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ABSTRACT

In the present study, we combine comprehensive site-specific microstructural and mechanical characteriza-
tion studies to evaluate the toughening effect induced by applying a surface SPEX milling (SSM) approach to
commercially-pure Mg. Our results show that the high frequency, multi-directional deformation strain
induced by SSM generated gradients in the grain size and orientation with depth from the surface. More
importantly, it also resulted in a gradient in the density of twin meshes, which are defined as two or more
intersecting arrays of twins, along the sample thickness direction. Tensile tests at room temperature indicate
that after SSM, the samples have higher ultimate tensile strengths and two-fold increases in ductility as com-
pared to those of the untreated samples. The effect of the initial texture and SSM parameters on the micro-
structural evolution and texture randomization were analyzed by electron backscattered diffraction (EBSD).
Furthermore, in order to correlate the variation in microstructure with the site-specific mechanical response,
TEM and in-situ micropillar compression testing in SEM were performed at various distances from the SSM-
treated surface. The results show that twin meshes may be responsible for the activation of more slip systems

and higher strain hardening, which result in higher uniform plastic strain.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Hexagonal close packed (HCP) metals usually exhibit poor ductility
in comparison to that of cubic structured metals due to their low sym-
metry crystal structure [1-3]. Large differences in the activation stresses
among the predominant slip and twinning systems are characteristic of
HCP metals. In Mg, basal slip, which deforms the crystal along the (a)
axis, is the most readily activated deformation mode, while the slip
modes that deform the crystal in the (c) axis are much more difficult [4,
5]. The critical resolved shear stress (CRSS) value reported for basal slip
is less than 1 MPa, while that for prismatic slip is approximately 40-
50 MPa in pure Mg [5]. Deformation twinning, frequently observed in
the {10-12}<10-1-1> system, also plays a role to accommodate non-
basal strain to a certain extent [2, 6]. Much effort has recently been
devoted to enhancing concurrently the strength and ductility of Mg,
enabling it to be employed as a lightweight engineering structural metal
in many more applications in the automotive and aerospace industries
than in use today. However, Mg, like most metals, is challenged by the
strength/ductility paradox, in which methods to enhance strength leads
to reductions in ductility and vice versa.
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It has been reported that twin boundaries (TBs) in face center cubic
(FCC) metals, such as copper [7-11] and austenitic steels [12-14], have
the potential to circumvent this paradox providing strengthening, with-
out losing ductility. This result is explained to originate from dislocation
accumulation at and interactions with TBs [7-10]. TBs can obstruct the
motion of dislocations, like regular grain boundaries, although less effec-
tively. Yet, some dislocations in FCC metals can glide along and transfer
across TBs via dislocation-TB interactions, which is beneficial to material
deformation. As supported by early studies back in the 1970s [15, 16], in
nanostructured FCC metals, twins can accommodate stress concentra-
tions associated with slip bands and twin-twin intersections by activat-
ing dislocation slip inside or on the exit side of twins. The twin-slip and
twin-twin interactions of HCP metals, however, are much more compli-
cated than those in the FCC metals, since there are many more distinct
modes of slip and twinning, with vastly differing characteristics [1, 6].
Moreover, unlike in FCC metals, deformation twinning has been widely
reported in coarse-grained pure Mg and Mg alloys at room temperature
[2], and not often observed in nanostructured Mg and Mg alloys [17].
Twin propagation and intersections are often associated with twin
chains, slip bands and stress concentrations and could be responsible for
instabilities or loss of ductility [ 18, 19]. However in one recent study [20]
using an Mg-4%Li alloy, fine networks of intersecting twins and double
twins, or twin meshes, developed in the grains during deformation, and
it was reported that the twin-mesh configuration did not lead to
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premature failure or weakening, compared to the same alloy with finer
grains and no twins. Therefore, it is a scientifically interesting question
whether twin mesh can promote strengthening and plasticity in HCP
metals.

Deformation twins generated by monotonic straining and their
effect on the subsequent deformation response have been explored in
Mg alloys. For instance, {10-12} twins induced by pre-compression
have demonstrated a positive effect on the material properties during
recompression in hot-rolled AZ31 [21, 22]. However, in Mg after uniax-
ial pre-compression, only a single twin variant forms in a majority of
grains because the highly texture material placing most of the grains in
an orientation favorable for twinning. Due to the predominance of one
twin variant, increases in compressive strength and ductility after pre-
straining is limited [21, 22]. Moreover, although twins are profuse in Mg
after uniaxial deformation, the easy propagation and growth of the
common {10-12} twin type adds technical challenges to the develop-
ment of a stable, high twin density, and fine twin mesh structure. Suc-
cessful approaches to harden twin boundary motion in Mg, include
segregation of alloying elements at twin boundaries [23], formation of
lamellar-shaped precipitates [24, 25] and, most cost-effectively, via for-
mation of twin-twin intersections [26]. As such, it is hypothesized that
deformation methods that generate multiple types and/or variants of
twins at the grain level could promote finer twin meshes and an
enhanced combination of strength-ductility in Mg.

Surface mechanical attrition treatment is a newly developed defor-
mation approach to create a gradient structure with severe grain refine-
ment at the material surface, resulting in multi-directional and localized
plastic deformation at the sample surface [27-32]. Several recent studies
have demonstrated that the application of this approach to HCP Ti [33]
and Mg alloys [34-36] can activate a high density of twins and twin
meshes embedded in a gradient structure. Distinct from dislocation-
dominated grain refinement processes in FCC metals, twins and twin
meshes in HCP metals play an important role in the grain refinement
and texture evolution in the different sample layers. However, due to a
gradient structure, the effect of twins on the mechanical response of Mg
remains poorly understood, and requires careful spatial microstructural
characterization and mechanical testing.

