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Magnesium (Mg) alloys are attractive lightweight structural materials owing to their low density and high
specific strength. However, their widespread application is limited by inherently low tensile ductility at room
temperature, which is closely related to limited formability. This limitation is primarily attributed to the
insufficient activation of non-basal slip systems at room temperature. The addition of Yttrium (Y) has been re-
ported to promote non-basal slip activity, leading to improved mechanical performance. In this study, the
mechanisms of ductility enhancement in Mg-Y alloys are investigated from the perspective of mesoscopic
deformation behavior using digital image correlation (DIC) combined with careful identical-area observations
during tensile deformation. Pure Mg and Mg-1.3Y (at.%) were systematically examined. DIC strain mapping
demonstrated that both materials exhibited pronounced deformation heterogeneity, characterized by strain
localization in specific grains with relatively high Schmid factor. Notably, the two materials exhibited markedly
different grain-boundary deformation behaviors. In pure Mg, severe surface steps and early formation of
microcrack-like features were observed at grain boundaries, whereas such damage was significantly suppressed
in the Mg-1.3Y alloy. These results indicate that improved strain compatibility and mitigation of grain-boundary

surface steps play a critical role in enhancing the tensile ductility of Mg-Y alloys.

1. Introduction

Light metals have attracted increasing attention for structural ap-
plications in vehicles and aircraft because of their potential to improve
fuel efficiency through weight reduction. Among them, magnesium
(Mg) and its alloys possess the lowest density among structural metals
(approximately 1.74 g cm™>) and have therefore been extensively
investigated as candidate lightweight materials. However, their wide-
spread application remains limited by inherently poor tensile ductility,
which is closely associated with limited formability at room
temperature.

This limitation originates from the crystallographic constraint of the
hexagonal close-packed (HCP) structure, in which plastic deformation is
primarily accommodated by (0001){(11-20) basal slip. This limited
availability of active slip systems fails to satisfy the von-Mises criterion,
which requires at least five independent slip systems for arbitrary plastic
deformation in polycrystalline materials. Consequently, promoting the
activation of non-basal slip systems is widely recognized as an effective
approach to improving the tensile ductility of Mg alloys, with
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implications for formability. Alternative strategies have been explored,
such as the fabrication of dual-texture structures [1] and bimodal grain
structures [2,3], which aim to improve mechanical properties through
microstructural design. Solute addition to the Mg matrix has also been
widely employed to modify deformation behavior and enhance ductility
[4].

In addition to dislocation slip, deformation twinning can also
contribute to (c+a) deformation modes in Mg alloys [1,5-12]. Twinning
is strongly dependent on crystallographic orientation; for example,
tensile twinning is preferentially activated when the tensile axis is
aligned with the c-axis or when the compression axis is perpendicular to
the basal plane [11,12]. However, twinning alone does not generally
result in a simultaneous improvement in strength and ductility [6].
Instead, twinning often leads to characteristic mechanical responses
such as a low yield stress, the appearance of a stress plateau, and delayed
work hardening [6,11].

Rare-earth (RE) alloying, particularly with Y and Gd, has been re-
ported to promote the activation of non-basal (c+a) slip in Mg, leading
to remarkable improvements in mechanical properties [13-19].
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Somekawa et al. [20] demonstrated that Y additions in the range of
0.1-2.0 at.% significantly enhanced mechanical properties and directly
identified (c+a) dislocations through transmission electron microscopy
(TEM) observations. In addition, grain-boundary segregation of Y was
observed [21,22], suggesting that solute segregation at the grain
boundary may also contribute to ductility enhancement. Accordingly,
the activation of non-basal slip and Y-induced modification of
grain-boundary characteristics have been widely discussed as important
factors governing the improved plastic response of Mg-Y alloys.

In addition to these mechanisms, recent studies have highlighted the
potential importance of grain-boundary-related deformation processes
and strain accommodation in governing the mechanical response of Mg
alloys. In particular, interactions among slip, twins, and grain bound-
aries, as well as strain accommodation at grain boundaries, have been
identified as factors influencing deformation heterogeneity and damage
evolution [23-25]. These studies consistently demonstrate that the
improvement in ductility of Mg alloys is closely associated with the
enhanced activation of non-basal slip systems, often facilitated by solute
additions, grain refinement, and boundary-related effects such as
twin-boundary interactions and segregation. While these mechanisms
are primarily discussed from the perspective of dislocation activity and
its modification, they also imply that deformation processes at or near
grain boundaries can influence local strain accommodation. Therefore,
in addition to intragranular slip activity, the manner in which strain is
accommodated and transferred across grain boundaries is considered to
play an important role in governing deformation heterogeneity and
fracture behavior in Mg alloys.

Although the improvement in ductility of Mg-RE alloys has often
been attributed to the activation of non-basal (c+a) slip and, in some
cases, to grain-boundary segregation of solute elements, the relative
importance of these mechanisms remains under debate. In particular, it
is unclear whether the enhanced ductility is primarily governed by
changes in dislocation activity at the microscopic scale or by improved
strain accommodation and strain compatibility at grain boundaries at
the mesoscale. Previous studies have demonstrated that Y can segregate
to grain boundaries in Mg-Y alloys [26-28], and such segregation may
influence grain-boundary-mediated deformation and fracture behavior
[29]. In addition, Y-segregated grain boundaries have been reported to
act as nucleation sites for non-basal dislocations [30], suggesting that Y
segregation may contribute to ductility enhancement by facilitating
local strain accommodation near grain boundaries. Direct visualization
and quantitative assessment of strain distribution and the damage across
grains are therefore essential for elucidating the underlying origin of
global ductility enhancement in Mg-Y alloy.

