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ABSTRACT

To investigate the effect of grain morphology on the mechanical properties of polycrystalline Mg, two
types of bulk Mg samples with equiaxed and microlaminated grain structures were fabricated by spark
plasma sintering (SPS) of as-received Mg powder and cryomilled disc-shaped Mg powder particles,
respectively. Based on a detailed microstructural investigation, the mechanisms by which microstructure
evolves and texture development occurs were identified and are discussed. The basal fiber textures in the
SPS consolidated samples allow the plastic anisotropy in such textured Mg to be investigated.
Compression tests at room temperature parallel and perpendicular to the SPS compaction axis deter-
mined that, in comparison to the conventional anisotropy observed in the equiaxed sample, the
anisotropy of yield strength is reversed in the microlaminated sample, with the yield strength for c-axis
extension being higher than that for c-axis contraction. The reversed compressive yield strength
anisotropy observed in the sample that was cryomilled is related to the low twinning activity, limited
twinning growth and the anisotropy induced by the microlaminated grain structure, which offers an
opportunity to reduce or even reverse the intrinsic plastic anisotropy of hexagonal close packed Mg.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Magnesium (Mg) and its alloys are attractive lightweight
structural materials for the automotive and aerospace industries,
where specific strength is of significant concern [1,2]. Unlike metals
with cubic crystal structures, Mg, which has a hexagonal close
packed (HCP) crystal structure, is subject to slip on multiple
nonequivalent slip systems upon plastic deformation. The slip
systems that have been reported for Mg are slip in the a/3<11—-20>
(or <a>) directions on the basal, prismatic and pyramidal planes,
and slip in the a/3<—2113> (or <c + a>) directions on the pyra-
midal planes [3,4]. Unfortunately, the critical resolved shear
stresses (CRSSs) vary significantly for different slip systems [3,4].
The ratio of the CRSS value for non-basal slip to that for basal slip
lies in the range of 40—100 in single crystal Mg and in the range of
2.0—13.5 in polycrystalline Mg [3]. The much lower CRSS value for
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basal slip renders slip on non-basal planes difficult to initiate. Basal
slip alone, however, only provides two independent slip modes,
which are insufficient for homogeneous deformation of a poly-
crystalline material according to the von Mises criterion [5].
Extension twins of the {10—12}<10—11> type (hereafter referred to
as {10—12} twins) are easily activated in Mg when loaded in tension
along the c-axis or in compression perpendicular to the c-axis. HCP
twins can provide an additional deformation mechanism despite
the fact that twinning is polar in nature and that the maximum
twinning-induced plastic strain is recognized to be limited [4]. As a
result of the anisotropy in slip and twinning discussed above,
strong deformation textures are common in wrought Mg [6—8],
which lead to a plastically anisotropic stress-strain response [9].
This plastic anisotropy complicates the processing of Mg alloys,
which limits their use in many important structural applications
despite the obvious density advantages.

In an effort to circumvent the limitations that originate from the
plastic anisotropy that is inherent to Mg and its alloys, various
approaches have been proposed. For example, texture modification,
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through addition of rare earth elements [10,11], and careful selec-
tion of thermo-mechanical processing parameters [12—14], have
been successfully demonstrated to reduce the plastic anisotropy
and enhance the ductility of Mg. In addition to weakening the
initial texture, rare earth elements can promote non-basal slip ac-
tivity by significantly decreasing the critical stress required for
cross-slip stress [10,15]. The drawback of this method, however, is
the high cost of rare earth elements, which limits large scale
application of these alloy compositions. In addition to rare earth
alloying, decreasing the grain or sample size is a promising strategy
to reduce the plastic anisotropy of Mg by inhibiting twinning
[16,17] and reducing the CRSS ratio between non-basal and basal
slip [18]. Dislocation density also influences the CRSS ratio in Mg
[3]. With a dislocation density increased from ~10% to ~10¥m~2,
the CRSS ratio between prismatic to basal slip in Mg can be reduced
from 40:1 to as low as ~2:1 [3]. Interestingly, review of the pub-
lished literature shows that despite numerous studies that address
various microstructural factors, the influence of grain morphology
on the deformation, particularly on the plastic anisotropy, of Mg has
not been addressed, which provided a motivation for the current
study.

To synthesize Mg with distinct non-equiaxed grain morphology,
mechanical milling was used in the present work. Mechanical
milling is a powder-based severe plastic deformation material
processing method that can be used to synthesize fine-grained or
nanocrystalline materials in relatively large quantities [19,20]. As
such, mechanical milling techniques have been used to study a
broad range of materials and have been successfully used in com-
bination with various consolidation approaches to attain notable
properties in various metals, alloys and composites [19—21]. Of
interest is that, in some studies, mechanical milling has been used
to fabricate disc-shaped powders, which facilitate consolidation
into laminated composites with enhanced mechanical performance
[22—25]. Of perhaps more interest here is a recent finding of an
orientation-dependent strengthening effect in nanolaminate
graphene-Al composites, where the highest compressive strength
was observed when the lamellae were oriented parallel to the
compression axis [25]. In view of the published literature, me-
chanical milling followed by subsequent sintering has been
observed in a few studies to improve the mechanical properties,
particularly the strength and hardness, of Mg alloys through grain
refinement [26,27]. However, none of these studies have reported
on the yield anisotropy of materials processed by this method.
Moreover, the microstructure of these materials has not been
studied in detail and information related to texture, dislocation
configurations and grain boundary characteristics is not currently
available.

