 MPa, 156.7 & 17.8 MPa
and 21.8 + 6.3%, while those of the DS-FSP sample are
334.1 &£ 15 MPa, 157.4 &+ 12.7 MPa and 28.2 £ 7.3%, re-
spectively. Compared with the first pass FSP sample, UTS
increased by 19.3% and elongation increased by 53.2%. Ob-
viously, these results indicate that the DS-FSP method sig-
nificantly contributes to tuning and enhancing the strength-
ductility.
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The engineering strain distribution maps of the first pass
FSP, MFSP and DS-FSP samples measured by digital im-
age correlation are shown in Fig. 8(a-c). For all samples, the
fracture occurred in the range of gauge length. The values
of accumulated effective strain are 0.6, 0.72 and 0.98, re-
spectively. The DS-FSP sample exhibited the highest effective
strain value. Moreover, strain concentration can be observed
obviously in the first pass FSP and MFSP samples, while the
DS-FSP sample shows homogeneous strain distribution and
obvious necking, as shown in Fig. 8(a-c). Through a compar-
ison of the microstructural characteristics and strain distribu-
tion between the one-sided FSP and DS-FSP samples, it can
deduce that the homogeneous microstructure has the capacity
to accumulate higher strain, resulting in a more uniform strain
distribution. Fig. 8(d-e) shows the macro-graph of fractured
the first pass FSP, MFSP and DS-FSP samples. The fracture

surfaces exhibit two different fracture types: flat shear fracture
and non-shear fracture. It can also be seen from the longitu-
dinal section of the fractures that the one-sided FSP samples
show relatively flat shear fractures in Fig. 8(g-h), while the
fracture of the DS-FSP sample is irregular with some ridges
and islands in Fig. 8i.

4. Discussion

By analysing the experimental results, the DS-FSP sample
exhibits outstanding strength-ductility with irregular fracture,
while the one-sided FSP samples show flat shear fracture.
To elucidate the influence of microstructural characteristics
on fracture behavior, the fractures are discussed in terms of
initiation and growth, thereby clarifying the mechanisms be-
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hind the increased strength and ductility of Mg alloys through
DS-FSP.

4.1. Fracture initiation of flat shear fracture of one-sided
FSP samples

Fig. 9a shows the longitudinal section fracture morphol-
ogy of one-sided FSP samples, both of them show obvious
flat shear fracture. Regions 1 and 2 are selected at the fracture
initiation for microstructure analysis. The grains are obviously
elongated and numerous twins are evident in regions 1 and
2, as shown in Fig. 9b and 7e. From Fig. 9h, the grain sizes
of regions 1 and 2 are about 4.13 pum and 3.28 pwm, respec-
tively. The twin distribution maps presented in Fig. 9c and 7f
illustrate (1-210) 86° tension twins (T-T) and (1-210) 7.4°
coherent twins (C-T), respectively. In Fig. 9i, the proportion
of twins in region 2 is noticeably reduced compared to that in
region 1, suggesting that the activation of twins is inhibited,
possibly due to the refinement of grains [8,39]. During ten-
sile deformation, the fine grains in one-sided FSP sample will
generate twins, which play a role in coordinating deformation,
resulting in a high local strain, which leads to fracture nucle-
ation. For instance, Yu et al. showed that micro-cracks in sin-
gle crystal Mg are initiated at twin boundaries and twin-twin
interaction sites, where there is a localized stress concentra-
tion [40]. Moreover, the absence of stress relief for high local

strain within twins leads to the development of micro-cracks,
typically culminating in fracture [41,42]. Further extrapolat-
ing this result may be one of reasons for higher ductility of
the MFSP sample compared to the first pass FSP sample.

To more precisely assess the impact of twinning on lo-
cal strain, Fig. 9d and 9g depict distribution maps of ge-
ometrically necessary dislocation (GND) density. The GND
densities are 6.23x10'*-m~2 and 4.81x10'*-m~? in regions
1 and 2, respectively. Moreover, there are high GND density
in the regions with high density twins, depicted in Fig. 9(c-
d) and 9(f-g). Incidentally, GND density denotes the count
of geometrically necessary dislocations per unit volume, dis-
tinct from conventional dislocation density, which encom-
passes the total dislocation count without regard to their dis-
tribution. The notion of GND density finds particular rele-
vance in fine-grained or ultra-fine-grained materials character-
ized by diminutive dimensions, where non-uniform deforma-
tion notably influences the spatial arrangement of dislocation
density [43,44].