Digital image correlation (DIC) has recently emerged as an effective
technique for investigating local deformation behavior and strain het-
erogeneity in metallic materials [31-39]. In particular, the DIC analysis
enables quantitative assessment of strain partitioning and deformation
localization at the microstructural scale, providing complementary in-
formation to slip-trace analysis and EBSD-based characterization.
Moreover, three-dimensional (3D) surface topography techniques [40,
41], which enable quantitative measurement of surface steps and depth
variations, offer additional insight into grain-boundary damage evolu-
tion during deformation.

In the present study, the tensile properties and local deformation
behavior of a Mg-1.3Y alloy are systematically investigated in com-
parison with those of pure Mg using DIC-based mesoscopic analysis
combined with 3D surface topography measurements. By combining
observations from mesoscopic strain mapping and surface topography
analysis, this study provides new insight into the role of grain-boundary
strain compatibility in contributing to the ductility of Mg-Y alloys.
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2. Experimental procedures
2.1. Material preparation and microstructural control

Pure Mg (99.9% purity) and a Mg-1.3 at.% Y alloy were used in this
study. Hot-extruded pure Mg was employed as the starting material,
whereas the Mg-1.3Y alloy was first homogenized at 500 °C for 120 min
and subsequently water-quenched. Both materials were then subjected
to multi-pass hot rolling at 400 °C with a total thickness reduction of
80% (from 10 mm to 2 mm). To obtain fully recrystallized microstruc-
tures with comparable grain sizes, pure Mg was annealed at 400 °C for
30 s, while the Mg-1.3Y alloy was annealed at 500 °C for 60 s in a box
furnace, followed by water quenching.

2.2. Microstructure observations

The samples were mechanically polished using SiC abrasive papers
with grit sizes ranging from #400 to #4000, followed by final polishing
with a 1 pm diamond paste and a 0.04 pm colloidal silica (SiO3) sus-
pension. Microstructural observations were performed using a field-
emission scanning electron microscope (FE-SEM; JSM-7100, JEOL)
equipped with an electron backscatter diffraction (EBSD) system oper-
ated at an accelerating voltage of 15 kV. The acquired EBSD data were
analyzed using TSL Solutions software (TSL-OIM Data Collection,
version 7).

Identical-area EBSD analyses were conducted during tensile defor-
mation. {10-12}(10-11) tension twins were identified based on a
characteristic misorientation angle of approximately 86.3° relative to
the parent matrix. Microstructures were observed from the normal di-
rection (ND) and transverse direction (TD) of the rolled sheets,
depending on the purpose of the analysis. In particular, the transverse
direction (TD) plane was prepared by careful manual polishing using SiC
abrasive papers, followed by diamond paste and colloidal silica sus-
pension. During polishing, the specimen was held by hand to ensure
uniform material removal and a sufficiently flat and smooth surface for
reliable observation of basal (0001) slip traces on the TD plane. This
approach was adopted because the strong basal texture limited the
visibility of (0001) slip traces when observed from the normal direction
(ND). The average grain size was estimated using the line-intercept
method based on EBSD grain-boundary maps.

2.3. Tensile properties

Mechanical properties were evaluated by uniaxial tensile testing at
room temperature using a universal testing machine (AG-100kN Xplus,
Shimadzu) at a quasi-static strain rate of 8.3 x 10~% s, Tensile speci-
mens with a gauge length of 10 mm, a gauge width of 2.0 mm, and a
thickness of 2.0 mm were machined by electrical discharge wire cutting
(HS-70A, Brother). The tensile axis was aligned parallel to the rolling
direction (RD) of the sheets.

Tensile strain was measured using the digital image correlation (DIC)
method with commercial strain-visualization software (Vic-2D, Corre-
lated Solutions). Prior to testing, a random speckle pattern was applied
to the specimen surface. During deformation, digital images with a
resolution of 2432 x 2054 pixels were sequentially captured using a
CMOS camera at a constant frame rate of 5 fps and subsequently used for
DIC analysis.

2.4. Characterization of local deformation behavior in microstructures

Local deformation behavior was characterized by combined SEM
observations and microscopic digital image correlation (u-DIC) strain
analysis. To achieve high spatial resolution in the DIC measurements,
the polished specimen surface was patterned using 0.04 pm-sized
colloidal silica (SiO2) particles, as illustrated in Fig. 1. The average
interparticle spacing was estimated to be approximately 0.2 pm. For
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Enlarged view:.

Fig. 1. Preparation of a random speckle pattern using colloidal silica (SiO5) on the polished surface of the pure Mg specimen for precise local strain analysis by the

digital image correlation (DIC) technique.

p-DIC analysis, forty high-magnification SEM images were acquired and
merged into a single montaged image to obtain an overall field of view
covering approximately 160-200 grains. This approach enabled detailed
analysis of strain distribution within individual grain interiors as well as
deformation interactions across neighboring grain boundaries. Each
SEM image had a resolution of 1280 x 1024 pixels. The subset size and
strain calculation step were set to 43 x 43 pixels (2.65 pm x 2.65 pm)
and 7 pixels (0.43 pm), respectively, for both specimens. The resulting
random particle distribution provided a reliable speckle pattern for ac-
curate tracking of local displacement and strain fields. The crystallo-
graphic orientation of the initial microstructure was determined by
EBSD analysis to examine the relationship between activated slip sys-
tems and strain localization.

In addition, surface depth variations, particularly near grain
boundaries, were evaluated by reconstructing three-dimensional surface

TD

Max = 16.69

00 1.0 20 30 40 50 _g

0001 2110

profiles. SEM images acquired at tilt angles of —5°, 0°, and +5° relative
to the incident electron beam were analyzed using a three-dimensional
surface topography measurement system (Mex 6.2.1, Alicona).