In the present study, we use SPEX milling, which is conventionally
used for pulverizing and mixing powders, to generate repetitive and
multi-directional impacts onto a sample surface to create twin
meshes within grains of polycrystalline pure Mg. Different surface
SPEX milling (SSM) parameters (i.e., ball size and impact velocity)
were employed to investigate their influence on the microstructure
developed. Using a suite of microscopy techniques, ranging from
optical microscopy to electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM), the microstructures created
as a function of depth from the SSM-treated Mg were closely exam-
ined. We show that this method can create a gradient microstructure
with twin meshes comprised of different types and variants of twins.
Most significantly, we demonstrate that the material containing twin
meshes not only strengthens the material but also increases its duc-
tility two-fold compared to coarse-grained Mg.

2. Experimental Methods

The starting material in this study is an as-rolled commercially pure
Mg sheet (99.9%, Goodfellow Corporation, Oakdale, PA) 6 mm in thick-
ness. Tables 1 lists the chemical composition of the starting material as
specified by the supplier. The as-received Mg sheet was annealed in a
tube furnace at 200 °C for 2 hours to minimize dislocations and twins
prior to the surface treatment.

2.1. Surface SPEX milling (SSM) treatment

SSM treatment was carried out in air at room temperature using a
SPEX 8000 M Mixer/Mill equipped with a cylindrical stainless-steel

Table 1
Chemical composition (wt. %) of the as-received commercially pure Mg sheet.

Al Cu Fe Mn Ni Si Zn Mg

0.007 0002 0028 0017 <0.001 0.005 <0.002  Balance

grinding vial. Mg foil samples ~ 12 x 6 x 1 mm were sectioned using
electrical discharge machining (EDM) with two different orientations,
1) perpendicular and 2) parallel to the normal direction (ND) of the
rolled Mg sheet. These two samples are hereby designated as perpen-
dicular-type and parallel-type samples, respectively. The samples
were polished with SiC grinding paper down to grade 1200 and then
attached to the end plate of the grinding vial using a carbon adhesive
tape. Spherical steel balls with clean and smooth surfaces were
loaded in the vial as milling media. To generate samples with appro-
priate microstructural gradients for our investigation into twin for-
mation and mechanical response, nine samples were treated with
selected sample orientations, steel ball sizes, and milling times.
Table 2 presents the designations for these samples. Both sides of the
foils were milled for 2min with an operating clamp speed of
1080 cycles/min. The impact velocity in the SSM process is approxi-
mately 2 m/s. To achieve a more uniform distribution of ball impacts
on the sample surface, the SSM treatment was interrupted every 30s,
in order to rotate the grinding vial by 90°.

2.2. Microstructural characterization

The SSM-treated samples were sectioned along the cross-sectional
(CS) plane and mechanically polished and etched with a 20% HCI ethanol
solution. This treatment prepared these etched CS surfaces for imaging
using an optical microscope (OM, Axio A.1, Carl Zeiss, Germany). To opti-
mize the surface condition of the samples for EBSD microstructural anal-
ysis, the CS sample surfaces were ion-polished by a cross-section
polisher (Model SM-09010, JEOL). EBSD analysis was performed in a
scanning electron microscope (SEM, FEI Quanta 3D) equipped with an
HKL EBSD detector. The voltage and beam current used for EBSD data col-
lection were 30kV and 12 nA, respectively. The step size for EBSD data
collection was 1 pwm. Post-processing of the EBSD data was carried out
using Channel 5 system from HKL Technology. Samples for site-specific
TEM at different depths beneath the treated surface were prepared by
standard focused ion beam (FIB) lift-out method on a polished CS sample
surface. A low ion beam current of 10 pA was used for final surface clean-
ing to minimize the damage layer induced by FIB. The TEM microstruc-
tural analysis was performed using a JEOL 2100F operated at 200 kV.

2.3. Mechanical testing

The effect of selected SSM treatment conditions on the mechanical
properties of Mg was studied by uniaxial tensile tests and SEM in-situ
compression of cylindrical micropillars. To perform tensile tests, dog-

Table 2
Surface SPEX milling (SSM) treatment parameters.

Specimen Operating clamp Diameter of Orientation of the Treatment time

number  speed (Hz) steel balls  treated surface on each side (min)
(mm) relative to the
normal direction

M1 17.67 0.1 Parallel 2
M2 17.67 03 Parallel 2
M3 17.67 0.9 Parallel 2
M4 17.67 2 Parallel 1
M5 17.67 2 Perpendicular 1
M6 17.67 2 Parallel 2
M7 17.67 2 Perpendicular 2
M8 17.67 6.4 Parallel 5
M9 17.67 12.7 Parallel 0.5
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bone shaped samples with a gage length of 4 mm and 1 x 1 mm cross
section were cut from the SSM-treated Mg foils using EDM. For compar-
ison, tensile samples with the same geometry were also sectioned from
as-annealed Mg without SSM treatment. Tensile tests were conducted
using an Instron E3000 testing system at room temperature with a con-
stant nominal strain rate of 10~> s~ !, The deformation strain was mea-
sured by a non-contacting video extensometer. For each condition, two
repeated samples were tested with the tensile direction parallel to the
rolling direction. The tests were carried out to failure and in every case,
fracture occurred within the gage section.