In the present work, we demonstrate that the plastic anisotropy
for Mg can be altered through microstructural design, such as
through changes in the grain morphology and dislocation structure
without alloying. For this purpose, the texture and microstructure
of a microlaminated Mg structure, created by spark plasma sin-
tering (SPS) consolidation of disc-shaped powder particles ob-
tained by cryomilling, was comparatively studied together with a
sample that was not cryomilled prior to sintering. We used scan-
ning electron microscopy (SEM), X-ray diffraction (XRD), electron
backscattered diffraction (EBSD) and transmission electron micro-
scopy (TEM) to probe the microstructural and texture development
in powder particles during cryomilling and sintered bulk samples.
Uniaxial compression tests were performed on bulk samples.
Notably, an uncommon compressive yield anisotropy was observed
in the samples that was cryomilled, which sheds light on the pos-
sibility of reducing the plastic anisotropy in Mg through micro-
structural design.

2. Experimental

The starting material used in this study was a commercially pure
Mg powder (99.8% purity, 325 mesh, Alfa Aesar, Massachusetts,
United States). One kg of as-received powder (hereafter referred to
as AR-Mg) was attrition ball milled in liquid argon at a speed of
180 rpm with a stainless steel ball-to-powder mass ratio of 30:1.
Powder samples were collected after a 1, 2, 4, 6 and 8 h milling time
(hereafter referred to as 1 h-Mg, 2 h-Mg, 4 h-Mg, 6 h-Mg and 8 h-
Mg, respectively). To prevent excessive cold welding, ~0.5 wt% of
stearic acid was added to the powders as a process control agent.

As-milled Mg powders were packed into a double-acting die
arrangement, which is schematically illustrated in Fig. 1. SPS was
applied to prepare bulk Mg samples. In all cases, Mg powders
were handled in an argon-filled glove box and transferred to the
SPS chamber directly to minimize oxidation reactions. SPS was
carried out using a DR. SINTER SPS-825 S (Syntex Inc., Kawasaki,
Japan) under vacuum to produce a cylinder-shaped bulk sample,
typically 5mm in diameter and 5mm in height. A 200 MPa
uniaxial sintering pressure and a fast heating rate of ~100 °C/min
was achieved with this SPS apparatus and die set. The sintering
parameters are summarized in Table 1. The use of a fast heating
rate and a low sintering temperature were intended to limit grain
growth during powder consolidation. For comparison purposes,
as-received (i.e., unmilled AR-Mg) powder was also sintered us-
ing identical SPS conditions.

SEM microstructural analysis was performed on an FEI XL30
SFEG SEM. XRD measurements were carried out with a Scintag
XDS2000 using Cu K, (A =0.1542 nm) radiation at a step size of
0.02° with a dwell time of 2 s per step from 20 to 80°. To prepare
samples for EBSD, the SPS consolidated bulk samples were
sectioned using a diamond wire-saw in a way that the viewing
plane was parallel to the SPS compaction axis (CA) at the center
of the cylindrical sample. The cut surface was ion-polished by a
cross-section polisher (JEOL, Model SM-09010). EBSD analysis
was performed utilizing an FEI Scios SEM equipped with an
Oxford Instruments EBSD detector. The voltage and beam current
used for EBSD data collection were 30 kV and 13 nA, respectively.
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Fig. 1. A schematic of the double-acting die setup for SPS.
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Table 1

The SPS parameters.
Pressure (MPa) 200
Heating rate (°C/min) 107
Holding temperature (°C) 390
Dwell time (min) 3
Pulse on/off time ratio 6:1
Starting vacuum (Pa) <1

The step size for EBSD data collection was 0.75—1 um. EBSD post-
processing was carried out using Channel 5 system from HKL
Technology. TEM microstructural analysis of the as-milled Mg
powders and SPS consolidated bulk samples was performed us-
ing a JEOL 2500 or PHILIPS/FEI CM 20 operating at 200 kV. To
prepare TEM samples from the cryomilled powders, the powders
were mixed with G-1 epoxy (Gatan) and cured at room tem-
perature to form a disk. The powder-epoxy mixture was me-
chanically polished and ion-milled (dual ion-beam Gatan PIPS).
The sintered Mg samples were sectioned parallel to the SPS CA,
and then thinned by the same polishing-ion-milling method.

Compression samples were electrical discharge machined into
3 mm cubes. Uniaixal compression tests were performed at room
temperature using an Instron 8801 universal testing machine,
parallel and perpendicular to the SPS compaction axis (CA). A
displacement-controlled mode with an initial strain rate of 1073
s~! was employed in this study. Some of the compression tests
were interrupted and a subsequent EBSD analysis was
performed.

3. Results

3.1. Evolution of powder particle morphology and microstructure
during cryomilling

Fig. 2 displays secondary electron SEM micrographs of the as-
received powder particles and powder particles subjected to
increasing cryomilling time of 1-8 h to reveal the evolution in
powder morphology. The as-received Mg powder particles (Fig. 2
(a)) are slightly oblong in shape and mostly from 10 to 80 um in
diameter with an average particle size of ~30 um. After up to 2 h of
cryomilling, (Fig. 2 (b) and (c)), the powder particles were flattened
into disc-shaped powder particles ~90 um in diameter and ~1 pm in
thickness. When the milling time was further increased to 4 and to
6 h (Fig. 2 (d) and (e)), non-uniform agglomerates formed as a result
of impact-induced fracture of disc-shaped powder particles and
random cold welding among particles. Finally, at 8 h, when a dy-
namic balance between particle fracture and cold welding was
attained, nearly equiaxed faceted particles with a uniform particle
size of ~17 um were obtained (Fig. 2 (f)).