3. Results and discussion
3.1. Microstructural features and tensile properties

Fig. 2 shows EBSD orientation color maps of (a) pure Mg and (b)
Mg-1.3Y specimens, obtained after annealing at 400 °C for 30 s and
500 °C for 60 s, respectively, following 80% hot rolling. All observations
were conducted from the normal direction (ND) of the rolled sheets.
Both specimens exhibited equiaxed grain morphologies with negligible
intragranular orientation gradients, indicating fully recrystallized
microstructures.
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Fig. 2. EBSD orientation color maps for (a) pure Mg and (b) the Mg-1.3Y specimens, together with inverse pole figures showing the (0001) basal texture, observed

from the normal direction (ND) of the sheets.
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Strong (0001) basal recrystallization textures were observed in both
materials, which are commonly reported for rolled and annealed Mg
alloys [42-44]. The basal texture intensity was stronger in pure Mg than
in Mg-1.3Y alloy, consistent with previous results [45]. A small number
of deformation twins were observed in the pure Mg specimen; however,
these twins are considered to have been introduced during mechanical
polishing rather than during thermomechanical processing.

The average grain sizes of the pure Mg and Mg-1.3Y specimens were
25.9 pm and 22.3 pm, respectively, confirming that both materials
possessed comparable grain sizes after processing. The evolution of
grain size as a function of annealing condition is summarized in Fig. S1,
which demonstrates that different annealing temperatures and holding
times were required to achieve comparable grain sizes due to the slower
grain growth in the Mg-1.3Y alloy. It should be noted that the annealing
conditions employed for pure Mg and Mg-1.3Y were different, which
may lead to subtle differences in the initial microstructural state, such as
dislocation density, solute distribution, and grain-boundary character-
istics. Therefore, the possible influence of these factors on the subse-
quent deformation behavior cannot be completely excluded.
Nevertheless, since the primary variable in this study is grain size and
comparable grain sizes were successfully achieved, the observed dif-
ferences in deformation behavior are considered to be mainly governed
by grain size.

Fig. 3 shows (a) nominal stress-strain curves and (b) the corre-
sponding strain-hardening rate curves together with true stress-strain
responses for pure Mg and Mg-1.3Y specimens. As shown in Fig. 3 (a),
pure Mg exhibited a yield strength of 122.5 MPa and an ultimate tensile
strength (UTS) of 168.5 MPa, whereas the Mg-1.3Y specimen showed a
lower yield strength of 92.3 MPa and a slightly higher UTS of 173.2 MPa,
respectively. A pronounced difference was observed in ductility.
Notably, the Mg—1.3Y specimen exhibited a substantial improvement in
ductility while maintaining a comparable stress level, consistent with
previous reports on pure Mg and Mg-Y alloys [46,47]. Pure Mg
exhibited limited ductility, with a uniform elongation of 0.043 and a
total elongation of 0.088. In contrast, the Mg-1.3Y specimen showed
significantly enhanced ductility, with a uniform elongation of 0.129 and
a total elongation of 0.235. These results indicate that Y addition
effectively enhances the tensile ductility of Mg while maintaining a
comparable strength level.

The strain-hardening behavior also differed markedly between the
two materials, as shown in Fig. 3 (b). Pure Mg exhibited a rapid decrease
in strain-hardening rate with increasing strain, whereas the Mg-1.3Y
specimen showed a more gradual and sustained decrease. As a result, the
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strain-hardening-rate curve for Mg-1.3Y intersected the true stress—
strain curve at a higher strain level. According to the Considere criterion,
which defines the onset of plastic instability (macroscopic necking) as
the condition where the strain-hardening rate (do/de) equals the true
stress (), this behavior accounts for the substantially larger uniform
elongation observed in the Mg-1.3Y specimen. In the following sections,
detailed analyses are presented from the perspective of microstructural
evolution in pure Mg and Mg-1.3Y alloys.

3.2. Evolution of deformation twinning

Fig. 4 shows the evolution of EBSD orientation maps and corre-
sponding twin-highlighted maps obtained from identical-area observa-
tions during tensile deformation for (a) pure Mg and (b) Mg-1.3Y
specimens, along with (c) the evolution of {10-12}(10-11) tension twin
fraction as a function of nominal strain up to necking. All EBSD maps
were acquired from the normal direction (ND) of the sheets, and tensile
deformation twins were identified and highlighted by extracting the
corresponding orientations from the EBSD data. The tensile axis is
aligned with the vertical direction in the images. With increasing plastic
deformation, gradual intragranular orientation gradients were observed
in both materials, indicating the accumulation of dislocation slip.
Concurrently, the fraction of deformation tension twins increased with
tensile strain (see Fig. S2). No evidence of compressive twinning was
detected, which is likely due to the significantly higher critical resolved
shear stress (CRSS) required for their operation [48,49] as well as large
strains for their formation [50].

Because the present specimens exhibit a strong basal texture with the
basal planes predominantly aligned with the ND, the activation of ten-
sion twins is crystallographically unfavorable under uniaxial tension
along the rolling direction (RD). Nevertheless, a measurable fraction of
tension twins was observed in both materials. This can be attributed to
heterogeneous local stress states arising from grain interactions in the
polycrystalline structure, which promote twin activation even under
nominally uniaxial loading.

At anominal tensile strain of 5.3%, the pure Mg specimen exhibited a
twin fraction of 4.1%, whereas the Mg-1.3Y specimen reached a twin
fraction of 9.4% at a higher strain of 12.3%. Notably, as shown in Fig. 4
(c), both specimens exhibited nearly identical twinning kinetics up to a
tensile strain of 5.3%, as indicated by similar slopes in the twin frac-
tion-strain curves. With further deformation, the Mg-1.3Y specimen
showed a continued increase in twin fraction; however, the overall rate
of increase remained comparable.
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Fig. 3. (a) Nominal stress-strain curves and (b) corresponding strain-hardening rate curves with true stress-strain curves for pure Mg and Mg-1.3Y specimens. A
schematic illustration of the tensile specimen geometry is included in (a). The onset of plastic instability, defined by the intersection of the strain-hardening rate curve

with the true stress-strain curve, is indicated in (b).
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Fig. 4. Evolution of EBSD orientation color maps and {10-12} tensile deformation twin maps obtained by identical-area observations during tensile deformation for
(a) pure Mg and (b) Mg-1.3Y specimens. (c) Fraction of deformation twins as a function of nominal strain.