In-situ compression was carried out using a PI-85 Picoindentor
system (Bruker/Hysitron Inc.) equipped with a flat-top conical dia-
mond probe 20 yum in diameter inside an FEI Quanta 3D SEM. Mg
micropillars with diameters ~5 um and a height-to-diameter aspect
ratio of ~3:1 were machined by FIB over the sample cross sectional
area at various distances (~80, ~180, ~280 and ~370 um) away
from one SSM-treated surface. Similar for all FIB sample preparation
processes, a low ion beam current of tens of pA was used as a final
step to clean the micropillar surfaces in order to minimize the FIB
damage. After the final cleaning procedure, the taper angle for all the
micropillars was less than 2° SEM in-situ compression was performed
under displacement-controlled testing mode with an indentation
rate of 15 nm/s (i.e., a nominal strain rate of 10~ s!) and a maxi-
mum indentation depth of 3 um. In-situ movies were recorded dur-
ing compression in the SEM.

3. Results
3.1. Microstructure of the SSM-treated Mg samples

The impacts from the balls at the surface are expected to cause a gra-
dient in strain rate and accumulated strain from being high at the surface
and diminishing with depth. OM was used to analyze the resulting gradi-
ent in microstructure. In Fig. 1, we present representative CS microstruc-
tures from the SSM-treated sample, sample M6 in this case, as observed
by OM. The micrographs illustrate the formation of a gradient structure
from the surface to the center of the foil. Profuse twin lamellae formed,
and a higher density exists closer to the SSM-treated surfaces. Moreover,
grain refinement was observed in the regions next to the SSM-treated
surfaces with the very top layers showing grain sizes below the resolu-
tion of OM.

From the OM analysis, we have identified three distinct micro-
structural regions in the SSM-treated Mg samples based on proximity
from the treated surface: I. a nanocrystalline or ultrafine grained
layer; 1L a refined structure region, in which the sizes of grains are

smaller than that in the as-received samples; IIl. a deformed coarse
grain region, with grain sizes on the order of the initial grain size,
containing profuse deformation twin lamellae.

The microstructures of the as-annealed and SSM-treated samples
were further investigated using EBSD, the results of which are shown
in Fig. 4. In these figures, the grains are color-coded relative to the
horizontal direction, which is the surface normal direction for the
SSM-treated samples. Before SSM treatment, the microstructure con-
sists of nearly equiaxed grains, with an average grain size of ~80 pm,
which are almost free of deformation twins. Hot rolling produced a
strong basal texture characterized by the single peak observed in the
(0002) pole figure, indicating that the c-axis of a majority of the
grains were aligned about the normal direction (ND). The peak tex-
ture intensity in the units of multiples of uniform density (m.u.d.) is
indicated in each pole figure.

The SSM-induced microstructures (Fig. 2 (b-j)) vary with the
treatment parameters. The SSM-treated surface is on the right side of
each map. When small balls (0.1 mm in diameter) were used, lamel-
lar-shaped deformation twins were not extensive after SSM treat-
ment. With an increase in the size of steel balls or treatment time, a
deformed layer, containing profuse lamella-shaped deformation
twins, formed close to the treated surface and grew thicker. The fre-
quency of finding intersecting twin-twin junctions in grain interiors
also increased as the density of the deformation twins increased.
Together with an increment in twin density, the occurrence of low
angle grain boundaries, as indicated by the gray lines in the EBSD
maps, also increased. Also, micron to submicron-sized fine grains
formed close to the SSM-treated surface, as shown in Fig. 2 (d - f),
provided that the ball size and time are sufficiently large and long,
respectively. The top layer regions could not be indexed and appear
dark in the EBSD maps, a likely result of the high residual strain and
small grain sizes. Yet it is clear that the fraction of fine grains
increases with the increase in steel ball size and treatment time. As
the bulk deformation behavior of Mg largely depends on the crystal-
lographic texture, sample orientation is also expected to impact the
SSM-treated microstructures. Two perpendicular-type samples, M5
and M7, were examined in this study. In comparison to the lamellar
shaped twins in parallel-type samples, twins in the perpendicular-
type samples seen in Fig. 2 (f) and (h) are more irregular in shape. In
addition, more contraction twin boundaries, which are colored in
light blue, were found in perpendicular-type samples. The strong
basal texture in the initial material was randomized after SSM treat-
ment. Multiple peaks appear in the basal pole figures of the SSM-
treated samples, as seen in the insets of Fig. 2 (c¢-j), indicating the
<c>-axes were tilted away from the normal direction of the Mg foil.

Fig. 1. (a) Optical micrographs of the cross sections of SSM treated sample M6. (b) is the magnified image of the area in (a) marked by the red rectangle.
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Fig. 2. EBSD inverse pole figure (IPF) colored maps of the cross-sectional surface of the SSM treated Mg foils and the corresponding {0001} pole figures: (a) As-annealed sample, (b)

M1, (c) M2, (d) M3, (e) M4, (f) M5, (g) M6, (h) M7, (i) M8, (j) M9.

3.2. TEM observations at various distances beneath the SSM-treated
sample surface

Further effort has been devoted to reveal the twin mesh develop-
ment and grain refinement process during SSM treatment. Due to the
gradient variation in strain and strain rate along the sample thickness,
the microstructural evolution under different levels of strain and strain
rates can be examined by TEM at different depths beneath the SSM-
treated surface. Specimens at depths of ~200, 100, and 50 ;#m from the
surface for sample M7 were prepared for TEM investigation.