XRD patterns for the Mg powders as a function of cryomilling
time (Fig. 3) confirmed that all powders had an HCP structure with
lattice parameters matching with JCPDS #35—0821 for pure Mg.
Moreover, the relative integrated intensities of XRD peaks indicated
the preferential orientations in the as-milled powder particles. The
I0002)/I(10-10) integrated intensity ratio for the starting material is
~1.3, which is similar to 1.4 for the reference pattern, indicating a
random crystalline orientation in the as-received powder. As cry-
omilling progresses, a gradual growth in the relative intensity of
(0002) peaks can be observed in 1 h-Mg and 2 h-Mg. After 2 h of

(b) 1h-Mg

Fig. 2. SEM micrographs of: (a) as-received Mg powders and cryomilled powders collected after (b) 1h, (c) 2h, (d) 4h, (e) 6 h and (f) 8 h milling time.
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Fig. 3. XRD patterns of as-received and cryomilled magnesium powder particles.

cryomilling, the (0002) peak showed the highest Igo02)/I(10-10) in-
tensity ratio of ~58.8, suggesting the predominance of (0002)
planes parallel to the diffracting flat-on surfaces of the lamellae.
When the cryomilling time was increased to 4 h, the (0002) peak
intensity started to decline, and concomitantly losing the particle
shape anisotropy, as observed in Fig. 2 (d). The Iooo2)/I(10-10) in-
tensity ratio dropped back to ~1.4 in 8 h-Mg.

The multiple whole profile (MWP) fitting program developed by
Ungar et al. [28] was used to estimate the dislocation density in the
cryomilled Mg powder particles. As seen in Table 2, the measured
dislocation density first increased and reached a maximum of
~9.10 x 10> m~2 in 2 h-Mg, when mostly basal planes were dif-
fracting. The measured dislocation density then decreased when
the milling time reached 4 h, and increased again between 6 h-Mg
and 8 h-Mg. The high dislocation densities in the cryomilled pow-
ders suggest recrystallization is largely suppressed by the cryogenic
liquid argon temperature. Furthermore, the XRD predicted dislo-
cation densities in the cryomilled powders first increased and then
decreased after 4 h. This trend agrees with that observed for the
extent of basal planes being parallel to the lamellar flat-on surfaces,
suggesting a higher dislocation density on the basal planes relative
to the non-basal planes.

To further substantiate the above assessment, TEM analysis was
performed on cryomilled 2 h-Mg powder particles, which exhibited
the highest dislocation density and the highest XRD peak intensity
ratio (i.e., orientation preference). Composite bright-field TEM mi-
crographs in Fig. 4 (a) show the cross section of a representative
2 h-Mg lamellar particle embedded in the G1 epoxy matrix. The

particle is ~1.1 um in thickness and consists of several elongated
grains along the lamellar band direction, separated by nearly ver-
tical grain boundaries. Fig. 4 (b) and (c) are bright field micrographs
taken at the same region under the two-beam conditions with
diffraction vectors g=01—11 and g= 0002, respectively, near the
[2-1-10] Mg zone axis. According to the g-b =0 criterion, when
g=01-11 was used, all types of dislocations (<a>, <c> and
<€ + a>) can be observed; whereas, if the g=0002 is used, only
<c> or <€ + a> dislocations can be seen. A high density of dislo-
cations is present in 2 h-Mg when g = 01—11, while most disloca-
tions are not visible when g=0002. Moreover, most dislocation
lines in Fig. 4 (b) are parallel to the basal plane trace, which is nearly
parallel to the lamellar band, as highlighted by the yellow dashed
line. This alignment confirms that the observed dislocations are
mostly basal <a> dislocations. Several non-basal <a> dislocations
not parallel to the basal plane trace are also seen, as highlighted by
the red arrows in Fig. 4 (b). In summary, TEM confirms that dislo-
cations in 2 h-Mg are predominantly basal <a> dislocations, with a
moderate density of non-basal dislocations.

3.2. Microstructure and texture of as-sintered Mg bulk samples

To examine the role of grain morphology during SPS processing,
AR-Mg and 2 h-Mg powder particles were sintered using identical
pressure-assisted SPS conditions to produce bulk samples, here-
after referred to as AR-Mg-SPS and 2 h-Mg-SPS, respectively. The
2h-Mg powder was selected for consolidation and subsequent
characterization due to its extreme grain morphology anisotropy
and high dislocation density. The 8h-Mg powder was also
consolidated, but retained equiaxed nanometric grains after both
cryomilling and consolidation, thus making characterization of the
consolidated material beyond the scope of the current study.
Findings on the 8 h-Mg-SPS sample will be explored in detail in
future work.

Fig. 5 shows the EBSD inverse pole figure (IPF) maps, color-
coded with respect to the SPS CA (vertical direction in the maps),
for AR-Mg-SPS and 2 h-Mg-SPS, together with the corresponding
grain size area fraction histograms. In the IPF maps, high angle grain
boundaries (HAGBs) with misorientation angles larger than 15° are
colored in black, and low angle grain boundaries (LAGBs) with
misorientation angles between 2° and 15° are colored in grey. As
shown in Fig. 5 (a), clusters of small equiaxed grains in a “neck-
lace”-type arrangement surrounding the coarse grains can be
observed from the IPF map. The grain size statistics in Fig. 5 (c),
calculated from the EBSD map, indicate a nearly bimodal grain size
distribution with grain diameter ranging from less than 1 pm to
larger than 37 um. The average grain size of AR-Mg-SPS is ~13.2 um.
The IPF map for 2 h-Mg-SPS in Fig. 5 (b) reveals a refined grain
structure. Originating from the 2 h-Mg disc-shaped powder parti-
cles, a lamellar band structure can be viewed in this sample. Similar
laminated structures are characteristic of high-strain rolled or
extruded metals [29,30], but compared to the laminated micro-
structure produced by rolling or extrusion, the lamellar bands in
2 h-Mg-SPS are less straight and less parallel. Each band contains
multiple elongated grains. Dark regions in this IPF map are areas
that cannot be indexed by EBSD, due to the small grain sizes and/or
high strains in these locations. A narrower grain size distribution

