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The unusual increase in the strength by extrusion is a unique feature of recently developed Mg alloys
containing the LPSO phase. In this study, we first elucidated the detailed mechanisms that induce this
drastic strengthening. The dependencies of the deformation behavior of a Mg88Zn4Y7 extruded alloy,
which contains ~86-vol% LPSO phase, on the temperature, loading orientation, and extrusion ratio were
examined. It was found that the yield stress of the alloy is drastically increased by extrusion, but the
magnitude of the increase in the yield stress is significantly different depending on the loading orien-
tation. That is, the strengthening of the LPSO phase by extrusion shows a strong anisotropy. By the
detailed analyses, this was clarified to be derived from the variation in the deformation mechanisms
depending on the loading orientation and extrusion ratio. Basal slip was found to govern the deformation
behavior when the loading axis was inclined at a 45� to the extrusion direction, while the predominant
deformation mechanism varies from basal slip to the formation of deformation kink bands as the
extrusion ratio increased when the loading axis was parallel to the extrusion direction. Moreover, it was
clarified in this study that the introduction of a deformation-kink-band boundary during extrusion
effectively acts as a strong obstacle to basal slip. That is, "the kink band strengthening" was first quan-
titatively elucidated, which contributes to the drastic increase in the yield stress of the extruded LPSO-
phase alloys in the wide temperature range below 400 �C.

© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY 4.0
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

To overcome the problem of global warming, the development
of noble lightweight structural materials is strongly desired to
improve the fuel efficiency of transportation equipment and vehi-
cles. Mg alloys are strong candidates for achieving this [1], although
they generally have some drawbacks such as a low high-
temperature strength and low corrosion resistance. As an attempt
to improve the mechanical properties of Mg alloys, the usage of the
long-period stacking ordered phase, the so-called LPSO phase, has
recently received considerable attention [2e15]. The LPSO phase
has (0001) close-packed planes in commonwith theMg phasewith
a hexagonal close-packed (hcp) structure. However, the stacking
sequence of the (0001) planes along the c axis is increased from 2-
. Hagihara).
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fold in Mg to 24-,14-, 18-, or 10-fold in LPSO phases [16]. The plastic
deformation mechanism of the LPSO phase was previously exam-
ined by using directionally solidified (DS) LPSO-single-phase alloys
[17e19]. The dominant deformation mode was identified to be
(0001)<1120> basal slip in the LPSO phasedthe same as that inMg.
In addition, under conditions where the operation of basal slip is
difficult, i.e., where the Schmid factor for basal slip is low, the for-
mation of deformation kink bands, which are initiated by the
avalanche generation of basal dislocations in a restricted region,
also acts as the effective deformation mode [17e21].

The mechanical properties of Mg/LPSO two-phase alloys have
beenmainly studied for Mg97Zn1Y2 alloys, inwhich there is ~24-vol
% LPSO phase and the rest is a Mg solid solution. The first finding of
the superior mechanical properties of Mg/LPSO two-phase alloys
was obtained for a rapidly solidified powder metallurgy alloy [2].
However, Mg/LPSO two-phase alloys with an extremely high
strength accompanied by a relatively good ductility have recently
le under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).
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been realized by conventional thermomechanical processing
techniques such as extrusion [4,6e13,15]. In addition, some re-
searchers have studied LPSO-phase alloys, in which the volume
fraction of the LPSO phase is drastically increased and regarded as
the predominant phase in alloys, to develop alloys with a higher
strength [22e27].