3.2.1. ~200 pum below the SSM-treated surface

In the deformed layer ~200 ;«m below the SSM-treated sample sur-
face, TEM reveals profusely twinned grains containing twin lamellae
with thicknesses varying from hundreds of nanometers to several
microns (Fig. 3 (a-c)). The bright and dark field TEM images in Fig. 3 (a,
b) show parallel twins within a grain. The diffraction spot from the twin
domain was selected to form the dark field image in Fig. 3 (b). Some
intersecting twins were also observed at this depth, as seen in Fig. 3 (c).
In addition, a high density of dislocations can be observed in both the
matrix regions and within the twin lamellae (Fig. 3 (a-c)), including dis-
location pile-ups near the grain boundaries (Fig. 3 (d)).

3.2.2. ~100 pwm below the SSM-treated surface

Compared to the ~200 m layer, more grains with intersecting
twins were observed in the layer ~100 beneath the treated surface. A
transmission Kikuchi diffraction (TKD) map taken at a representative
intersecting twin lamellae structure, as shown in Fig. 4 (a), contains
two different {10-12} extension twin variants, T5 and T6, both of
which have ~86° misorientation relationship with the matrix but
with a different (11-20) zone axis. The crystallographic orientations
for the twin lamellae and matrix are indicated by the superimposed
HCP unit cells in the TKD map. The mapped area also illustrates that
twin boundaries developed in the SSM-treated sample are not
straight, which suggests that these twin boundaries contain copious
incoherent segments and defects as a result of local stresses induced

by the ball impacts. The TEM bright field image of the same sample
region is shown in Fig. 4 (b). The selected area electron diffraction
(SAED) pattern (inset in Fig. 4 (b)), acquired from the area delineated
by the red circle when the T6 twin boundary is nearly “edge on”, con-
firms that the T6 variant is a {10-12} extension twin. Low angle grain
boundaries visible in Fig. 4 (b), as marked by a yellow box, corre-
spond to dislocation walls seen in Fig. 4 (c) with higher magnification.
Furthermore, the bright field image at the twin-twin junction in Fig. 4
(d) reveals that the contrast in the twin-twin intersecting region
within T6 is different from that for the rest of T6, indicating a small
misorientation angle between them. These low angle misorientation
boundaries in the vicinity of the twin-twin intersection regions indi-
cate the presence of complex strain localization.

3.2.3. ~50 um below the SSM-treated surface

TEM examination of the layer ~50 um below the SSM-treated
surface of sample M7 reveals evidence of microstructural refinement.
The bright and dark field images in Fig. 5 (a, b) show the formation of
submicron spaced lamellae bands, as marked by the yellow arrows. A
high density of dislocations is observed on and near the lamellae
boundaries. The twin lamellae that are observed further below at
depths of ~200 and ~100 pm are not observed at ~50 pm. Instead,
the microstructure at ~50 um is comprised of micron to submicron
polygonal grains. As seen in Fig. 5 (c, d), the refined polygonal grains
are irregular in shape, having grain sizes in the range of 500-
1500 nm. Some fragmented twin lamellae are also visible in this
region. It is plausible that these twin fragments are remnants of twins
after slip-twin reactions that were subsequently subdivided by the
formation of subgrains during the SSM treatment. Evidence of accu-
mulated strain in this region appears as variations in the contrast
within the twin lamellae and Mg matrix due to lattice deformation.
The lattice deformation suggests that subdivision of matrix grains
and twin lamellae into polygonal blocks joined by subgrain bound-
aries leads to further grain refinement. In some regions, the deformed
microstructure is characterized by more uniformly distributed ultra-
fine grains, as shown in Fig. 6. From the TEM bright and dark field
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Fig. 3. Microstructure of sample M7 at 200 ;«m below the SSM-treated surface: (a) Bright field and (b) dark field TEM images of twin lamellae; (c) A bright field image of intersecting
twin lamellae and high density of dislocations; (d) Dislocation pile up adjacent to a grain boundary.

images, it can be determined that the uniformly distributed ultrafine
grains have an average grain size of ~500 nm.

3.3. Mechanical properties and deformed microstructure

3.3.1. Tensile tests

Uniaxial tensile tests were carried out at a strain rate of 10
at room temperature. The tensile direction was parallel to the rolling
direction of the Mg sheet, which triggers non-basal slip in rolled Mg
with a strong basal texture. In addition to an untreated rolled Mg
sample, selected SSM-treated samples, M6 and M7, with the same
geometry, were also tested to examine the effect of the SSM treat-
ment on mechanical properties. The stress-strain curves are shown
in Fig. 7, and the corresponding tensile property data are summarized
in Table 3. The ultimate tensile strength (UTS) mildly increases from
207 MPa (as-annealed) to 223 MPa (sample M6) and 230 MPa (sam-
ple M7) after SSM treatment, while the tensile ductility increases by
more than a factor of two. The as-annealed Mg sample shows a rap-
idly decreasing strain hardening rate and failed at a limited true
strain of 2.9%. In comparison, the strain hardening rates in samples
M6 and M7 decrease less rapidly after yielding, consistent with the
more uniform elongation seen in these two samples than in the as-
annealed one. The 0.2% offset yield strength o¢,4 decreases by 34%
and 4% for samples M6 and M7, respectively, after SSM treatment,
which can be related to the weakening of the initial rolling texture.