Table 2

Dislocation densities of Mg powder particles after different cryomilling times.
Milling time (h) 1 2 4 6 8
Dislocation density 9.54 x 104 9.10 x 10"® 9.55 x 104 525 x 10 8.69 x 10™#

(1/m?)
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Fig. 4. TEM images of cryomilled 2 h-Mg powder particles: (a) composite low magnification bright field image showing the structure of an as-milled lamellar particle; (b) g = 01-11
two-beam bright field image near [2-1-10] zone axis showing all types of dislocations; (c) g =0002 two-beam bright field image showing only <c> or <c + a> dislocations.

range is found for 2 h-Mg-SPS, giving an average grain size of
~6.6 um. To reveal the grain sizes of laminated grains in the two
perpendicular directions of interest, i.e., the directions parallel and
perpendicular to the SPS CA, linear intercept grain sizes were
calculated for 2 h-Mg-SPS along the vertical and horizontal di-
rections using the EBSD map in Fig. 5 (b). The distributions of the
horizontally and vertically linear intercept grain sizes are plotted in
Fig. 5 (e) and (f), respectively. The average intercept grain size is
~2.8 um for the vertical direction and ~8.0 um for the horizontal
direction, which quantifies the average lamellar thickness and
length, respectively.

Despite the differences in the processing and morphologies of
the two feedstock powder particles, both as-sintered samples
developed non-random crystal orientations. As visualized from the
IPF maps in Fig. 5, most grains in the sintered samples have their c-
axes close to the SPS CA, as represented by the red grain color. The
(0001) and (10-10) pole figures, and the inverse pole figures from
the SPS CA for AR-Mg-SPS and 2 h-Mg-SPS, respectively, are dis-
played in Fig. 6 (a) and (b). From the pole figures and inverse pole
figures, a basal fiber texture, i.e., with the basal poles aligned along
the SPS CA, can be identified in both samples, and the intensities of
the basal poles are nearly radial symmetric around the SPS CA. Peak
texture intensities in units of m.u.d. (multiples of uniform density)
are indicated. Compared to AR-Mg-SPS, 2 h-Mg-SPS has a higher
peak intensity in the basal pole figures and a narrower angular
spread of basal poles from the SPS CA. Similar strong textures are
often observed in pure Mg or dilute Mg alloys after conventional
rolling [31-33].

The microstructure and dislocation structures of the 2 h-Mg-SPS
sample were further examined by TEM. As shown in the bright field
image in Fig. 7 (a), the microstructure of 2h-Mg-SPS is

characterized by near horizontal lamellar bands, that are perpen-
dicular to the SPS CA. Based on sampling over ~100 bands, the
majority of lamellar thicknesses range from 0.5 to 3 um. A repre-
sentative two-beam bright field image near the [2-1-10] zone axis,
with diffraction vector g =01-1-1, is shown in Fig. 7 (b). <a> type
dislocations parallel to the trace of the basal plane are dominant
similar to that in the 2 h-Mg powder. Moreover, the cross slip of
<a> dislocations between basal and prismatic/pyramidal planes is
observed, as indicated by the red arrows. Since the stacking fault
energy (SFE) on the basal planes in Mg is much lower than that on
the non-basal planes [34], the cross slip observed here is more
likely cross slip from prismatic/pyramidal planes to basal planes. A
dislocation wall structure is also seen in this grain, as indicated by
the black dashed lines. Low angle grain boundaries in the form of
dislocation cells have been reported as a result of dislocation in-
teractions and rearrangement during recovery [35]. Fig. 7 (c) and
(d) are two-beam dark field images of another sample region under
g=01-10 and g=0002 conditions, respectively, near [2-1-10]
zone axis. Most <a> type dislocations in Fig. 7 (c¢) are parallel to
the basal plane trace, whereas some others are out of the basal
plane, as highlighted with red arrows. A much lower density of <c>
or <c + a> dislocations, as compared to <a> type dislocations, are
present in Fig. 7 (d), and they tend to align with the trace of the
basal plane. Therefore, the dislocations in 2 h-Mg-SPS consist of a
high density of basal <a> dislocations and some non-basal dislo-
cations, with some being non-basal <a> dislocations, and others
being <c> or <c + a> dislocations.

3.3. Grain boundary misorientation analysis

Correlated misorientation (i.e., misorientation at grain
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Fig. 5. EBSD microstructural analysis of SPS sintered Mg samples: (a) and (b) are the inverse pole figure (IPF) colored maps along the SPS compaction axis (CA) of AR-Mg-SPS and
2 h-Mg-SPS, respectively. High angle grain boundaries with misorientations >15° are colored in black and small angle grain boundaries with 2°—15° misorientations are colored in
grey; (c) and (d) are the grain size distributions corresponding to (a) and (b), respectively; (e) and (f) are the linear intercept grain size distributions for 2 h-Mg-SPS along the
horizontal and vertical directions, respectively.
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Fig. 6. (0001) and (10-10) pole figures and inverse pole figures along the SPS compaction axis (CA) for: (a) AR-Mg-SPS and (b) 2 h-Mg-SPS.