The increase in twin fraction is primarily associated with the growth
of pre-existing twins rather than extensive nucleation of new twins. Such
twin growth provides additional {c+a) shear accommodation in the HCP
crystal structure and may contribute, at least in part, to the enhanced
ductility of the Mg-1.3Y specimen.

3.3. Activation of dislocation slip

In this section, the differences in tensile behavior between pure Mg
and Mg-1.3Y specimens are examined from the perspective of disloca-
tion slip activation. Slip lines formed during deformation were carefully
observed using SEM. Owing to the strong basal texture, basal slip lines
could not be clearly identified from the normal direction (ND) of the
tensile specimens. Therefore, the transverse direction (TD) plane was
manually polished to enable direct observation of slip traces associated
with basal slip activation.

To assist slip-system identification, EBSD analysis was performed in
the unloaded state to obtain the crystallographic orientations of indi-
vidual grains, which were used as a reference for subsequent slip-line
analysis of basal, prismatic, and pyramidal slip systems. Fig. 5 (a)

7960

presents a representative example of slip-line analysis in the Mg-1.3Y
specimen after tensile deformation to 6.6%, together with a schematic
illustration of the observation plane. Fig. 5 (b) shows slip-activation
maps in which individual grains are colored according to the activated
slip systems for pure Mg deformed to 6.0% strain and Mg-1.3Y
deformed to 6.6% strain. In total, 77 grains in pure Mg and 76 grains in
Mg-1.3Y were analyzed. While this number of grains provides a
reasonable statistical basis for identifying overall tendencies in slip ac-
tivity at the mesoscopic scale, it should be noted that the analysis is
limited to a single deformation state and may not fully capture all
possible deformation behaviors.

Deformation twinning in Mg alloys is generally promoted with
increasing grain size; however, since both materials in this study have
comparable grain sizes (~25 pm), the influence of grain size on twinning
activity is expected to be similar in both specimens and does not affect
the comparative discussion in this study.

In both specimens, single basal (a) slip was the predominant defor-
mation mode, accompanied by a small fraction of grains exhibiting
single non-basal slips. Multiple-slip activity was also observed; however,
only 5 grains exhibited multiple slip in pure Mg, whereas 13 grains were
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Fig. 5. (a) Representative SEM image showing slip-line analysis combined with crystallographic orientation information obtained by EBSD analysis. (b) Slip-
activation maps of pure Mg and Mg-1.3Y specimens derived from SEM-based slip-line analysis. For statistical reliability, 77 grains for pure Mg and 76 grains for
Mg-1.3Y were analyzed. The bar chart summarizes the fraction of each activated slip system.

identified in the Mg-1.3Y specimen. These results indicate that, at the
mesoscopic scale examined in this study, plastic deformation in both
materials is dominated by basal slip. These results indicate that, within
the investigated conditions, plastic deformation in both materials is
predominantly governed by basal slip at the mesoscopic scale.

At first glance, this observation appears inconsistent with previous
reports suggesting that Y addition promotes the activation of non-basal
(c+a) slip systems in Mg alloys [51-53]. However, this apparent dif-
ference primarily arises from the substantially different length scales
probed by the experimental techniques. The present study focuses on
mesoscopic-scale SEM observations to capture deformation behavior
directly relevant to macroscopic mechanical response. In contrast, (c+a)
slip activity reported in the literature has mainly been identified by
TEM, which probes dislocation activity at the nanometer scale. As a
result, highly localized (c+a) slip occurring near grain boundaries,
although potentially important for strain accommodation, is unlikely to
be directly resolved at the SEM scale. Therefore, the absence of extensive
non-basal slip features in the present SEM observations does not
contradict previous TEM-based findings.

From this perspective, macroscopic ductility should be interpreted
primarily in terms of mesoscopic deformation behavior, rather than
solely on the basis of microscopic TEM observations or atomistic-scale
simulations [15,47]. While the activation of non-basal (c+a) slip may
contribute to ductility enhancement induced by Y addition, the present
results suggest that it is not the dominant mechanism under the
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investigated conditions.

With respect to strain compatibility, deformation accommodated
exclusively by basal slip inevitably leads to displacement discontinuities
at grain boundaries, which are expected to play a critical role in limiting
ductility. This issue is examined in the next section from the viewpoints
of local strain distribution and surface depth evolution.

3.4. Local strain distributions and grain boundary discontinuity

Fig. 6 shows the evolution of SEM microstructures during tensile
deformation and the corresponding DIC strain distribution maps for (a)
pure Mg and (b) Mg-1.3Y specimens. All observations were conducted
from the normal direction (ND) of the tensile specimens, with the tensile
axis oriented horizontally in the images. It should be noted that the fine
contrast observed in the SEM images is mainly attributed to colloidal
silica (SiOy) particles used as speckle pattern for DIC analysis, and does
not correspond to second-phase particles (see Fig. S3). In the DIC maps,
the color scale represents the normal strain component along the tensile
axis (e11), as indicated by the color bar. Both specimens were tensile-
deformed to approximately 4%.