Sample M7, after tensile deformation, was further characterized
using EBSD. Fig. 8 (a, b) displays the EBSD IPF-colored map and kernel

-3 ¢-1

average misorientation (KAM) map, respectively. Compared to the
microstructure of sample M7 prior to the tensile test (the IPF-colored
map in Fig. 2 (h)), twins that are irregular in morphology and lower
in density are observed in the sample after tension, which is likely a
result of slip-twin interactions and plastic relaxation due to detwin-
ning. The KAM map is used to indicate the locally stored strain energy
and density of geometrically necessary dislocations. In general, KAM
values are slightly higher adjacent to the SSM-treated surface. Some
high KAM values are found at grain boundaries, triple junctions or
extending from the grain boundaries to the grain interior. Addition-
ally, there are high KAM values at locations inside the grains, with
many of them close to the remaining twin boundaries. The storage of
dislocations at both grain boundaries and grain interiors, such as at
deformation twin boundaries, may be responsible for the enhanced
strength of this SSM-treated sample.

3.3.2. In-situ compression in the SEM

The enhanced simultaneous tensile ductility and UTS displayed by
SSM-Mg foils in tensile testing can be attributed to the special SSM-
induced microstructure. These foils, however, are comprised of a het-
erogeneous structure, described by visible changes in grain size, ori-
entation, and twin-mesh density with depth from the surface. In-situ
compression of micropillars fabricated at select distances from the
SSM-treated surface provides a way to examine the variation in
mechanical behavior along the thickness from the treated surface. A
series of micropillars were fabricated along the CS surface of sample
M7 at: (A) ~80 um, (B) ~180 um, (C) ~280 um and (D) ~370 um
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Fig. 4. Microstructure of sample M7 at 100 um below the SSM-treated surface: (a) Transmission Kikuchi diffraction map of a twin-twin joint region. T5 and T6 denote the two dif-
ferent twin variants. The HCP unit cells indicate the crystallographic orientations for the twin lamellae and matrix; (b) TEM bright field image of the same region in (a). Inset is the
selected area electron diffraction pattern acquired from the twin boundary area marked by the red circle. (c) A higher magnification image of the dislocation wall structure visible
in the yellow box in (b) and the corresponding diffraction pattern. The yellow arrows mark the position of the dislocation wall; (d) A higher magnification image at the twin-twin

boundary.

from the SSM-treated surface. The compression direction for all
micropillars was parallel to the rolling direction of sample M7, which
will favor {10-12} extension twins during compression in matrix
grains with initial basal texture. Within the twinned domains, the
compression axis is along pyramidal planes considering the twin-
induced lattice reorientation. Therefore, basal slip can easily activate
within the twins and twin meshes due to the relatively high Schmid
factor and extremely low CRSS.

Engineering stress-strain curves obtained by compression of the four
series of micropillars are shown in Fig. 9. For all four samples, sigmoidal
shaped stress-strain curves were obtained, which is characteristic of
deformation dominated by the formation of {10-12} extension twins in
bulk samples [37]. The yield strength ¢y for micropillar A is the high-
est (~70 MPa) relative to micropillars B (~57 MPa), C (~58 MPa) and D
(~51 MPa). In addition to having the highest yield stress, micropillar A
also exhibited the highest strain hardening rate after yield among the
four micropillars. The stress-strain curve for micropillar A (Fig. 9 (a))
shows discrete non-catastrophic intermittent stress drops after the
stress-plateau regime at high stress levels. These stress drops are non-
catastrophic as the stress does not decrease to close to zero before it
starts to strengthen again. In contrast, for the samples further away
from the SSM-treated surface, stress drops were observed within the
stress-plateau regime at lower stress and strain values, as shown in
Fig. 9 (b, c), corresponding to catastrophic shear events, as seen in the
corresponding recorded videos (see Supplementary Videos S1-S4 for
the SEM compression of micropillars A-D, respectively).

The failure modes for the micropillars can be observed, as shown in
the SEM images taken after in-situ compression, see Fig. 10. Micropillars
C and D failed by gliding of the top part relative to the bottom part of
the micropillars along a parallel set of slip planes. Micropillar B shows a
similar deformed micropillar shape as micropillars C and D, but the glid-
ing steps seen on the sample surface are along two intersecting sets of
planes. Micropillar A, however, shows a distinct deformed micropillar

shape compared to micropillars B to D. The micropillar expands laterally
during compression. Moreover, the surface of micropillar A is slightly
kinked and multiple shallow gliding steps in different orientations are
visible, but none of the steps cut through the whole micropillar to cause
catastrophic failure.

4. Discussion
4.1. Microstructural evolution during SSM treatment

The highly anisotropic slip systems in HCP Mg make non-basal
slip on the prismatic and pyramidal planes relatively difficult to acti-
vate [38, 39], which hinders achieving a sufficient number of inde-
pendent slip systems to satisfy the von Mises criterion [40].
Therefore, besides dislocation slip, deformation twinning plays an
important role in the deformation of Mg at room temperature. Multi-
ple twinning modes have been observed in Mg, including the exten-
sion twins {10-12}<-1011> and {11-21}<-1-126> and contraction
twins {10-11}<10-1-2> and {11-22}<11-2-3> [16]. Among all of
them, the {10-12} extension twin, which is favored under <c>-axis
extension, has received the most attention in the scientific literature,
as it is the easiest twinning mode in Mg [6], due to the relatively
small twinning shear. The other commonly observed type of twin in
Mg is the {10-11} contraction twin, which forms under <c>-axis
compression. Distinct from {10-12} twins that can thicken to con-
sume the entire grain, {10-11} twins are usually scarce and narrow in
the Mg lattice [41, 42], and can nucleate a second {10-12} twin inside
their domain [20, 43].