boundaries) distributions (with a 2° lower threshold) are plotted boundaries (LAGBs) regime can be identified in both samples. In
in Fig. 8 (a) and (b) for AR-Mg-SPS and 2 h-Mg-SPS, respectively. the >15° high-angle grain boundaries (HAGBs) regime, the dis-
A strong frequency peak in the 2°-15° low-angle grain tribution exhibits a broad peak in AR-Mg-SPS, while a
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pronounced maxima near 30° are present in 2 h-Mg-SPS. In
addition, the AR-Mg-SPS exhibits a detectable frequency peak
near 90°, presumably corresponding to the ~86° {10—12} twins in
Mg. However, the population of ~86° grain boundaries in 2 h-Mg-
SPS is almost negligible, indicating the low occurrence of twins in
this sample, which is consistent with our TEM observations in
Fig. 4. Furthermore, in the inset of Fig. 8, distributions of rotation
axes for misorientation angle ranges of (30 +3)° and (86 + 3)° in
the SPS sintered samples are plotted in the form of inverse pole
figures. The rotation axes for ~30° grain boundaries appear
random in sample AR-Mg-SPS. In contrast, in sample 2 h-Mg-SPS,
the ~30° rotation axes are predominantly centered around the c-
axis. The high frequency of 30°/[0001] grain boundaries most
likely corresponds to the recrystallization in HCP metals [12,36].
In addition, the rotation axes for ~86° grain boundaries in AR-
Mg-SPS are mainly clustered around the <11-20> direction,
consistent with the {10—12} twin boundaries with an 86°/

<11-20> twin-matrix misorientation relationship. Though the
frequency of 86° grain boundaries is low in 2 h-Mg-SPS, clus-
tering of 86° rotation axes around <11—-20> suggests the possible
occurrence of {10—12} twins within some favorably oriented
grains in 2 h-Mg-SPS. The frequencies of the three types of
characteristic grain boundaries (LAGBs, (30 +3)° grain bound-
aries, and (86 +3)° {10—12} twin boundaries) in the two SPS
sintered samples are compared in Fig. 8 (c). Though important in
Mg deformation, {10—11} contraction twins are not plotted here,
since the confidence in identifying this type of twin by misori-
entation angle is considered low, as they are extensively reported
to be thin, scarce and hard to detect [35,37]. Moreover, {10—11}
contraction twins and {10—11}-{10—12} double twins are favor-
able sites for recrystallization [28], so they have a high pro-
pensity to be consumed by new grains. While the number
frequency of LAGBs in AR-Mg-SPS is only ~8.8%, the value in 2 h-
Mg-SPS is ~19.5%. The higher fraction of LAGBs in 2 h-Mg-SPS can
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Fig. 9. Compressive true stress-strain curves for AR-Mg-SPS and 2 h-Mg-SPS along
directions parallel and normal to SPS CA.

be understood by the high density of dislocations induced by the
severe plastic deformation during cryomilling, which tend to
rearrange into dislocation cell structures and then convert into
LAGBs [38,39]. The fraction of 86° {10—12} twin boundaries
(within a +5° misorientation tolerance) in AR-Mg-SPS is ~10.6%,
compared to ~1.0% in 2 h-Mg-SPS. The frequency of 30° misori-
entation grain boundaries (within a +5° misorientation toler-
ance) in 2 h-Mg-SPS (~26.1%) is almost twice that in AR-Mg-SPS
(~13.4%).

3.4. Mechanical properties of and anisotropy in SPS consolidated
Mg

The loading direction relative to the basal fiber texture and the
laminate orientation is expected to influence the deformation
behavior. In order to study the mechanical behavior along different
orientations, uniaxial compression tests were performed at room
temperature both parallel and perpendicular to the SPS CA, corre-
sponding to c-axis contraction and c-axis extension, respectively,
according to the texture measurements. The true stress-strain
curves for AR-Mg-SPS and 2 h-Mg-SPS are plotted in Fig. 9, and
the compressive strength values are summarized in Table 3. For AR-
Mg-SPS compressed along the SPS CA, the 0.2% yield strength and
maximum strength are 130 MPa and 183 MPa, respectively. When
compressed normal to the SPS CA, a concave shape for the true
stress-strain curve is observed, which is typical for twinning-
dominated deformation in textured Mg polycrystals; the 0.2%
yield strength is 107 MPa, and the maximum strength has a value of
162 MPa. 2 h-Mg-SPS exhibits higher strength than AR-Mg-SPS
along both directions. When compressed parallel to the SPS CA,
the 0.2% yield strength is 179 MPa, and the maximum strength is
measured to be 201 MPa. When the loading direction is normal to
the SPS CA, the yield strength and maximum strength are 187 MPa
and 205 MPa, respectively. Compared to AR-Mg-SPS, the yield
strength of 2 h-Mg-SPS when compressed parallel and normal to
the SPS CA increased by 38% and 75%, respectively. Moreover, 2 h-
Mg-SPS showed a smaller difference in yield strength values along
the two directions than AR-Mg-SPS, despite its stronger basal
texture. The possible mechanisms for this unusual behavior are
discussed below.

4. Discussion
4.1. Deformation and grain refinement during milling

In the early stage of the milling process the plastic deformation
that is induced by ball-powder-ball collisions effectively modifies
the powder morphology from equiaxed to disc-like [19,40,41]. In
tandem, dislocation nucleation and accumulation and the forma-
tion of sub-grain boundaries occur at the microscopic scale
[19,40,42,43]. In a well-established model based on metals with
cubic crystal structures [19], powders undergo a three-stage pro-
cess of grain refinement during milling, which include strain
localization into narrow shear band zones, annihilation and rear-
rangement of dislocations to form subgrains, and finally, trans-
formation of LAGBs into HAGBs [19]. Compared to cubic crystals,
the poor low-temperature ductility in Mg suggests a much higher
probability of powder fracture during cryomilling, leading to a
more rapid decrease in the particle size of HCP Mg. This is
confirmed by the average particle size of Mg (~17 um), which is
significantly smaller than the particle size of, for example, pure Cu
(~34 um) or Al 5083 (~91 pum) after the same 8 h of cryomilling [27].
Moreover, the microstructural evolution in HCP metals during
cryomilling is further complicated by the variety of different slip
systems that are active as well as the high propensity for defor-
mation by twinning. Therefore, the mechanisms for grain refine-
ment, particle flattening, as well as the evolution of orientation
preference during milling that occur in cubic systems may not be
directly applicable to rationalize the evolution of microstructure in
Mg during milling.