Clear microstructural evolution was observed in both materials
during deformation. Interestingly, in pure Mg, pronounced surface
steps, likely originating at grain boundaries, appeared at an early stage
of deformation and became increasingly prominent with further
straining. Such a surface step at the grain boundary was also observed in



M.-h. Park et al. Journal of Materials Research and Technology 42 (2026) 7956-7971

(a) Pure Mg (b) Mg-1.3Y
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Fig. 6. Evolution of local deformation and the corresponding strain distribution maps obtained by digital image correlation (DIC) during tensile deformation of (a)
pure Mg and (b) Mg-1.3Y specimens. The tensile axis is oriented horizontally in the images, and the color scale in the DIC maps represents the normal strain
component along the tensile direction.
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the Mg-1.3Y specimen, but the magnitude the surface steps was
considerably smaller than that in pure Mg. In contrast, although surface
steps at grain boundaries were also observed in the Mg-1.3Y specimen,
their magnitude was considerably smaller than that observed in pure
Mg. These results indicate a difference in displacement continuity at
grain boundaries, which is likely related to heterogeneous deformation.

The DIC strain maps revealed highly heterogeneous local strain
distributions in both specimens. Interestingly, strain localization
occurred on a grain-by-grain basis, such that some grains experienced
intense deformation, whereas others remained nearly undeformed.
These observations indicate that surface steps at grain boundaries are
closely related to strong strain partitioning between neighboring grains.

A statistical analysis of deformation heterogeneity was performed,
and the results are presented in Fig. 7 (a). Grain-averaged strain exhibits
a bimodal distribution in both specimens, indicating pronounced het-
erogeneity. However, the nature of strain localization differs. In pure
Mg, a limited number of grains exhibit exceptionally high strain, indi-
cating strong and localized strain concentration. In contrast, the
Mg-1.3Y alloy shows a broader distribution of moderately strained
grains with fewer extreme values. This difference indicates that strain
localization in pure Mg is more severe and spatially concentrated,
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Fig. 7. (a) Statistical comparison of grain-averaged strain (g;1) in pure Mg and
Mg-1.3Y specimens at a similar macroscopic strain level (~2%). Box plots
represent the interquartile range (25-75%) with median values, while whiskers
indicate the minimum and maximum values. Individual grain data are overlaid
as scatter points, and the corresponding distributions are shown as density
plots. Insets show the local strain maps analyzed for the statistical evaluation,
obtained by p-DIC. (b) Grain-boundary strain mismatch (Aéeq;) in pure Mg and
Mg-1.3Y specimens, calculated from the grain-averaged strain data shown in
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7963

Journal of Materials Research and Technology 42 (2026) 7956-7971

whereas in the Mg-1.3Y alloy, strain is more widely distributed among
multiple grains, reducing the likelihood of deformation discontinuity at
grain boundaries.

Fig. 7 (b) shows the statistical distribution of grain-boundary strain
mismatch (Ae;q), defined as the difference in grain-averaged strain be-
tween neighboring grains. Pure Mg exhibits a broader distribution with
higher maximum values, whereas the Mg-1.3Y alloy shows a narrower
distribution with lower median and maximum values. These results
demonstrate that grain-boundary strain mismatch is significantly sup-
pressed in the Mg-1.3Y alloy, indicating improved strain compatibility
and contributing to enhanced ductility. Overall, these results suggest
that the enhanced ductility of the Mg-1.3Y alloy can be attributed, at
least in part, to the suppression of strain incompatibility at grain
boundaries, enabled by more distributed deformation among grains.

Fig. 8 presents a representative example of the pure Mg specimen
exhibiting severe cracking at a grain boundary, together with the cor-
responding DIC strain distribution maps during tensile deformation to
approximately 4%. Enlarged SEM images of the same region are also
provided. At a tensile strain of 1.0%, a clear deformation discontinuity
was observed at the grain boundary, across which pronounced strain
partitioning was recognized. Only the central grain (located at the center
of the DIC strain distribution maps) accommodated a large strain,
whereas the surrounding grains exhibited minimal deformation. These
observations indicate that the deformation discontinuity at the grain
boundary is associated with the highly heterogeneous nature of grain-
scale deformation.

With further deformation to a tensile strain of 2%, the displacement
discontinuity became more pronounced and developed into a micro-
crack. At this stage, the microcrack exhibited a length of approximately
16 pm and a width of about 4 pm. The surrounding grains exhibited little
plastic deformation, while strain localized in the central grain tended to
propagate preferentially along grain boundaries. Upon further defor-
mation to a tensile strain of 4%, the microcrack grew significantly,
reaching a length of 21 ym and a width of 10.2 pm. This microcrack is
expected to act as a strong stress concentration site, potentially pro-
moting early tensile failure. Notably, the initiation and propagation of a
relatively large microcrack occurred within the uniform elongation
regime, indicating that severe local damage can develop even during
macroscopically stable deformation.

Since Fig. 8 presents an extreme example of microcrack formation in
pure Mg, the overall tendency for deformation discontinuity at grain
boundaries was further examined in Fig. 9. Considering that deforma-
tion discontinuities appear as sharp edge contrast in SEM images, edge-
highlighted maps were constructed using image-processing software
(ImageJ 1.54d, National Institutes of Health, Bethesda, MD, USA).

Overall view of Grain-boundary surface steps was qualitatively
evaluated by detecting pronounced contrast variations that developed
along grain boundaries during deformation. Edge-highlighted images
were generated to emphasize these contrast changes, with the intensity
represented in blue, thereby enabling the identification of microcrack-
like features and/or surface step formation associated with deforma-
tion. In these images, edge contrast is shown in blue, while regions
corresponding to microcrack-like features identified from SEM obser-
vations are highlighted in orange.

Fig. 9 (a) shows the procedure used to generate the edge-highlighted
image, using a representative example from the pure Mg specimen.
Fig. 9 (b) presents the evolution of SEM images and the corresponding
edge-highlighted images for the pure Mg specimen at nominal strains of
approximately 2% and 4%. Even at a relatively low strain of about 2%,
localized edge contrast (blue) intensification is already observed along
several grain boundaries, indicating the early development of
deformation-induced surface steps. Notably, microcrack-like features
(orange) are already observed at some grain boundaries. With further
deformation to about 4%, the number of such microcrack-like features
increases markedly.