The microstructural investigation in this study (Figs. 2 and 3)
revealed dislocations and {10-12} extension twins in the region close to
the center of the Mg foil, which experienced low strains and strain rates,
indicating these deformation modes were activated in the very early
stage of SSM treatment. Compared to uniaxial deformation modes, the
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Fig. 5. Microstructure of sample M7 at 50 «m below the SSM-treated surface: (a) Bright field and (b) dark field TEM images showing lamellae bands with dislocations along and
close to the lamellae boundaries. The yellow arrows mark the positions of the lamellae boundaries. (c) Bright field and (d) dark field images of polygonal micron to submicron sized

grains.

Fig. 6. (a) Bright field and (b) dark field TEM images showing ultrafine grained microstructure.

multi-directional and repetitive surface impacts can increase the possi-
bility to form more than one twin variants in the Mg grains. Twin lamel-
lae of the same twin variant may grow rapidly and combine with each
other to form coarser twins. Propagation and growth of intersecting {10-
12} twin variants will lead to the development of twin meshes. As the

strain increases, for example, when larger milling balls or longer treat-
ment time were used, twin-twin intersection and/or the relatively
harder to form {10-11} contraction twins were observed by EBSD analy-
sis (Fig. 11). A gradient twin mesh structure formed as a result of {10-12}
tensile twin and possibly {10-11} contraction twin formation as the
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Fig. 7. Tensile mechanical behavior of the SSM treated Mg.

Table 3
Mechanical data for Mg with and without SSM treatment.
Sample 0 02%(MPa) UTS(MPa) Strain at fracture (%) Elongation (%)
As-annealed 178 207 2.9% 2.0%
M6 118 223 6.7% 5.5%
M7 171 230 6.2% 5.6%

strain increased. The twin meshes not only reduce the length scale of the
rolled Mg microstructure, but also randomize its strong basal texture.
{10-12} twins in Mg will reorient the matrix by ~86° about the (11-20)
axis, and {10-11} twins will cause a ~56° grain reorientation about (11-
20). Therefore, the formation of deformation twins can be associated
with the randomized basal texture of the SSM-treated samples.

The nature of deformation twins in the SSM-treated sample was
investigated in more detail using EBSD; correlated misorientation angle
(i.e., misorientation angles calculated from neighboring grain or twin

pairs) distributions for as-annealed Mg and SSM-treated Mg are shown
in Fig. 11. In the distribution of misorientation angles for the as-annealed
sample, there is a distinct intensity peak at ~30°, which is often observed
in Mg and Mg alloys after thermomechanical processing at elevated tem-
peratures. The fraction of misorientation angles around 86° is low in the
as-annealed sample, indicating that the as-annealed Mg was nearly free
of twins. In contrast, in the SSM-treated samples, peaks in intensity are
observed at ~86° and ~60° in the grain boundary misorientation distri-
bution profiles in Fig. 11 (b-j), corresponding to the formation of {10-12}
extension twins with 86°<11-20> misorientation, and intervariants {10~
12} twin-twin boundaries with 60°<1-100> misorientation or {10-11}
contraction twins with 56°<11-20> misorientation, respectively. The dis-
tribution of rotation axes for misorientation-angle ranges of (86 & 5)° and
(60 £ 5)° in samples M1-M9 are plotted in the insets of Fig. 11. The ~86°
rotation axes are predominantly centered around the (11-20) axes, which
is consistent with the twin-matrix misorientation relationship for {10-12}
twins. The majority of the rotation axes for ~60° misorientation are

Fig. 8. EBSD analysis of sample M7 after tensile deformation: (a) inverse pole figure (IPF) colored map and (b) kernel average misorientation (KAM) map.
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Fig. 9. Engineering stress-strain curves obtained from compression of micropillars fabricated at different distances from the SSM treated surface.

clustering around (-1100), corresponding to intervariants {10-12} twin-
twin boundaries, and some are around (11-20}, corresponding to {10-11}
twin boundaries. We acknowledge that, limited by the resolution of
SEM-based EBSD, fine twins may not be detected by this approach, and
therefore our measured values represent a lower bound on the actual
densities of twin boundaries and twin-twin boundaries.

The density profiles for different types of boundaries, including
low angle grain boundaries (2°-10° misorientation angle), {10-12}
twin boundaries ((86 + 5)° misorientation angle) and intervariants
twin-twin boundaries ((60 + 5)° misorientation angle), are plotted in
Fig. 12 for the as-annealed and SSM-treated samples. The densities
were calculated from EBSD maps at three different depths, i.e.,
regions from 50 to 100 wm, 100 to 200 «m and 200 to 500 xm from
the SSM-treated surface. In the as-annealed Mg sample, the densities
of all types of strain induced defects are low. A gradient in micro-
structure is observed in all the SSM-treated samples, with generally
higher amounts of low angle grain boundaries, twin and twin-twin
boundaries at regions closer to the SSM-treated surfaces. The percen-
tages of {10-12} twin boundaries and twin-twin boundaries increase
from sample M1 to sample M2 to sample M3, as the diameter of mill-
ing balls increases from 0.1 mm to 0.9 mm. These results indicate
that, with the same SSM treatment time of 2 min, when larger steel
balls were used as milling media, higher densities of {10-12} exten-
sion twins were generated starting from the treated surface to the
sample interior. The densities of low angle grain boundaries increase
in the regions close to the treated surfaces, while in the sample inte-
rior, the densities are as low as that in the as-annealed sample. With
a 2mm milling ball size, when the SSM treatment time increases
from 1 min to 2 min (sample M4 to sample M7), there is a saturation
of twin boundary density and an increase in the density of low angle
grain boundaries in regions away from the treated surfaces. The ori-
entation of the treated surface also affects the SSM-treated micro-
structure, with slightly higher densities of twins being generated
when the treated surfaces are parallel to the normal direction (see