We provide a schematic diagram (Fig. 10) that illustrates a
proposed mechanism to explain the evolution of the structure
during cryomilling of Mg. Due to the anisotropic HCP structure with
distinct CRSS values associated with different slip systems, the
angle between the basal plane and the impact loading direction
influences deformation behavior. To explore this relationship in the
case of Mg cryomilling, we consider an equiaxed crystal without
initial dislocations, with the basal planes oriented at three possible
angles (denoted as 81, 65 and 83, having values between 0° and 90°
as described below) relative to the impact loading axis. First, when
0, is approximately 45° (Fig. 10 (a)), a maximized Schmid factor for
basal <a> slip is expected for this crystal. Basal slip is therefore
favorable during the deformation, which will lead to increasing
changes in both grain and particle morphology, i.e., elongation
perpendicular to the loading axis, as illustrated in Fig. 10 (b).
Consequently, although the initial impact loading direction is
largely arbitrary, the following impact will have a higher chance to
load perpendicular to the elongated surface. Therefore, the angle
between the loading axis and the basal planes after the first sce-
nario of impact loading will become larger than 0, and will
continue to increase with an accumulation in strain induced during
cryomilling.

Second, when 0, is close to 0° (Fig. 10 (f)), i.e., the impact loading
axis is nearly perpendicular to the c-axis, {10—12} twins are
favored. {10—12} twins will grow to accommodate the strain along
the c-axis and will lead to a sharp reorientation of the original
crystal by ~86°. Consequently, the angle between the loading axis
and the basal planes after the second scenario of impact loading
will be near 90°, as seen in Fig. 10 (g). Despite the fact that {10—12}
twinning is favored in this scenario, {10—12} twin boundaries are
not detected in 2h-Mg by TEM (Fig. 4). Possible explanations
include: (1) the high impact loading and plastic strain introduced
by the milling balls lead to the growth of the {10—12} twins, which
can easily consume the entire original matrix. Non-basal <a> dis-
locations, as seen in Fig. 4 (b), can be activated over twinning to
accommodate the plastic deformation; (2) although the resolved
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Table 3

Compressive strengths of the SPS-consolidated Mg samples parallel or normal to the SPS compaction axis (CA) and the corresponding compressive yield anisotropy (oq ¢ ratio,
defined as the ratio of the yield strength for c-contraction to the yield strength for c-extension).

Compression orientation 00.2% (MPa) Tmax (MPa) 00,2 ratio (c-contraction/c-extension)
AR-Mg-SPS parallel to SPS CA 130 183 1.21

(c-axis contraction)

normal to SPS CA 107 162

(c-axis extension)
2 h-Mg-SPS parallel to SPS CA 179 201 0.96

(c-axis contraction)

normal to SPS CA 187 205

(c-axis extension)

i Impact loading axis

<11-20> basal slip direction

Fig. 10. A schematic showing the development of orientation preference and grain refinement in Mg during powder particle flattening.

shear stress is close to zero on the basal plane according to Schmid's
law, due to the relatively low CRSS, basal slip can be activated under
a small misalignment when 6, is not exactly zero.

Third, when compressed nearly perpendicular to the basal
planes (Fig. 10 (h)), i.e., 83 is about 90°, contraction twins and <¢> or
<€ + a> slips should be favored. However, due to the cryogenic
environment, contraction twins and dislocation slip with <c> or
<c + a> can only be activated under conditions that involve high
stresses and/or strain rates, if material fracture does not occur prior
to the activation of these modes. Therefore, this direction is
considered as a hard direction on which inadequate strain can
occur. Consequently, the particle will retain its initially equiaxed
morphology, so the following impact direction relative to the
crystal orientation could be arbitrary (Fig. 10 (i)) and possibly on
soft directions, as in the first two scenarios. Particle fracture is also
expected to occur readily under this loading condition. Similarly,
some basal slip is expected when the Schmid factor for basal slip is
not exactly zero.

As discussed in the first two scenarios, although a gradual
lattice rotation by basal slip in the first scenario and an abrupt
lattice reorientation induced by {10—12} twinning in the second
scenario, the c-axis of the crystal becomes closer to the impact
loading axis during powder flattening, as shown in Fig. 10 (c).
This is consistent with the crystal orientation preference
observed in 2 h-Mg from the XRD results (Fig. 3). TEM results in
Fig. 4 confirmed the relationship between powder flattening and
the concomitant increase in density of basal <a> dislocations
during 2 h of cryomilling. The high-density of basal dislocations
then rearrange into subgrain boundaries perpendicular to the
flattened lamellar surface (Fig. 10 (d)), and subgrain boundaries
will continuously evolve into low or high angle grain boundaries

leading to refinement of the microstructure (Fig. 10 (e)).