In contrast, Fig. 9 (c) shows the corresponding results for the
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Fig. 8. SEM microstructures and corresponding DIC strain distribution maps obtained during tensile deformation in the pure Mg specimen. An enlarged view

highlights the region exhibiting severe microcrack formation.

Mg-1.3Y specimen. Several isolated blue contrasts with globular shapes
are considered to originate from minor surface artifacts, such as
contamination, rather than deformation-induced grain-boundary steps.
Although some grain boundaries exhibit moderate contrast changes,
their intensity is clearly weaker than that in pure Mg, even at a strain of
approximately 4%. No clear microcrack-like features are observed along
grain boundaries even at this strain level.

Despite the semi-quantitative nature of this image-based edge-
detection analysis, these results clearly indicate that, although
deformation-induced grain-boundary steps are present in both mate-
rials, clear microcrack-like features are observed only in pure Mg within
the present observations, whereas no such features are identified in the
Mg-1.3Y alloy. This observation is consistent with the statistical strain
analysis shown in Fig. 7, which indicates more localized strain distri-
bution in pure Mg. Therefore, the improved strain compatibility in the
Mg-1.3Y alloy is considered to contribute to enhanced ductility by
suppressing strain localization and deformation heterogeneity.

To further characterize surface deformation, depth variations along
the normal direction (ND) of the pure Mg specimen were examined
using a three-dimensional (3D) surface measurement technique. Fig. 10
shows the procedure for 3D surface reconstruction and the reconstructed
3D surface topography together with a quantitative depth profile for (a)
pure Mg and (b) Mg-1.3Y specimens tensile-deformed to approximately
4%. The 3D surface topology was reconstructed using three SEM images
acquired from an identical area at tilt angles of —5°, 0°, and +5° relative
to the incident electron beam.

In pure Mg, pronounced depth steps were clearly observed at grain
boundaries in the reconstructed depth color map. The 3D surface
topography reveals significant depth variations associated with grain
boundaries. The depth profile measured along an inspection line across
the boundary between Grain I and Grain II exhibits a sharp change in
surface height at the grain boundary.

In contrast, the Mg-1.3Y specimen shows much smoother surface
variations with significantly reduced depth steps at grain boundaries.
The corresponding depth profile reveals a more gradual change in sur-
face height across the grain boundary. These results provide direct three-
dimensional evidence that grain-boundary surface steps are significantly
reduced in the Mg-1.3Y alloy, consistent with the statistical edge-
highlighting analysis presented in Fig. 9.

Since the depth profiles shown above were obtained from
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representative grain boundaries exhibiting relatively pronounced sur-
face steps, a statistical analysis of surface step height was further con-
ducted to assess the overall trend across the microstructure, as
summarized in Fig. 11. The results clearly show that the Mg-1.3Y
specimen exhibits significantly lower surface step heights compared to
pure Mg, confirming that grain-boundary surface steps are systemati-
cally reduced in the Mg-1.3Y alloy.

Such pronounced depth steps at grain boundaries in pure Mg can be
associated with the limited availability of active slip systems in the HCP
structure. Although non-basal slip activity was limited at the SEM
mesoscopic scale in both specimens (Fig. 5), previous studies have re-
ported that non-basal slip can be locally activated near grain boundaries
in Mg-Y alloys. While such localized activity cannot be directly resolved
in the present analysis, it may contribute to alleviating surface step
formation at grain boundaries. Therefore, the observed difference in
grain-boundary surface steps between pure Mg and Mg-1.3Y is consid-
ered to reflect differences in local strain accommodation behavior
manifested at the SEM scale.

Fig. 12 presents schematic illustrations of two neighboring grains
showing the formation of a surface step, viewed from the transverse
direction (TD), before and during tensile deformation. In this schematic,
only the activation of the (0001) basal slip system is considered. Grain A
is assumed to be an easily deformable grain, characterized by a tilting
angle 0 that deviates from 90° between the c-axis of the HCP crystal and
the tensile direction, whereas Grain B is assumed to be a plastically hard
grain with a tilting angle close to 6 = 90°. In this situation, 6 can also be
interpreted as the relative difference in c-axis orientation between Grain
A and Grain B with respect to the tensile axis. This assumption is
reasonable because both specimens exhibit strong (0001) basal textures
with small angular deviations in some grains.

For simplicity, deformation is treated as two-dimensional, and the
(11-20) slip direction is assumed to lie in the in-plane direction. Under
applied tensile stress, Grain A can activate (0001) basal slip, resulting in
simple shear deformation characterized by a simple shear strain y = b/d,
where b denotes the slip displacement and d represents the thickness of
the deforming element. Such preferential slip activity in Grain A is ex-
pected to induce the formation of a depth step at the grain boundary.

The resulting depth step, h, can be interpreted as a displacement
component (ug) along the normal direction (ND) in the global coordi-
nate system. Accordingly, the simple shear deformation and the
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associated displacement components (u;) occurring in Grain A, initially
described in the local coordinate system defined by the (0001) basal
plane normal and slip direction, must be transformed into the global
coordinate system to quantify the depth step. Under these assumptions,
the displacement component (uz = h'°?) along ND within the defor-
mation element can be simply expressed as ydsin6.

Further assuming that Grain An undergoes uniform deformation in
its interior with a shear strain vy, the macroscopic depth step observed
experimentally can be expressed as yd;sin6, where d; denotes the grain
size of Grain A measured along the c-axis direction. Although this
relationship is derived under simplified assumptions—namely, single-
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slip activation in the in-plane direction and approximately uniform
intragranular deformation—it clearly indicates that the magnitude of
the surface step is governed by the shear strain vy, the relative orientation
angle 0 between neighboring grains (or with respect to the global ND),
and notably, the grain size d;.