data for samples M4 and M6 versus samples M5 and M7, respec-
tively). Finally, when the ball size and milling time are increased to
6.4 mm and 5 min, respectively, in M8, the density of twin boundaries
starts to decrease and that for low angle grain boundaries continues
to increase. The SSM parameters will be explored more systemati-
cally and robustly in future studies.

A high dislocation density in the matrix and within the twin domain
are observed in TEM (Fig. 3). Twin boundaries and twin-twin intersec-
tions can pose obstacles to slip motion. Dislocation walls formed by pla-
nar rearrangement of dislocations were observed by TEM (Fig. 4 (b, c)
and Fig. 5 (a, b)), which correspond to the low-angle grain boundaries
observed ex-situ by EBSD (Fig. 4 (a). These low-angle sub-grain bound-
aries extended throughout the sample and caused the formation of the
micron to submicron polygonal sub-grains being observed (Fig. 5).
Finally, the formation of a uniformly distributed ultrafine grained struc-
ture was developed close to the SSM-treated surface, when the accumu-
lated strain was sufficient (Fig. 8). A schematic description of the
microstructural evolution with an increasing accumulation of strain
during SSM is provided in Fig. 13.

4.2. Influence of SSM-induced microstructure on the deformation
behavior

Tensile tests of Mg foils containing the SSM-treated surface layers
exhibited an increase in tensile ductility and UTS when compared to
the untreated as-annealed material (Fig. 7). From the tensile stress-
strain curves, a longer uniform elongation region was observed in
samples M6 and M7, characterized by a slower reduction in strain
hardening rates compared to the as-annealed Mg. The misorientation
profile for sample M7 after tensile deformation, generated from the
EBSD data shown in Fig. 8a, is shown in Fig. 14. When compared to
Fig. 11(h) for sample M7 before deformation, the positions of the
intensity peaks remain similar. The peak in intensity at ~86° corre-
sponds to {10-12} twin boundaries, and boundaries with 60°<1-
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Fig. 10. SEM images of ~20% strain deformed micropillars at: (a) 80 xm, (b) 180 «m, (c) 280 ;m and (d) 370 um from the SSM treated surface.

100> misorientation are likely the intervariants {10-12} twin-twin
boundaries. Since {10-12} twinning is not favored during tensile
deformation in the rolling direction, i.e., tensile deformation perpen-
dicular to the crystallographic c-axes, the twin boundaries and twin-
twin boundaries are most likely generated by the SSM treatment and
remain despite the tensile deformation. EBSD KAM analysis of the
SSM-treated sample after tensile deformation (Fig. 8 (b)) indicates a
high density of geometrically necessary dislocations at the SSM-
treated surface layer due to the refined grain size. Intense strain accu-
mulation was noted at the grain boundaries and, surprisingly, within
grain interiors, e.g., close to the remaining twin boundaries. These
observations suggest that twin boundaries form obstacles to disloca-
tion slip, which may contribute to the strengthening of the SSM-
treated Mg samples.

By combining the insight gained from the EBSD mapping and TEM
observation, the mechanical response of the micropillars fabricated at
various depths can be correlated with distinct microstructural features.
Micropillar A at 80 um beneath the SSM-treated surface is from the
region where a high density of twin intersections is present, which leads
to evident grain re-orientation and sub-division. Micropillar B at 180 um
originates from the region containing profuse twins with thicknesses
ranging from hundreds of nanometers to several microns. Micropillars C
and D, which span depths of 300 - 400 .wm beneath the treated surface,
exhibit a microstructure that is less deformed, as characterized by EBSD
in Fig. 2 (h), and have a coarse-grain size and fewer twin boundaries.
Observations from SEM in-situ compression confirm, first, that micropillar

A exhibits an enhanced yield strength and strain hardening. Second, after
~19% compressive strain, micropillar A deformed without catastrophic
failure compared to the micropillars further away from the SSM-treated
surface. As seen from the stress-strain curves in Fig. 9, large stress drops
occurred in the low-stress-plateau stage in micropillars B and C, corre-
sponding to the fast propagation of a single shear band traversing the
entire sample, as seen in supplementary videos S2 and S3, respectively.
For micropillar A, no stress drop occurred before the end of the low-
stress-plateau. Several non-catastrophic stress drops were observed at
higher stress levels after the material starts to rapidly harden. Third, from
the post-deformation SEM micrographs of the micropillars in Fig. 10,
massive parallel slip bands, including that for the catastrophic major
shear, were observed on the surface of micropillars C and D, while two or
multiple orientations of slip traces were observed in micropillars B and A,
respectively. For micropillar B, a shear band intersecting with the major
catastrophic shear plane is clearly seen, indicating the activation of double
slip modes. On the contrary, multiple minor shear displacements that did
not cause sample failure can be seen in micropillar A. These findings sug-
gest that the high density of twins and twin meshes close to the SSM-
treated surface may be responsible for the activation of more slip systems
and higher strain hardening in Mg that lead to material strengthening
and toughening.

