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The Mg-2Sn-2Zn-0.7Mn-0.5Ca (wt.%) alloy was employed to investigate the
effect of forging passes on both microstructural and mechanical properties as
well as the mechanism of multidirectional forging (MDF). The results show
that with the increase of MDF passes, the second phase is fragmented and
dispersed. At the same time, the alloy’s microstructure exhibits necklace-like
microstructures with different thicknesses due to the generation of recrys-
tallized grains. After the alloys are deformed by the first forging pass (MDF-1)
and the third forging pass (MDF-3), both the strength and plasticity tend to
increase. The strength of MDF-3 passes is the highest (230 MPa), while the
elongation is improved in the fifth forging pass (MDF-5) deformed alloy with a
concomitant decrease in tensile strength by 11 MPa. This phenomenon oc-
curred because, after the alloy undergoes MDF-5 deformation, the texture
changes from a typical basal texture to a bimodal texture. In other words,
following MDF treatment, grain refinement and texture weakening together
affect the mechanical properties of the alloys.

INTRODUCTION

Magnesium alloys have attracted much attention
due to their attractive properties, including low
density, favorable castability, elevated specific
strength, and commendable recyclability.1–4 How-
ever, high-temperature deformation of magnesium
alloys is still a large challenge. The hexagonal close-
packed (HCP) crystal structure of magnesium alloys
has limited slip modes that are easily activated,
which leads to poor ductility. This constrains their
widespread utility in many fields. Improving mag-
nesium alloy mechanical properties is a multi-
faceted challenge, influenced by many factors such
as grain size, texture modulation, heat treatment,
and processing. Nowadays, scholars focus on grain
refinement and reducing texture intensity to

improve magnesium alloy properties.5,6 According
to the Hall–Petch relationship, it is proposed that
diminishing grain size can improve the yield
strength of alloys.7,8 Meanwhile, the pronounced
anisotropic propensity of texture can significantly
influence the properties. Scientists have studied not
only the role of texture in deformation mechanics
but also the mechanisms governing texture modu-
lation using advanced sophisticated technological
methods.9–11

In recent years, researchers have changed the
composition of the second phase in magnesium alloy
by introducing Sn,12 Mn,13 and rare earth ele-
ments14,15 into the magnesium matrix, thereby
controlling the texture and grain size, leading to
improved mechanical properties. Hou et al.16

explored Mg-Zn-Sn-xMn alloys with different Mn
content and discovered that Mn facilitates the
nucleation of rod-like MgZn2 particles, which
improves the mechanical properties of the alloy.
Yang et al.17 found that adding a moderate amount(Received March 21, 2024; accepted June 24, 2024;
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of Ca to Mg-Zn-Sn alloys promotes the formation of
CaMgSn particles. Additionally, adding Zn and Ca
to magnesium alloys tends to induce grain boundary
segregation, leading to a heterogeneous microstruc-
ture with a diminished basal texture. The formation
of this structural feature is essential for enhancing
the activation of non-basal slip and suppressing the
nucleation of twins.

Severe plastic deformation (SPD) is a processing
technology capable of significantly refining metal
grains,18–21 this process including equal channel
angular extrusion, cyclic extrusion compression,
MDF, accumulated roll bonding, and multi-axial
compression. These techniques involve applying
very large plastic strains to the material, which
alters its microstructure, strengthens the material,
and refines its grains. MDF technology has
attracted a great deal of attention because of its
simplicity and ease of operation.22–24 In a study by
Wang et al.,25 MDF processing on Mg-Gd-Y-Zn-Zr-
Ag alloys showed that increasing MDF passes led to
internal textural changes and grain refinement in
the alloy. The MDF processing activated prismatic
slip around the transverse directional (TD) axis in
deformed grains, Meanwhile, other deformed grains
become activated through multiple slip mecha-
nisms, significantly enhancing the mechanical

properties of the alloy. However, the effect of MDF
processing on texture and grain characterization is
seldom researched in Mg-2Sn-2Zn-0.7Mn-0.5Ca
(wt.%) alloy. Therefore, this paper aims to investi-
gate the effects of varying forging passes on the
evolution of microstructure, texture, and mechani-
cal properties. The research hopes to elucidate the
plastic deformation mechanism of MDF in magne-
sium alloy and provide a scientific foundation for
the practical application of the MDF process.