Fig. 10(a-b) shows the TEM images at the fracture ini-
tiation position of the first pass FSP sample. The lamellar
structures are well-maintained in certain regions, with clearly
distinguishable boundaries between layers. At the same time,
there is a notable variation in the distribution of linings within
the lamellar structures, and the dislocations with high den-
sity are scattered throughout the dark regions depicted in
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Fig. 10. Twins and dislocations characteristics at fracture initiation location of the first pass FSP sample: (a) TEM image, (b) local magnification image of a,
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along A-B and C-D, (i) and (k) GND density along A-B and C-D.

Fig. 10a. In Fig. 10c, the selected area electron diffraction
(SAED) result reveals the presence of twins at the inter-
facial boundary. A misorientation of 7.4° can be observed,
suggesting an asymmetrical orientation in the twin struc-
ture [45]. EBSD maps corresponding to region A, as high-
lighted in Fig. 9b, are presented in Fig. 10d. By compar-
ing Fig. 10(d-e), we can find that the region where the
twins are located has a high dislocation density. To delve
deeper into this result, we focus on T-T-1 and C-T-1 in
Fig. 10(f-g), tension twins and coherent twins configura-
tions are more prone to accumulating dislocations at the twin
boundary. The lines in Fig. 10(f-g) point-to-point analyses
were performed on T-T-1 and C-T-1, respectively. By com-
paring A-B and C-D grain boundary angle and GND den-
sity distribution, it can be found that the grain boundary
angle corresponding to the twin is 86° and 7.4°, and the

twin boundaries exhibit high dislocation density, as shown in
Fig. 10G-k).

4.2. Fracture growth of flat shear fracture of one-sided FSP
samples

As depicted in Fig. 8, while both the first pass sample
and MFSP sample exhibit a flat shear fracture, distinctions in
the direction of fracture growth are evident. To elucidate the
fracture growth mechanisms, the relationship between fracture
behavior and microstructure is constructed in Fig. 11, where
the tensile direction is the same as PD. From the schematic
diagrams in Fig. 11a and e, the angles of fracture growth and
tensile direction are 30° and 45°, respectively. Based on the
shear fracture geometry, when 6 is small, the predominant
stress acting along the fracture direction is in the form of



3734 K. Sheng, S. Guan, Y. Sun et al./Journal of Magnesium and Alloys 13 (2025) 3725-3739

PD

First pass FSP sample

/ﬂ'

(@)

e Tensile direction

—_—

d \ —2..09 um

avg™

{0001}

() 4 ;

ND

Fig. 11. (a) and (e) Schematic diagrams of the first pass FSP and MFSP samples tensile and fracture, (b) and (f) EBSD IPF maps at fracture growth locations,
(c) and (g) {0001} pole figures at fracture growth locations, (d) and (h) crystal orientation of highest pole density points.

shear stress t, making the material more susceptible to pre-
mature shear fracture. Therefore, it is essential to elucidate
the reasons for the formation of the shear angle 6.

Fig. 11b and 11f show the EBSD IPF maps at locations
where fracture growth occurred in the first pass FSP and
MFSP samples, with average grain sizes of approximately
2.22 pm and 2.09 wm, respectively. Compared with frac-
ture initiation locations (in Fig. 9b and e), the average grain
size is smaller at fracture growth locations. From their corre-
sponding {0001} pole figures, it can be found that the highest
pole density points are tilted towards PD by about 30° and
45°, and the highest pole density are 27.36 mrd and 49.71
mrd, respectively. The texture of one-sided FSP samples has
a strong density, which indicates that the texture has a high
anisotropy in a certain direction. Incidentally, in the regions
with high texture density, fracture may spread more easily
along the texture direction. This is because the crystal orien-
tations are relatively consistent in a specific direction, lead-
ing to lower resistance to crack propagation in that direction
[46-48]. Therefore, the angles between the tensile direction
and the z-axis of grain orientation are also about 30° and
45°. It could be inferred that the texture of fracture growth
direction determines the direction of fracture growth.