The mechanisms for such twin- and twin mesh- induced increases
in strength observed in micropillar compression (Fig. 9) can be
explained by slip-twin and twin-twin interactions, as supported by
the post-deformation EBSD analysis (Fig. 8 and Fig. 14). In HCP metals,
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slip-twin interactions are known to lead to strengthening in HCP met-
als by three well-accepted mechanisms: 1) texture hardening due to
lattice reorientation by twins, 2) the Basinski hardening mechanism
due to transmutations of dislocations from glissile to sessile [44, 45],
and 3) the obstacle effect of twin boundaries on dislocation slip [46].
The present TEM (Fig. 4) and post-deformation EBSD KAM analysis
(Fig. 8 (b)) show evidence of the third contribution, in the form of

dislocation accumulation developing at twin boundaries and twin-
twin boundaries. This mechanism can also be seen from an absence of
large shear steps and a higher strain hardening in micropillar A. Twin
boundaries and twin-twin boundaries will act as strong barriers for
slip to penetrate into the twinned regions, and incorporation or pene-
tration into the twin boundaries can occur if necessary via dislocation
reactions at these boundaries [6]. Many of these reactions are
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Fig. 12. Densities of low angle grain boundaries (LAGBs), {10-12} twin boundaries and twin-twin boundaries in the depth ranges of 50-100, 100-200 and 200-500 «m in (a) as-
annealed Mg, (b) M1, (¢) M2, (d) M3, (e) M4, (f) M5, (g) M6, (h) M7, (i) M8, (j) M9.

energetically unfavorable [6] and will take place only if there are suffi-
cient stress concentrations arising at the head of dislocation pile-up.
The introduction of twin boundaries therefore contributes to materials
strengthening through a reduction in the dislocation mean free path.
Moreover, the production of residual dislocations by these reactions

could continue to serve as dislocation obstacles, which leads to an
increase in strain hardening. Similarly, the twin-twin interactions
being observed, like slip-twin interactions, can impede the further
propagation and thickening of participating twins [15, 47]. As shown
in the cases of body centered cubic metals, twin-twin intersections are
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Increasing SSM strain

Fig. 13. Schematic of microstructural evolution during SSM. The boundaries in blue represent twin boundaries and the “T” symbols represent dislocations.
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accommodated by secondary twinning aided by stress relaxation by
dislocation dissociations [16, 48]. These studies illustrate that the
accommodation of strain can only be accomplished if the externally
applied stress is locally enhanced by the presence of dislocation pile-
up. Yu et. al. [40] suggested that back-stresses induced by the pile-up
of boundary dislocations at twin-twin intersections may impede the
motion of twinning dislocations, thus making further propagation and
growth of twins more difficult. Taken together, it is envisaged that the
presence of high densities of twin boundaries or twin-twin boundaries
in SSM-treated Mg is likely to increase the rate of strain accumulation
and consequently leads to a higher strain hardening rate.

Twinning can also enhance the ductility of Mg by increasing
strain hardening and randomizing the texture. The twinning capa-
bilities of activating dislocation slip and relaxing the slip system
requirement can contribute to twin mesh induced plasticity. Dur-
ing tensile deformation in the rolling direction, most grains in the
as-annealed rolled Mg foil are in the “hard-to-deform” orienta-
tions, and non-basal slip with high CRSS values need to be acti-
vated to accommodate the strain. Deformation twins can reorient
the crystals to “softer” orientations, and deformation modes with
low CRSS values, such as basal slip, in twins can further accommo-
date strain. This also explains the mild decrease in yield strength
of the gradient twin mesh structure as a whole. Another explana-
tion for the decrease in yield strength is the migration and detwin-
ning of twin meshes. Further stabilization of the twin mesh
structures may help increase the tensile yield strength of the SSM-
treated samples.

5. Conclusions

In this work, we aim to create and investigate the effect of twin
meshes on the tensile and compression response of polycrystalline pure
Mg. A surface mechanical attrition strategy was used to impose repeti-
tive, multi-directional loads on the sample surface using a SPEX milling
treatment (SSM) to achieve a gradient microstructure consisting of a var-
iation from an ultrafine grained to a twin-meshed structure, in a hot-
rolled commercially-pure Mg sample. The main conclusions from the
microstructural characterization and mechanical testing are as follows:

1. The SSM treatment was effective in creating gradient twin
meshes, defined as two or more intersecting variants of {10-12}
and {10-11} twins at the grain level. The character of the gradient
structure varies, depending on the SSM parameters.

2. The twin meshes being produced effectively randomized the ini-
tially strong texture of the starting material.

3. Significantly, the tensile test results demonstrated that the sam-
ples after SSM treatment show two-fold increases in tensile duc-
tility and ultimate strength over the as-annealed hot-rolled Mg.

4. SEM in-situ compression testing at various locations within the
gradient structure provide evidence that the deformation and
failure modes correspond to the changes in the presence of twin
meshes, grain orientation and grain size.

5. With increasing strain and strain rate, microstructure evolution
occurs in Mg by formation and interaction of deformation twins,
dislocation slip and development of dislocation walls, and grain
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refinement by division by multiply-crossed twin lamellae into
fine to ultrafine polygonal subgrains.
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