While this schematic description is primarily constructed for the pure
Mg specimen, it also provides a useful framework for understanding the
enhanced ductility of the Mg-1.3Y specimen. In Mg-1.3Y, surface steps
at grain boundaries are expected to be more effectively accommodated
through the activation of additional slip systems. As observed in Fig. 6
(b) and Fig. 9 (c), although contrast variations along grain boundaries
are present in the Mg-1.3Y specimen, sharp surface steps comparable to
those in pure Mg are not clearly developed. This suggests enhanced
strain accommodation at grain boundaries, plausibly associated with the
activation of multiple slip systems, including non-basal (c+a) slips,
which have been confirmed by several research groups through TEM
observations [9,11,13,15,51].

More generally, in FCC and BCC materials, where multiple inde-
pendent slip systems are readily activated, strain incompatibilities at
grain boundaries can be more efficiently relaxed. This suppresses the
formation of pronounced surface steps and contributes to improved
overall ductility.

In addition to slip activity, grain-boundary shear or sliding has
frequently been reported in Mg and Mg-based alloys [54-56]. Hauser
et al. [57] reported grain-boundary sliding in coarse-grained Mg
through the observation of discontinuities in surface grid lines at grain
boundaries. Zheng et al. [58] further demonstrated that grain-boundary
sliding becomes a predominant deformation mode in ultrafine-grained
pure Mg with a grain size of approximately 0.65 pm. These previous
studies suggest that Mg-based materials may exhibit relatively low
resistance to grain-boundary deformation compared to other structural
metallic materials.

The addition of Y is also expected to modify grain-boundary char-
acteristics, particularly grain-boundary energy. Barrett et al. [59]
calculated grain-boundary energy and mobility in Mg with Y segregation
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and reported that Y segregation at grain boundaries is energetically
more stable than in pure Mg, except for special high-symmetry grain
boundaries such as coincidence site lattice (CSL) boundaries. Although
the mechanical resistance of Y-segregated grain boundaries against
externally applied deformation remains quantitatively unclear, such
segregation effects may influence the mechanical stability of grain
boundaries by alleviating strain and deformation discontinuities across
grain boundaries. In this context, the role of Y segregation can be
considered as a possible contributing factor based on previous studies.
Such an effect is consistent with the reduced grain-boundary deforma-
tion discontinuity and suppressed microcrack formation observed in the
Mg-1.3Y alloy, which indicate improved strain compatibility at grain
boundaries. However, direct experimental evidence for this effect is not
provided in the present study, and further investigation using advanced
characterization techniques, such as TEM or atom probe tomography,
will be required to directly verify solute segregation at grain boundaries
and its mechanical implications.

It should also be noted that the possible presence of nanoscale pre-
cipitates cannot be excluded. In Mg-Y alloys, nano-sized Mgx4Ys pre-
cipitates have been reported to form during prolonged annealing
[60-62], which may also influence the mechanical response. Although
such effects are beyond the scope of the present study, they warrant
further investigation in future work.

3.5. Comprehensive understanding of ductility enhancement in Mg-Y
alloy

So far, the ductility enhancement observed in the Mg-1.3Y specimen
has been systematically investigated through comparison with pure Mg
from multiple perspectives, including deformation twinning behavior,
slip activity, deformation heterogeneity, and the development of dis-
continuities at grain boundaries. In particular, the significance of grain-
boundary discontinuities in governing mechanical properties has been
emphasized throughout this study. In this final section, an integrated
view combining SEM microstructural observations, DIC-based defor-
mation heterogeneity analysis, and EBSD-derived Schmid factor maps is
presented to provide a comprehensive understanding of how micro-
structural deformation behavior governs the macroscopic tensile prop-
erties of the Mg-Y alloy.

Fig. 13 shows identical-area characterization using SEM, DIC, and
EBSD analyses for (a) pure Mg and (b) Mg-1.3Y specimens tensile-
deformed to approximately 2%. For each condition, forty SEM images
were captured and merged to construct a single montaged image. DIC
strain analysis was performed on each individual SEM image, and the
resulting strain maps were subsequently merged to obtain the corre-
sponding large-area strain distribution. Grain boundary was indicated
by white lines on strain distribution maps, and the color scale represents
the normal strain component along the tensile axis (horizontal direc-
tion), €11. EBSD-derived Schmid factor maps for basal slip, showing the
maximum Schmid factor value, were obtained in the undeformed con-
dition (e = 0%). From the SEM montage, the two specimens were found
to exhibit markedly different behaviors with respect to intergranular
discontinuities. In the pure Mg specimen, intergranular discontinuities
appeared much sharper and more pronounced than those observed in
the Mg-1.3Y specimen. Nevertheless, it should be emphasized that
distinct grain-boundary contrast is still clearly present in the Mg-1.3Y
specimen, albeit with a reduced magnitude compared to pure Mg. Such
grain-boundary-associated surface contrast, which can still be identified
in the Mg-1.3Y alloy, is a characteristic feature of HCP Mg alloys and is
rarely observed in FCC or BCC materials, where strain incompatibilities
are more efficiently accommodated by multiple independent slip
systems.

DIC strain distribution maps revealed highly heterogeneous defor-
mation in both specimens. Specifically, the local strain distribution
could be broadly categorized into two characteristic groups: (i) grains
exhibiting very low strain levels (typically below ~0.5%), appearing in
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purple, and (ii) grains accommodating relatively high strain, repre-
sented by green to red colors.

Selected views highlighting grains with high Schmid factors (>0.24)
are provided below the full-field DIC strain distribution and EBSD-based
Schmid factor maps to clarify the relationship between Schmid factor
and local strain in polycrystalline pure Mg and Mg-1.3Y specimens.
Grains exhibiting pronounced strain localization tend to show relatively
high Schmid factors in both materials. This observation is consistent
with the general expectation that grains with higher Schmid factors can
more readily activate slip under a given applied stress. However, this
tendency alone cannot fully explain the observed strain distribution, as a
substantial fraction of grains does not strictly follow this correlation. In
particular, neighboring grains adjacent to highly strained grains often
exhibit noticeable deformation despite having relatively low Schmid
factors, as indicated by the black arrows.