MATERIALS AND EXPERIMENTAL
METHODS

Preparation of Materials

The nominal percentage of material used in this
study was Mg-2Sn-2Zn-0.7Mn-0.5Ca (wt.%), which
was prepared from high purity Mg, Sn, Zn (� 99.9
wt.%) and Mg-10 Mn, Mg-30Ca intermediate alloys.
After casting, this alloy was subjected to a two-stage
solution treatment which was to hold the alloy at
375�C for 2 h and then hold it at 450�C for 6 h.
Water-cooling treatment was subsequently fol-
lowed. Then, the alloy was cut into a billet by wire
cutting with dimensions of 14 mm 9 14 mm 9 20
mm and chamfered R3. Before forging, the specimen
was assembled with the MDF molds as shown in

Fig. 1. (a) Schematic diagram of MDF mold, (b) MDF process flow diagram, (c) schematic diagram of sampling location, (d) dimension of
specimen for OM and dimension of specimen for tensile test.
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Fig. 1a. Then, the die and specimen were placed in a
resistance furnace together and heated to 325�C
holding for 30 min. After heating, the specimen was
forged with a downward pressure rate of 20 mm/
min and an average strain pass of 0.36 by using a
CMT electronic universal testing machine. Next,
the specimen was rotated 90� to change another face
preparing for the next forging pass as indicated in
Fig. 1b.

Microstructure and Mechanical Property
Testing

The specimens for optical microscopy (OM), scan-
ning electron microscopy (SEM), electron backscat-
tering diffraction (EBSD), and tensile testing were
cut from the center of the MDF specimens as seen in
Fig. 1c. The specimens used for OM and SEM were
chemically etched with a solution composed of 1.4%
picric acid, 6.2% glacial acetic acid, 84% ethanol,
and 8.4% distilled water. The microstructural obser-
vations were conducted with an Olympus optical
microscopy and Inca 350. The EBSD specimens
were electropolished using the solution of perchloric
acid and acetic acid (AC2). Testing was conducted
using a Hitachi SU5000 device, followed by the
analysis and processing of the obtained data utiliz-
ing AZtecCrystal software. The specimens for the
tensile test were dog-bone shaped with a gauge

length of 5 mm, width of 2 mm, and thickness of
1.5 mm depicted in Fig. 1d. Tensile tests were
carried out at a strain rate of 0.2 mm/min with the
tensile direction parallel to the TD.

RESULTS AND DISCUSSION

Microstructure of the Initial As-Cast and Solid
Solution States

Figure 2 shows the micrographs and energy
spectra of the as-cast Mg-2Sn-2Zn-0.7Mn-0.5Ca
alloy. Figure 2a reveals that the as-cast microstruc-
ture of the alloy primarily consists of a-Mg and a
second phase, which is reticulate in morphology and
predominantly distributed along the grain bound-
aries. A higher magnification graph in Fig. 2b
reveals that the microstructure of the second phase
is predominantly lamellar. Additionally, fine gran-
ular phases are noticeable adjacent to the eutectic
regions. This may be attributed to the slow cooling
experienced by this section of the alloy during
solidification, leading to the precipitation of second
phases within the grains while the alloy cooled to
room temperature. The average primary dendrite
spacing of the as-cast alloy at this point is approx-
imately 122.99 lm as shown in Fig. 2c. To further
investigate the distribution of alloying elements
during the casting process, EDS analysis was