4.2. Microstructural evolution during SPS consolidation

Despite the limited exposure time at elevated temperature
during SPS, the microstructure of the AR-Mg-SPS reveals small
equiaxed grains formed along the serrated coarse grain boundaries
with a “necklace-like” grain structure (Fig. 5 (a)), which suggests
the occurrence of dynamic recrystallization during SPS [34]. The
presence of 30°/[0001] grain boundaries (Fig. 8 (a)) is another
feature that has been reported as an indicator of dynamic recrys-
tallization in many thermo-mechanically processed Mg alloys
[12,36]. Although the rotation axes for ~30° misorientation appears
random for AR-Mg-SPS (Fig. 8 (a)), and shown again in Fig. 11 (a) for
comparison), when the rotation axes distribution for ~30° misori-
entation is plotted with only small recrystallized grains (a 7 um
cutoff grain size is used), the IPF displays an obvious intensity peak
around the c-axis, as displayed in Fig. 11 (b). A 7 um grain size
threshold is selected due to the first peak position in the grain size

(a) 0001 )
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11-20 0001 11-20
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Fig. 11. Comparison of rotation axes distributions for grain boundaries with (30 +3)°
misorientation angles for AR-Mg-SPS when: (a) all grains are included and (b) only
recrystallized grains (grains with diameters smaller than 7 pum) are included.
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histogram (Fig. 5 (c)). Therefore, owing to the small recrystalliza-
tion fraction present in the AR-Mg-SPS, the frequency of 30°/[0001]
grain boundaries is low, and the overall misorientation distribution
of the complete set of grains is observed to be random. In contrast,
the notably higher frequency of 30°/[0001] grain boundaries for
2 h-Mg-SPS suggests a higher fraction of recrystallized micro-
structure. In the SPS sintered Mg samples, the occurrence of dy-
namic recrystallization is feasible considering the 390 °C sintering
temperature, which exceeds the recrystallization temperature of
Mg (Trx=0.4T, = 100 °C). The 200 MPa uniaxial pressure applied
to the Mg powder provides the major driving force for dynamic
recrystallization in AR-Mg-SPS. In 2 h-Mg-SPS, however, the stored
lattice energy due to a high dislocation density created during
cryomilling can provide a higher driving force for recovery and
recrystallization, resulting in a higher recrystallization fraction.
Considering the low stacking fault energy (SFE) (~36 mJ/m?) on the
basal planes and high SFEs on the non-basal planes (~265 m]/m?
and ~344 m]/m? for prismatic and pyramidal planes, respectively)
[34], dislocations on the non-basal planes have a tendency to cross-
slip onto the basal planes during dynamic recovery [34]. This is
consistent with the TEM observation of cross-slipping dislocations
in 2 h-Mg-SPS (Fig. 7 (c)).

Regarding texture evolution, both AR-Mg-SPS and 2 h-Mg-SPS
did not show any deformation or recrystallization texture unique to
SPS. Recrystallization is not effective in randomizing the texture, as
noted in previous studies [44]. A basal fiber texture typical for
wrought Mg and Mg alloys was observed in the SPS-consolidated
samples. The basal texture being formed in AR-Mg-SPS without
experiencing cryomilling can be attributed to the thermo-
mechanical SPS process. The sharper texture in 2 h-Mg-SPS is a
mixed result of the preferred crystal orientations in the disc-shaped
cryomilled powder and the SPS thermo-mechanical effect.

4.3. Mechanisms for the reversed compressive yield strength
anisotropy in 2 h-Mg-SPS

Generally, basal textured Mg exhibits a much lower yield
strength upon c-axis extension compared to the yield strength
upon c-axis contraction, because activating {10—12} extension
twinning is easy in the former but not favorable in the latter
[6,45,46]. The yield strength for c-axis extension is usually one half
to three quarters of that for c-axis contraction in polycrystalline Mg
and Mg alloys with basal textures [9,47,48]. Compressive yield

strengths for the two SPS consolidated Mg samples, together with
compressive data from the literature for textured commercially
pure Mg [49] and dilute AZ31 Mg alloys [45,50,51] with equiaxed
grain structure, are summarized in Fig. 12 as a function of average
grain size. With decreasing grain size, the yield strength increases,
as anticipated on the basis of the Hall-Petch relationship. However,
for all the samples with equiaxed grain structure, the reduced grain
size is not effective in reducing the compressive yield strength
anisotropy. In contrast, both of the SPS sintered Mg samples display
less anisotropic yield strength values, when compressed at room
temperature. This can be partially explained by the weak texture in
Mg processed via powder metallurgy. However, the difference in
yield strength values for c-axis contraction and c-axis extension
was further reduced in 2 h-Mg-SPS relative to AR-Mg-SPS, despite
the stronger intensity of basal texture in 2 h-Mg-SPS. In the present
study, we report for the first time a reversed yield strength
anisotropy, i.e., the yield strength under c-axis extension being
higher than that under c-axis contraction, in commercially pure
Mg. Reversed yield strength tension/compression asymmetry has
been previously observed in Mg-rare earth alloys and has been
attributed to the interaction between dislocations and precipitates
and solutes during deformation [52,53]. However, yield strength
asymmetry and/or anisotropy in pure (including commercially
pure) Mg and dilute Mg alloys without rare earth additions has not
been previously observed. To study the deformation mechanisms
leading to this unusual mechanical behavior, post-mortem EBSD
analysis was performed on a 2h-Mg-SPS sample compressed
normal to the SPS CA, or c-axis extension mode, to ~4% true strain,
at which point the test was interrupted. The EBSD IPF map after
interrupted compression is shown in Fig. 13 (a). The grains were
color-coded with respect to the compression axis, which is the
vertical direction in the image. Grain boundary misorientation
analysis in Fig. 13 (b) shows that the percent of grain boundaries
satisfying 86°+5° misorientation angles is ~2.5%, compared to ~1.0%
before the compression test. The rotation axes of ~86° grain
boundaries are mostly around <11—-20>, correlating to {10—12}
twins. These grain boundaries were colored in white in Fig. 13 (a).
The frequency of {10—12} twinning is considerably lower in 2 h-
Mg-SPS even though the loading direction is favorable for twinning.
As discussed previously that the yield strength anisotropy of Mg is
mainly due to the {10—12} twinning, the smaller differential in
compressive yield strengths observed in 2h-Mg-SPS can be
explained by the low occurrence of {10—12} twinning.
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Fig. 13. Post-mortem EBSD microstructural analysis of 2 h-Mg-SPS compressed to ~4% true strain normal to SPS CA: (a) shows the IPF colored map, and (b) is the corresponding
correlated misorientation angle distribution. Insets in (b) are the misorientation axis distributions for two angular ranges of interest.