4.3. Analysis of irregular fracture of DS-FSP sample

As mentioned earlier, the DS-FSP sample presents uniform
strain distribution, and distinct irregular fracture at longitudi-
nal section, not same as the shear fracture of one-sided FSP
samples. Fig. 12 shows the microstructure characteristics of
regions 1 and 2 at the fracture. Very few twins are observed
in the EBSD IPF maps, which is obviously different from
one-sided FSP samples. Micro-cracks with an irregular shape

are easily discernible in the band contrast map, as illustrated
in Fig. 12b, resembling the macroscopic fracture depicted in
Fig. 12g. Regions 1 and 2 in the fractured DS-FSP sample
exhibit a higher GND density, with a more uniform distribu-
tion evident throughout, as depicted in Fig. 12c and f. The
{0001} pole figures of regions 1 and 2 are shown in Fig. 12h
and i, and the texture is tilted about 15° compared to texture
of parallel TD before tensile testing. Due to strain loading
during the tensile, there may occur changes in grain orienta-
tion, namely, rotation of grain orientation. This rotation may
be attributed to behaviors like grain boundary sliding (GBS)
or rotation [49-51]. The GND density are 8.18x10'*.m2
and 8.19x10'*.m™2, as shown in Fig. 12j and k, respectively.
Compared with the one-sided FSP samples, there are obvious
differences in the microstructure of the fracture, and the dis-
locations have higher density and more uniform distribution,
which could indicate the DS-FSP sample has more excellent
strength and ductility.

From Fig. 13a, there are some high-density dislocations
and equiaxed grains in the TEM image of the fractured DS-
FSP sample, and no twins are observed. Fig. 13b is a local re-
gion magnification of Fig. 13a, where equiaxed grains can be
clearly observed. This result is also mentioned in Zhang’s re-
port, which states that ultra-fine-grained Mg alloys still main-
tain equiaxed grains after tensile testing at ambient temper-
atures, primarily attributed to grain boundary sliding (GBS)
as the principal deformation mode [52]. It is widely recog-
nized that the deformation mechanisms in Mg alloys encom-
pass twinning, dislocation slip, and GBS. Moreover, GBS is
more easily activated in ultra-fine-grained Mg alloys than in
coarse or fine grains. Compared to the generation of twins
and dislocation slip during deformation, GBS can serve as a
mechanism to release or relax stress and mitigate stress con-
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centration, thereby improving strength and ductility. As shown
in Figs. 5 and 6, the refinement and homogenization of IMCs
in DS-FSP samples also play a crucial role in promoting GBS.
The reduced particle size and improved uniformity alleviate
local stress concentration, facilitate more homogeneous defor-
mation, and ultimately enhance both strength and toughness.
However, GBS cannot be activated in all grains of the sample,
and due to structural differences between different grains, lo-
cal distortions may occur at grain boundaries, leading to strain
concentration in these regions. This explains the presence of
high-density dislocation regions and equiaxed grain regions
in Fig. 13a.

In order to further clarify fracture initiation caused by
structural differences between different grains, the region in
Fig. 12a was selected and named B. From the band contrast
and EBSD map (depicted in Fig. 13c), it is evident that re-
gion B (as shown in Fig. 12a) is situated in an area containing
certain micro-cracks. Moreover, from Fig. 13c, the grain ori-
entation at the micro-crack is significantly different from the
adjacent grains. The grain boundary exhibits a high kernel
average misorientation (KAM) value, as depicted in Fig. 13b,
and this result may be related to activate GBS of ultra-fine
grains. According to literature, when the stress concentration
caused by grain boundary dislocation accumulation exceeds
the critical level, the adjacent grains balance the stress distri-
bution through GBS [53].

In Fig. 13e, the {0001} pole figure illustrates the orienta-
tions of the grains 1-4 (G1-G4), revealing a notable disparity
in their orientations. Fig. 13f shows the grain orientation and
tensile direction of G1, G2, G3 and G4 near the micro-crack,
and the z-axis corresponding to crystal orientation is incon-
sistent with the tensile direction. Therefore, we can reason-
ably infer that, at the same deformation rate, due to different

shear stresses, they exhibit variations in the activation of slip
systems, leading to changes in deformation among adjacent
grains. Furthermore, the uncoordinated deformation among
adjacent grains will cause uneven local deformation. Some
relevant studies also proposed that the transfer of slip across
grain boundaries serves as a crucial mechanism for hexago-
nal close-packed (HCP) metals to accommodate intergranular
deformation incompatibility [54,55]. Moreover, owing to the
two orders of magnitude difference in the critical resolved
shear stress (CRSS) between the active basal and other slip
systems, the primary slip system in magnesium is the basal
slip system [19,56]. In order to study the relationship between
crack generation and basal slip system activation, the lines
of point-to-point are selected for analyzing basal slip system
change in Fig. 13(g-i). Generally, it tends to be soft orienta-
tion when the Schmid factor (SF) value is >0.37, indicating
that the basal slip system is easily activated [57]. Obviously,
as depicted in Fig. 13(g-i), the SF values decrease from 0.45
to <0.37, indicating a change in the basal slip system of
the grains along the lines from a soft orientation to a hard
orientation near the micro-crack. That is, it can be inferred
from Fig. 13 that GBS occurs in the ultra-fine-grained DS-
FSP sample during the tensile testing, and variability in the
activation capability of basal plane slip among adjacent grains
influences slip transfer behavior, leading to the formation of
micro-cracks.