Fig. 2. (a, b) As-cast micrographs, (c) grain size statistics, (d-i) EDS analysis of as-cast Mg - (4-x) Sn-xZn-0.7Mn-0.5Ca alloy.
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conducted as presented in Fig. 2d, e, f, g, h, and i.
The figure shows that the elements Zn, Sn, and Ca
in the cast Mg-2Sn-2Zn-0.7Mn-0.5Ca (wt.%) alloy
are mainly segregated at the grain boundaries and
their neighboring regions to form the second phase.
The distribution of Mn elements in the alloy is
relatively uniform, and this distribution character-
istic is conducive to improving the overall perfor-
mance and weldability of magnesium alloys. Table I
presents the EDS analysis results from points A, B,
C, and D marked in Fig. 2d. The atomic ratio of Ca
to Sn at point A is approximately 1:1, with only a
minor presence of Zn, forming elongated stripes.
This phase is tentatively identified as the CaMgSn
phase. At point B, the Mg to Zn ratio is about 1:2,
forming a spherical phase, which is presumed to be
the MgZn2 phase, with the excess Mg being part of
the a-Mg matrix. The Mg to Sn ratio is approxi-

mately 2:1 at point C, leading to the deduction that
the phase is the Mg2Sn phase. The component
analysis of point D shows that the Mn content is
14.57%. Therefore, it is inferred that this point is an
a-Mn phase, with most of it distributed in a
granular form in the matrix.

Based on the analysis above, the second phase at
the grain boundaries of the cast alloy is relatively
coarse. During the subsequent deformation process,
cracks are more likely to be generated near the
phases at the grain boundaries, thus affecting its
plastic-forming ability.26 To improve the supersat-
uration and plastic-forming ability of the alloy, it is
necessary to homogenize the cast alloy. According to
related research,27 in Mg-Sn-Zn alloys, a secondary
solution treatment is usually required to promote
the full diffusion of Sn and Zn in the alloy. The
micrographs of the homogenized alloy and its EDS
test results are shown in Fig. 3. To allow the Mg-Zn
phase to fully dissolve into the alloy matrix and to
control the Zn element to diffuse first, the primary
solution treatment temperature should be selected
between 310�C and 400�C. Figure 3a shows that
after the first solution treatment, most of the
spherical eutectic phase in the alloy is dissolved
into the a-Mg matrix, but a small amount of flaky
second phase is still present at the grain bound-
aries. In addition, after the first solid solution
treatment, the average grain size of the alloy
slightly increased from 110 lm to 140 lm. After
the secondary solution treatment, Fig. 3b shows

Table I. EDS results of Mg - (4-x) Sn-xZn-0.7Mn-
0.5Ca alloy as cast (at.%)

Points Mg Sn Zn Mn Ca

A 44.08 31.74 0.75 0.31 23.12
B 55.69 1.82 40.21 0.28 0.2
C 63.54 33.94 0.14 0.07 2.31
D 83.92 0.90 0.62 14.57 0.31

Fig. 3. Micrographs of solid solution alloys and their EDS tests: (a) primary solution treatment, (b) secondary solution treatment, (c) EDS
locations, (d) concentration histograms.
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that the number of eutectic phases at the grain
boundaries of the as-cast alloy was significantly
reduced, and only a very small number of elongated
phases were present at the grain boundaries. The
average grain size of the alloy is about 178 lm,
43 lm larger than that of the as-cast alloys. The
morphology and composition of cast and homoge-
nized alloys were studied in depth using the EDS
test. Point D in the alloy after secondary solution
treatment has a Ca/Sn ratio of about 1:1, which is
presumed to be the CaMgSn phase. While the
content of Mn in position E is as high as 54.26%,
it can be presumed to be the monolithic Mn, as
shown in Fig. 3c and d.

Influence of the Forging Passes
on the Microstructure of the Alloy

To investigate the influence of the forging passes
on the microstructures of Mg-2Sn-2Zn-0.7Mn-0.5Ca
alloy, the microstructure was observed in the alloys
of MDF-1, MDF-3, and MDF-5 forged alloys, and the
results are shown in Fig. 4. After the MDF-1
deformation, the microstructure of the alloy is
characterized by many coarse deformed grains and
fine recrystallized grains around their grain bound-
aries, and the direction of elongation of the coarse
grains is perpendicular to the forging direction of
the specimen. Compared with the solid solution
state, the coarse grains in the MDF-1 alloy were
elongated, and fewer recrystallized grains appeared