The influence of grain size is likely related to the scarcity of
twins in fine to ultrafine grained Mg. As extrapolated from the
model derived by Barnett et al. for Mg alloys [47], the critical grain
size for transition from twinning-dominated to slip-dominated
deformation is less than 2 um at ambient temperature and quasi-
static strain rate. The average equivalent spherical grain size in
2 h-Mg-SPS is ~6.6 um, which should fall in the twinning domi-
nated regime. For example, in a hot rolled AZ31 with an average
grain size of 8.1 um, though the grain size is comparable to the
average equivalent spherical grain size of 2 h-Mg-SPS, the yield
strength for c-axis contraction is almost twice that for c-axis
extension [54], indicating that the reduced grain size may not be
the dominant mechanism for the reversed compressive yield
strength anisotropy observed in 2 h-Mg-SPS. However, it should be
pointed out that in the non-equiaxed microstructure of 2 h-Mg-

SPS, the average linear intercept grain size along the lamellar
thickness direction is only ~2.8 um, which is close in value to the
critical grain size for the suppression of twins. Further effort is still
needed to explore the effects of different grain size parameters on
the suppression of twin nucleation in polycrystalline Mg with non-
equiaxed microstructures. In addition to twin nucleation, grain
morphology may also influence the growth of twins. It is expected
that the propagation and thickening of twins will be more difficult
in 2 h-Mg-SPS compared to equivalent behavior observed in equi-
axed grain structures with similar equivalent spherical grain sizes,
because of the smaller dimensions along the lamellar thickness
direction. For this reason, the grain morphology evidently affects
the stress required for twin growth, which could contribute to the
reversed yield anisotropy observed in the microlaminated 2 h-Mg-
SPS.
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Fig. 14. Schematic showing the effects of equiaxial and laminated grain structure on the yield strength anisotropy of Mg.
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As illustrated schematically in Fig. 14, Mg crystals show an
intrinsically anisotropic mechanical behavior. An equiaxed grain
structure, which usually induces isotropic properties in cubic ma-
terials with random textures, results in anisotropic compressive
yield strength in textured Mg and profuse {10—12} twins can be
activated at preferred stress orientations. In contrast, a laminated
microstructure in cubic materials often leads to anisotropic prop-
erties for different loading orientations with respect to the lamellar
planes, e.g., stronger when strained parallel to the lamellar plane
[25]. However, it is proposed that the grain morphology induced
deformation anisotropy observed in the present study offers an
opportunity to reduce or even reverse the intrinsic compressive
yield strength anisotropy of basal textured Mg. In addition,
compared to an equiaxed structure with similar grain size, a
laminated microstructure provides fewer sites for local stress
concentration at grain boundaries that may facilitate twin nucle-
ation, as seen in Fig. 14. Therefore, we attribute the reversed
compressive yield strength anisotropy and low frequency of twins
observed in 2 h-Mg-SPS to its microlaminated grain structure.

Another plausible explanation for the inhibition of twinning in
2 h-Mg-SPS is the high density of basal dislocations. As discussed in
the previous sections, basal slip is dominant during cryomilling,
and recovery on the basal plane with low stacking fault energy is
difficult in Mg while non-basal dislocations tend to cross-slip onto
basal planes during recovery. As a result, a high density of basal
dislocations in both 2 h-Mg and 2 h-Mg-SPS was observed by TEM
(Figs. 4 (b) and Fig. 7 (¢)), which can considerably harden basal slip
and decrease the CRSS ratio for non-basal to basal slip. Therefore,
due to the more isotropic slip systems, the contribution of twinning
in deformation could be reduced.

5. Conclusions

Mg with microlaminated grained structure was produced by
cryomilling followed by consolidation using spark plasma sintering.
Rigorous microstructural characterization was performed to
explain the observed mechanical behavior. The following conclu-
sions can be drawn from these analyses:

1 Particle-flattening occurred in the first 2 h of cryomilling. A high
density of basal dislocations was introduced into the powder
particles (2 h-Mg), together with a moderate amount of non-
basal dislocations. The predominance of basal slip led to the
formation of a preferred crystal orientation with the c-axis
nearly perpendicular to the surface of the disc-shaped particles.

2 EBSD analyses indicate that after SPS consolidation, a basal fiber
texture developed in samples starting with either the as-
received powders (AR-Mg-SPS) or those after 2 h of cryomil-
ling (2h-Mg-SPS). The stronger texture in 2h-Mg-SPS is
attributed to the preferential orientations developed in the disc-
shaped particles and the thermo-mechanical effect of SPS. Dy-
namic recovery and recrystallization also occurred and pro-
moted dislocation cross-slipping.

3 2 h-Mg-SPS achieves higher compression yield strengths than
AR-Mg-SPS under both c-axis contraction and c-axis extension.
Though AR-Mg-SPS exhibits a compressive yield anisotropy
linked with its basal texture, a reversed compressive yield
anisotropy was observed in 2 h-Mg-SPS, with a low occurrence
of twinning activity during compression normal to the basal
pole.

4, The low twinning activity, limited growth of twins and the
anisotropy induced by the laminated grain structure are
important contributors to the reversed yield anisotropy in 2 h-
Mg-SPS.
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