Through a systematic analysis and discussion of the ex-
perimental results, we have established a schematic dia-
gram depicting the microstructure characteristic and frac-
ture behavior of one-sided FSP sample and double-sided
FSP sample, elucidating the mechanisms behind enhanced
strength and ductility, as depicted in Fig. 14. The schematic
diagram consists of four parts: microstructure charac-
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teristics, fracture initiation, fracture growth and fracture
morphology.

For the one-sided FSP sample, the microstructure is com-
posed of heterogeneous and fine-grained grains, where the
grain size at the fracture initiation area is larger than that
at the crack growth area. According to the results shown in
Figs. 9 and 10, T-T and C-T gradients are generated to coordi-
nate the deformation of the sample, increasing the local GND
density and leading to fracture initiation during the tensile
processing. From the results presented in Fig. 11, due to the
finer grain size in the fracture growth direction, a higher lo-
cal GND density can be accumulated. Moreover, the fracture
growth direction of the crack depends on the grain orientation
along the growth path. The final fracture growth direction is
at an angle of 30° or 40° to the tensile direction due to the
strong texture present in the fracture growth direction of the
sample, and the fractured sample exhibits a flat shear fracture
morphology.

For the double-sided FSP sample, the microstructure is
composed of ultra-fine grains, and there is no significant
difference in grain orientation. Analysis of the results from
Figs. 12 and 13 reveal that during tensile deformation, some
grains in the ultra-fine grain sample undergo GBS, releasing
local stresses, thereby leading to a decrease in local GND
density. In the ultra-fine grain sample, smaller grain sizes
may be more conducive to GBS. Hence, areas with relatively
smaller grain sizes in Fig. 12 exhibit lower GND density.
However, GBS may also alter grain orientation, causing the
SF for basal slip to transition from a soft orientation to a hard
orientation, resulting in deformation incompatibility between
adjacent grains, thereby leading to the initiation of micro-
cracks, ultimately resulting in irregular fracture morphology
in the sample. It can be seen from the schematic diagram
in Fig. 14 that compared with one-sided FSP sample, the
ultra-fine grained double-sided FSP sample can accumulate
higher GND density in the fracture initiation stage, which
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the tensile deformation.

improves the strength of the sample, and changes the fracture
mechanism of the sample in the fracture growth stage, which
improves the ductility of the sample. Simultaneously, double-
sided FSP provides an effective strategy to change the frac-
ture mechanisms by obtaining ultra-fine-grained and homoge-
neous microstructure, thereby enhancing the strength-ductility
of bio-magnesium alloys.

5. Conclusion

Herein, we conduct a comprehensive investigation of
one-sided and double-sided friction stir processing samples
to deepen our comprehension of the relationship between
strength-ductility and fracture mechanisms through analyzing
microstructure and fracture behaviors. The following conclu-
sions are obtained:

(1) The ultra-fine-grained and homogeneous microstructure
is manufactured via double-sided friction stir processing
using liquid CO2 rapid cooling to enhance the strength-
ductility of bio-magnesium alloy. The ultimate ten-
sile strength and elongation of DS-FSP samples reach
334.1 &£ 15 MPa and 28.2 £ 7.3%, representing in-
creases of 19.3%% and 53.2%, respectively, compared
to first pass FSP sample.

(2) DS-FSP fundamentally alters the fracture behavior of
the processed magnesium alloy. The one-sided FSP

samples exhibits a flat shear fracture morphology due to
twin-induced high-density dislocation accumulation and
a heterogeneous texture that constrains crack propaga-
tion. In contrast, DS-FSP samples show irregular frac-
ture characteristics, attributed to GBS and variations in
basal slip system activation between adjacent grains.

(3) The ultra-fine-grained microstructure in DS-FSP sam-
ples facilitates GBS as the dominant deformation
mechanism, reducing twin formation and enabling a
more uniform strain distribution. This transition from
twin-induced deformation in one-sided FSP to GBS-
dominated deformation in DS-FSP effectively enhances
both strength and ductility, as the higher dislocation
density promotes work hardening while mitigating lo-
calized stress concentrations.
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