at the grain boundaries, as shown in Fig. 4a. When
the alloy is deformed by MDF-3, the grain size
within the alloy is significantly reduced compared
with that of MDF-1 alloy, while the number of
recrystallized grains is significantly increased. At
the same time, these recrystallized grains are
surrounded by the grain boundaries of the coarse
grains, and the ‘‘necklace’’ structure is more obvi-
ous, as shown in Fig. 4d. When the alloy is deformed
by MDF-5, the degree of recrystallization of the
alloy is further enhanced, and the grains are more
homogeneous compared with MDF-3, as shown in
Fig. 4g. Figure 4b, e, and h illustrates the scanning
electron microscope images of the secondary phase
in the alloy under different forging passes. As
marked by the yellow box in Fig. 4b, many fine
dynamic precipitation phases are observed in the
MDF-1 alloy. This is due to the dynamic precipita-
tion of the second phase during the holding and
forging stages. When the forging passes are
increased to MDF-3, the distribution of the second
phase becomes more irregular and is located mainly
at the boundaries of the dynamically recrystallized
grains. The reason is that the local strain field
during the forging process promotes the nucleation
and growth of recrystallization by enhancing the
diffusion of solute atoms, as shown by the yellow box
in Fig. 4e.28 With further increase of the forging
passes up to MDF-5, the local strain field during
forging increases, the grain size of the alloy refines,
and the second phase becomes more dispersed as

Fig. 4. Metallographic and SEM images of Mg-2Sn-2Zn-0.7Mn-0.5Ca alloy after different passes of MDF: (a, b, c) MDF-1, (d, e, f) MDF-3, (g, h, i)
MDF-5.
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shown in Fig. 4g, h, and i. Figure 4c, f, and i
presents the enlarged images within the yellow
dashed boxes in Fig. 4b, e, and h. EDS examination
of the long stripes of the second phase is shown in
Table II. The ratio of Ca and Sn atomic contents at
points A, C, and D in Fig. 4c, f, and i is close to 1.1,
which is close to 1:1. Meanwhile, according to the B-
peak plot in Fig. 2c, it is known that the CaMgSn
phase exists in the alloy. This shows that the
elongated second-phase particles should be CaMgSn
phase. When the deformation was carried out to
MDF-3 passes, the elongated CaMgSn phase in the
alloy was fragmented and refined, and the distribu-
tion of the CaMgSn phase in the alloy was more
uniform after MDF-5 passes. Analyzing the point B
marked in Fig. 4f showed that this point is the area
of manganese aggregation, and the atomic percent-
age content of manganese is about 40.94%. There-
fore, the second phase corresponding to point B is a-
Mn particles. In conclusion, when the number of
forging passes of the alloy was increased from 1 to 5
passes, the grain refinement of the alloy was
significantly increased, which indicates that grain
refinement can be effectively achieved by adjusting
the number of MDF passes.

Mechanical Properties of the MDFed Alloy

The stress-strain curves of Mg-2Sn-2Zn-0.7Mn-
0.5Ca alloy before forging and after deformation in
different passes are shown in Fig. 5. From Fig. 5, it
is easy to see that the ultimate tensile strength
(UTS), tensile yield strength (TYS), and EL of the
solid solution state alloy are 176 MPa, 96 MPa, and
12.7%, respectively. The mechanical properties of
the alloy have been improved to different degrees
after MDF. The UTS, TYS, and EL of the alloy after
MDF-1 pass deformation were 195 MPa, 143 MPa,
and 15.4%, respectively, which were improved by
19 MPa, 47 MPa, and 2.7% compared to the solid
solution state. This was attributed to the finer grain
size of the alloy in the deformed state compared to
the solid solution state alloy, as well as the change
in the size and distribution of the Ca-containing
eutectic phases, which improved its strength and
plasticity. After the alloy was deformed by MDF-3
the UTS, TYS, and EL of the alloy reached
230 MPa, 193 MPa, and 17.3%, respectively,
whereas after the alloy was deformed by MDF-5
its UTS, TYS, and EL were 219 MPa, 167 MPa, and

20.3%, respectively. It can be clearly found that the
TYS, UTS, and EL of the alloy increased with the
increase of the forging passes. Meanwhile, the
‘‘necklace-like’’ microstructure in the alloy resulted
in the highest TYS of the MDF-3 pass specimen, and
at the same time the specimens showed a good
strength-plasticity balance. However, when the
specimens were carried out to MDF-5 passes, the
degree of DRX reached the highest and the TYS and
UTS of the specimens show a decreasing trend, but
the EL is the highest. The high strength of the
MDF-3 channeled specimens suggests that the
coarse deformed grains play an important role in
storing dislocations, thus enhancing the UTS of the
alloy.