Two possible reasons can be considered for the occurrence of highly
strained regions in grains with low Schmid factors. First, in poly-
crystalline materials, the local stress state is not purely uniaxial with
only a 617 component, but rather a complex multiaxial stress condition
arising from mechanical interactions among neighboring grains.
Consequently, the deformation behavior of individual grains cannot be
described solely by the Schmid factor evaluated under an ideal uniaxial
stress assumption. Second, both specimens exhibit the formation of
strain-localized bands, suggesting that intense deformation in grains
with high Schmid factors tends to propagate into adjacent grains, even
when those neighboring grains possess relatively low Schmid factors.
Such deformation transfer is likely driven by the need to relax strong
strain partitioning and maintain strain compatibility. To plastically
deform these less favorably oriented neighboring grains, substantially
higher internal stresses are required, which can lead to local stress
concentration within the strain-localized bands.

It should be noted that no substantial differences in grain-scale
deformation heterogeneity were observed between the pure Mg and
Mg-1.3Y specimens. Although Mg-Y alloys have been widely reported
to facilitate the activation of non-basal (c+a) slip systems, which is
generally expected to promote more homogeneous plastic deformation,
such homogenization was not clearly observed in the Mg-1.3Y specimen
in the present study. Instead, pronounced deformation heterogeneity
persisted, similar to that in pure Mg.

This observation strongly suggests that basal (a) slip remains the
dominant deformation mode in the Mg-1.3Y specimen, leading to strong
plastic anisotropy at the mesoscopic scale, as evidenced by the slip-
activation analysis in Fig. 5. Accordingly, the activation of non-basal
(c+a) slip is likely to be spatially limited, occurring preferentially in
specific regions such as near grain boundaries rather than uniformly
throughout the grains.

Although enhanced activation of non-basal (c+a) slip in Mg-Y alloys
has been widely reported in previous studies, particularly based on TEM-
scale observations, the present SEM-based slip-trace analysis indicates
that basal slip remains the dominant deformation mode at the meso-
scopic scale. No clear increase in non-basal slip activity was observed in
the Mg-1.3Y alloy compared with pure Mg within the resolution of the
present analysis.

In contrast, a marked reduction in grain-boundary surface steps and
strain discontinuity was clearly identified in the Mg-1.3Y alloy. The
statistical analysis of grain-boundary strain mismatch further confirms
that strain incompatibility across grain boundaries is significantly sup-
pressed. These results suggest that the enhanced ductility of the
Mg-1.3Y alloy is primarily governed by improved grain-boundary strain
compatibility, rather than by a direct increase in non-basal slip activity
at the mesoscopic scale.

It should be noted that non-basal slip may still be locally activated at
a finer scale, particularly in the vicinity of grain boundaries, and could
contribute to the relaxation of strain incompatibility. However, such
localized activity cannot be directly resolved within the spatial resolu-
tion of the present SEM-based analysis and therefore remains
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Fig. 13. Montaged views composed of forty SEM images, together with the corresponding local strain distribution and Schmid factor maps for (a) pure Mg and (b)
Mg-1.3Y specimens, obtained by unified characterization of the identical area using SEM, DIC, and EBSD analyses. Selected views highlighting grains with high
Schmid factors (>0.24) are shown below the full-field DIC strain distribution and EBSD-based Schmid factor maps to clarify the relationship between Schmid factor
and local strain in the polycrystalline pure Mg and Mg-1.3Y specimens.
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speculative. Further investigations using higher-resolution techniques
will be required to clarify this point.

Finally, it should be noted that different annealing conditions were
employed for pure Mg and the Mg-1.3Y alloy in order to obtain com-
parable grain sizes, owing to the reduced grain-boundary mobility in the
Mg-1.3Y alloy caused by the solute drag effect of Y. As a result, subtle
differences in dislocation density, solute distribution, and grain-
boundary state may remain between the two materials. Nevertheless,
the present study focuses on mesoscopic deformation behavior and
strain compatibility at grain boundaries, and the key trends identified
here were consistently observed across multiple analyses. Therefore,
while such differences cannot be completely excluded, their influence on
the main conclusions is considered to be limited.

4. Conclusions

In this study, the relationship between macroscopic tensile proper-
ties and mesoscopic local deformation behavior was quantitatively
investigated for pure Mg and Mg-1.3Y (at.%) alloys using digital image
correlation (DIC) combined with electron backscatter diffraction (EBSD)
analysis. The main conclusions are summarized as follows.

(1) Fully recrystallized pure Mg and Mg-1.3Y alloys with comparable
equiaxed grain sizes (~25 pm) and strong (0001) basal textures
were successfully obtained, enabling a direct comparison of their
deformation behavior.

The Mg-1.3Y alloy exhibited superior tensile properties, partic-
ularly enhanced ductility, accompanied by a more stable strain-
hardening behavior, whereas pure Mg showed a rapid reduc-
tion in strain-hardening rate at an early deformation stage.

Both alloys showed similar dominant deformation modes, with
basal (a) slip as the primary mechanism and deformation twin-
ning occurring in both materials, suggesting that the difference in
ductility cannot be solely attributed to conventional slip or
twinning activity.

Pure Mg exhibited pronounced grain-boundary displacement
discontinuities and surface step formation, leading to early
microcrack-like damage, whereas these features were signifi-
cantly suppressed in the Mg-1.3Y alloy. This indicates that
improved strain compatibility at grain boundaries plays a key
role in enhancing ductility.

(2
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