Grain Orientation and Size

Figure 6 shows the IPF maps of Mg-2Sn-2Zn-
0.7Mn-0.5Ca alloys with various MDF-1, MDF-3,
and MDF-5 forging passes. The grain color maps
located in the lower left corner of Fig. 6a, c, and e
illustrate the orientation of the grains, where red
represents grains inclined towards the (0001) basal
plane, while blue and green denote a preference for
the (01-10) and (-12-10) prismatic planes, respec-
tively. An analysis of the IPF maps in Fig. 6a and c
reveals that red and purple grains are predominant
in the MDF-1 and MDF-3 specimens, suggesting
that a substantial portion of the grains are aligned
with the (0001) plane parallel to the ND basal plane
texture. It can be seen that the quantity of blue and
green color grains increases clearly from the IPF
maps in Fig. 6e. This indicates a transition toward a
more randomly oriented grain structure, which can
be attributed to the increased number of forging
passes that promote a more homogeneous deforma-
tion and dynamic recrystallization process. Fig-
ure 6b, d, and f shows the grain size distribution

Table II. EDS results of Mg-2Sn-2Zn-0.7Mn-0.5Ca
alloys with different MDF passes (at.%)

Points Mg Sn Zn Mn Ca

A 55.64 23.42 0.60 0.17 20.17
B 54.59 0.97 2.56 40.94 0.74
C 74.60 12.35 1.96 0.42 10.67
D 79.92 9.79 1.31 0.34 8.64

Fig. 5. Tensile stress-strain curves of Mg-2Sn-2Zn-0.7Mn-0.5Ca
alloy in solid solution and forged states.
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of the specimens. These figures demonstrate a clear
trend that the quantity of coarse grains significantly
diminishes, while the quantity of fine grains
increases with an increasing of the MDF passes.
This grain refinement is a consequence of repeated
plastic deformation and dynamic recrystallization
during the MDF process, which leads to a refined
microstructure that produces the effect of fine grain
reinforcement, improving the strength of the alloy.
After MDF-1 passes, the grain size of the alloy
decreases from 178 lm in the solid solution state to
22.27 lm. At this time, the alloy grain size varies
considerably, with a coarse grain size of up to
170 ± 0.5 lm, and the proportion of grain sizes>
40 lm is 4.76%, as shown in Fig. 6b. After MDF-3

and MDF-5 passes, the average grain sizes of the
alloys are 17.86 lm and 12.29 lm, respectively, and

the coarse grain sizes are 167 ± 0.5 lm and
102 ± 0.5 lm, respectively, as shown in Fig. 6d
and e. The percentages of the grains< 40 lm were
3.24% and 2.46%, respectively. An increase of MDF
passes not only leads to the fragmentation of coarse
grains, which reduces their maximum grain sizes,
but also promotes the generation of dynamic recrys-
tallization (DRX) grains, which increases the quan-
tity of the small grains. The DRX process
contributes to the weakening of the texture and
further grain refinement. The underlying cause of
this phenomenon is that many grains need to be
reoriented to respond to the applied stress, which
subsequently leads to a reduction of the original
texture during DRX, which subsequently leads to
the mitigation of the original texture, as supported
by literature references.29,30

Fig. 6. IPF plots and grain size of Mg-2Sn-2Zn-0.7Mn-0.5Ca alloys with different passes: (a, b) MDF-1, (c, d) MDF-3, (e, f) MDF-5.
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Recrystallization Mechanism

To elucidate the impact of forging passes on the
degree of recrystallization in the Mg-2Sn-2Zn-
0.7Mn-0.5Ca alloy, the recrystallization was ana-
lyzed by using grain orientation spread (GOS) plots
on the specimens with different forging passes as
presented in Fig. 7. The red, yellow, and blue colors
in the figure represent deformed grains, substruc-
tured grains, and recrystallized grains of the alloy
with different forging passes, respectively. Compar-
ison with Fig. 7a, b, and c shows that the DRXed
grains in the three states of alloys are concentrated
around the coarse grains, forming a ‘‘necklace’’
structure, and become more uniform as the number
of forging passes increases. Furthermore, Fig. 7d, e,
and f illustrates that increasing the number of MDF
forging passes not only promotes the gradual defor-
mation and crushing of coarse grains but also
increases the number of DRXed grains. The volume
fraction of DRXed grains in the MDF-1 alloy is
about 12.1% compared to 24% in the MDF-3 alloy,
and it rises to 38.4% in the MDF-5 alloy. Typically,
when the number of MDF passes is below six, coarse
grains within the alloy are mechanically divided
and refined, and a few fractions of DRXed grains are
generated in the deformation zones, which is con-
sistent with the authors such as Zhang et al.31,32

Texture Evolution During the MDF Process

Figure 8 shows pole figure maps of the Mg-2Sn-
2Zn-0.7Mn-0.5Ca alloy after deformation by MDF-1,
MDF-3, and MDF-5 passes. When the alloy is
deformed by MDF-1 passes, the grains are aligned
along the (0001) base plane, which is parallel to the
longitudinal direction (LD), as shown in Fig. 8a.
This alignment occurs because the basal texture is
facilitated after deformation. Meanwhile, as shown
in Fig. 8b, the (0001) basal plane texture of the
deformed alloy of MDF-3 is approximately a 40�
deviation from the TD towards the LD. Before MDF-
3 forming, the alloy underwent two 90� rotational

forging passes, causing a basal plane deflection
during MDF-3 deformation. After the MDF-5 defor-
mation, a pronounced bimodal texture emerged. The
texture was distributed along the LD direction on
the (0001) basal plane. In terms of texture distribu-
tion, it is more dispersed than those of MDF-1 and
MDF-3, as illustrated in Fig. 8c. The texture of the
alloy becomes more dispersed and exhibits a larger
deviation angle after MDF-5 deformation. The
primary reason for this phenomenon is that multi-
ple forging passes induce expansion and textural
deflection at the (0001) basal plane, which activates
non-basal slip systems, leading to grain refinement
and reduced anisotropy in the alloy.33,34 These
findings are consistent with other authors such as
Che et al.35

ANALYSIS AND DISCUSSION

Microstructure Evolution

To better understand the impact of MDF on grain
changes, Fig. 9 shows a schematic diagram of the
microstructure adjustment mechanism of Mg-2Sn-
2Zn-0.7Mn-0.5Ca alloy. Upon solid solution treat-
ment, Fig. 9a and b indicates a reduction in the
second phase of the alloy, accompanied by grain
growth. When the alloy was initially forged, many
deformed grains appeared in the alloy, these coarse
deformed grains elongated significantly under the
external force, and their tensile direction became
perpendicular to the compression direction of the
specimen. At the same time, more recrystallized
grains appear at the second phase particles, and
these recrystallized grains form a ‘‘necklace-like’’

Fig. 7. Recrystallization and ratio of Mg-2Sn-2Zn-0.7Mn-0.5Ca
alloys with different passes of MDF: (a) GOS map of MDF-1 lane,
(b) GOS map of MDF-3 lanes, (c) GOS map of MDF-5 lanes, (d)-(f)
recrystallization volume fractions.

Fig. 8. Polar figure maps of Mg-2Sn-2Zn-0.7Mn-0.5Ca alloys in
EBSD: (a) MDF-1, (b) MDF-3, (c) MDF-5.
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microstructure around the deformed grains, as
shown in Fig. 9c. As the number of forging passes
increases, both the deformed grains and the second-
phase particles in the alloy broke up. This resulted
in second-phase particles becoming the nucleation
point of the recrystallized grains, increasing the
degree of recrystallization of the alloy. A more
pronounced ‘‘necklace-like’’ microstructure formed
around the broken deformed grains, as shown in
Fig. 9d.

Effect of Second Relative Mechanical
Properties

To investigate the distribution of the second
phase within the alloys and its influence on recrys-
tallization nucleation, the second phase in the alloys
subjected to varying numbers of forging passes was
characterized. Figure 10 illustrates the distribution
of the second phase in the Mg-2Sn-2Zn-0.7Mn-0.5Ca
alloy after undergoing MDF-1, MDF-3, and MDF-5
deformations. Figure 10a, b, and c indicates that
there are fewer recrystallized grains surrounded by
coarser Mn particles after MDF-1 deformation. This
phenomenon is attributed to the rapid movement
rate of grain boundaries due to strain-induced
recrystallization nucleation at lower strains. Under
these conditions, the effect of second-phase particle-
induced recrystallization nucleation is overshad-
owed by the dominant strain-induced nucleation
mechanism.36 Following MDF-3 deformation, the
internal Mn and CaMgSn particles within the alloy
are refined and become more uniform as they
fragment under the influence of forging stresses.
The fine dispersion of Mn particles enhanced their

effectiveness in hindering the growth of recrystal-
lized grains during the deformation process of the
alloy, thereby reducing the grain size and resulting
in a relative increase in the number of grain
boundaries. This increase in grain boundaries
helped to impede crack propagation, thereby
enhancing the strength and toughness of the alloy.
The spacing becomes smaller and the second phase
particles impede dislocation motion, leading to a
significant increase in the volume fraction of recrys-
tallized grains at this time, as demonstrated in
Fig. 10d, e, and f. This suggests that the refinement
and homogenization of the second phase may facil-
itate the nucleation of recrystallized grains, con-
tributing to the overall recrystallization process. As
depicted in Fig. 10e, the blue-colored regions repre-
sent areas of low dislocation density, which is
attributed to the consumption of dislocations by
the nucleation of recrystallized grains. At this stage,
recrystallization within the alloy is primarily initi-
ated by a combination of second-phase particles and
strain-induced nucleation. This dual initiation
occurs because recrystallized grains originating
from second-phase particles exhibit comparable
interfacial mobility to those formed by other nucle-
ation mechanisms. Additionally, the high disloca-
tion density surrounding the second-phase particles
is rapidly depleted, fostering the nucleation of
recrystallization.37 Upon subjecting the alloy to
MDF-5 deformation, more finely dispersed phases
are generated within the alloy. These phases are
predominantly distributed along the grain bound-
aries of the recrystallized grains, as evidenced in
Fig. 10g, h, and i. Under this forging condition, the

Fig. 9. Schematic diagram of microstructure regulation mechanism of Mg-2Sn-2Zn-0.7Mn-0.5Ca alloy: (a) cast state, (b) solution treatment, (c)
primary forging, (d) after multiple forging passes.
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second-phase particles within the alloy serve as
nucleation sites for recrystallized grains, thereby
accelerating the recrystallization process. Improve
the degree of recrystallization of the alloy and
effectively inhibit the growth of the grains, thus
promoting further refinement of the alloy grains.

Effect of Dislocations on Mechanical
Properties of Alloys

The kernel average misorientation (KAM) repre-
sents the average value of the misorientation angle
at the grain boundary. When the density of dislo-
cations increases, more interactions among disloca-
tions occur. The interactions among dislocations
make it difficult for the lattice in the alloy to slip
and deform.38 Therefore, a higher KAM value in an
alloy indicates a higher dislocation density and a
higher degree of plastic deformation.39–41 To inves-
tigate the plastic evolution mechanism of the alloy,
it is crucial to characterize the KAM values of the
Mg-2Sn-2Zn-0.7Mn-0.5Ca alloy after various passes
of MDF deformation. The results of these measure-
ments are presented in Fig. 11. Figure 11a, c, and e
shows the KAM maps of the region of Fig. 6a, c, and

e. There are many green areas at the coarse grains
and their grain boundaries, while the interior of the
DRXed grains is blue. This phenomenon showed
that due to the continuous accumulation of strain,
dislocations accumulate in the coarse grains, result-
ing in a larger dislocation density in the coarse
grain and a smaller dislocation density in the
DRXed grains during the MDF process. The results
show that the proportion of high KAM values in the
alloy decreases progressively following MDF-1,
MDF-3, and MDF-5 deformations. The correspond-
ing average KAM values were subsequently deter-
mined to be 1.029�, 1.089�, and 0.776�, respectively,
as illustrated in Fig. 11b, d, and f. This trend is
attributed to the fact that an increased number of
forging passes induces greater strain in the alloy,
which promotes the formation of numerous new
grains by encouraging more grains to achieve the
conditions necessary for DRX, leading to a decrease
in KAM values within this region.14 KAM values
suggest that after MDF-5 deformation, the forma-
tion of recrystallized grains within the alloy con-
sumes lots of dislocations, reduces its KAM value,
and facilitates the activation of grain slip, thereby

Fig. 10. Second-phase distribution of MDF for Mg-2Sn-2Zn-0.7Mn-0.5Ca alloys with 1, 3, and 5 passes: (a, d, g) EBSD band contrast map, (b, e,
h) localized KAM plots, (c, f, i) localized GOS maps.
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enhancing the alloy’s plasticity and increasing its
elongation (EL).

From the pole figure maps of the Mg-2Sn-2Zn-
0.7Mn-0.5Ca alloy, it is evident that the volume
fraction of recrystallization progressively augments
with an increase in the number of MDF passes,
concomitant with a gradual reduction in texture
strength. After MDF-3 pass deformation, the DRX
volume fraction of the Mg-2Sn-2Zn-0.7Mn-0.5Ca
alloy increased by 11.9% compared to the MDF-1
deformation, However, its texture strength
decreased by only 1.23. At this point, the strength-
ening effect of grain refinement was dominant,
leading to an increase in both the strength and
elongation of the alloy. When the alloy was sub-
jected to MDF-5 deformation, its DRX volume
fraction rose to 38.4%, while the texture strength
fell to 6.35, and the texture shifted from the typical

basal type to a bimodal distribution. At that time,
the strengthening effect due to grain refinement
was surpassed by the softening effect resulting from
the weakened texture, allowing for an improvement
in the alloy’s EL after MDF-5 deformation, albeit at
the cost of some strength.

CONCLUSION

The effect of the MDF process on the microstruc-
ture, recrystallized grains, texture, and mechanical
properties of the Mg-2Sn-2Zn-0.7Mn-0.5Ca (wt.%)
alloy was investigated after various forging passes.
The conclusions are as follows:

1. The as-cast microstructure of the Mg-2Sn-2Zn-
0.7Mn-0.5Ca alloy is composed of a-Mg, Mg2Sn,
MgZn2, and CaMgZn phases. After solution
treatment, the majority of the second phase

Fig. 11. KAM maps of Mg-2Sn-2Zn-0.7Mn-0.5Ca alloys treated with MDF: (a, b) MDF-1, (c, d) MDF-3, (e, f) MDF-5.
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particles dissolve into the matrix, remaining
only a minor quantity of elongated CaMgZn and
spherical Mn particles.

2. During the MDF deformation, second-phase
particles such as the CaMgZn are broken,
serving as nucleation sites to facilitate the
nucleation of recrystallization and promote the
recrystallization of the alloy. The coarse grains
underwent significant elongation and fragmen-
tation, forming a ‘‘necklace’’ structure charac-
terized by fine grains surrounding larger
deformed grains. The average grain sizes of
the MDF-1, MDF-3, and MDF-5 alloys are
22.27 lm, 17.86 lm, and 12.29 lm, respectively.

3. After the alloys are deformed by MDF-1 and
MDF-3 passes, both the strength and toughness
tended to increase when the alloy was forged in
MDF-5; the texture of the (0001) basal plane
shifted and activated the non-basal plane slip
system with a pronounced bimodal texture. This
causes the weakening effect of the alloy texture
to be greater than the strengthening effect of
grain refinement, resulting in an increase in the
EL of the alloy but a decrease in tensile strength
of 20 MPa.
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