The characteristic feature of alloys containing the LPSO phase is
that the strength of the alloy in the as-cast state is not very high, but
the strength is drastically increased by thermomechanical pro-
cessing. For example, the yield stress of the Mg97Zn1Y2 alloy is as
low as ~200MPa [unpublished result], but it increases to ~270MPa
by extrusion at 450 �C with a reduction ratio of 10 [4]. Interestingly,
this feature is more obvious in an LPSO-phase alloy. It was previ-
ously reported that in a Mg89Zn4Y7 alloy containing ~86-vol% LPSO
phase, the yield stress increases from ~150MPa in the as-cast state
to ~480MPa in the extruded alloy [22]. That is, the increase in the
yield stress by extrusion is ~4.7 times larger in the Mg89Zn4Y7 alloy
than in the Mg97Zn1Y2 alloy. In the Mg/LPSO two-phase extruded
alloy, the short-fiber-like reinforcement by the LPSO phase and the
grain refinement effect of the Mg matrix phase by dynamic
recrystallization during the extrusion process are found to be the
main strengthening mechanisms [4]. However, the strengthening
mechanism of the LPSO-phase extruded alloy has not been suffi-
ciently clarified yet. To elucidate this, the variations in the defor-
mation behavior of the extruded LPSO-phase alloy as functions of
the extrusion ratio, temperature, and loading orientation were
examined in this study. From the results, the unique strengthening
mechanisms acting in the extruded LPSO-phase alloy are first
clarified, and their contributions are quantitatively estimated.

2. Experimental procedure

A master ingot with a composition of Mg89Zn4Y7 (at%) was
prepared by induction melting, followed by casting in a carbon
crucible. Then, the as-cast ingots were extruded at 450 �C in air at a
constant ram speed of 2.5mm/s to produce cylindrical specimens.
In the extrusion process, specimens with four different reduction
ratios of the cross-sectional area of the raw material billet A0 to the
cross-sectional area of the extruded bar Ae of 2:1, 3:1, 5:1, and 10:1
were prepared. Hereafter, these extruded alloys are called the R2,
R3, R5, and R10 extruded alloys, respectively. These applied
reduction ratios were calculated to those that correspond to
equivalent strains of 0.7, 1.1, 1.6, and 2.3, respectively [28]. Using
these extruded alloys, the influence of the extrusion ratio on the
formation of the microstructure and the mechanical properties
were examined. The microstructures of the as-cast ingot and the
extruded ingots were observed by optical microscopy (OM,
Olympus BX60M), scanning electron microscopy (SEM, JEOL JSM-
7800F), and transmission electron microscopy (TEM, JEOL JEM-
3010). The crystallographic textures in the alloys were examined
by electron backscatter diffraction (EBSD) pattern analysis (TSL
Instrument, Japan) in the SEM with step sizes of 1 and 0.2 mm for
observation of the microstructure and deformation structure,
respectively.

Rectangular specimens with dimensions of approximately
2mm� 2mm� 5mm were cut by electrodischarge machining
from the as-cast ingot and extruded alloys, and their mechanical
properties were measured by compression tests. The tests were
conducted in a temperature range between room temperature (RT)
and 400 �C in vacuum at a nominal strain rate of 1.67� 10�4 s�1.
Two loading orientations were selected for the compression test to
clarify the anisotropic mechanical properties of the extruded al-
loys; one is parallel to the extrusion direction, and the other is in-
clined at an angle of 45� from the extrusion direction. The
deformation microstructures introduced in the specimens by the
compression test were observed by OMwith Nomarski interference
contrast.

3. Results

Fig.1 shows OM images of themicrostructure of the as-cast alloy
and its variation in the extruded alloys as a function of the extru-
sion ratio, observed on the longitudinal section along the extrusion
direction. As shown in Fig. 1(a), the LPSO-phase grains showed
characteristic thin plate-like shapes, and they were randomly ori-
ented in the as-cast alloy. From TEM observations, the crystal
structures of these LPSO phases were confirmed to be the 18R-type
LPSO phase, as previously reported [22]. It must be mentioned that
the unit cell of the 18R-type LPSO phase shows rhombohedral
crystal symmetry. However, in the rhombohedral lattice system,
the crystal can also be regarded as possessing a hexagonal structure
by considering a unit cell whose volume is three times larger than
that of the rhombohedral cell; this allows us to more easily un-
derstand the crystal geometry of the LPSO phase. For this reason,
the crystal structure of the LPSO-phase is indexed by hexagonal
notation in this paper. As a second phase, ~14-vol%Mg-phase grains
with round shapes were contained in the alloy, as indicated by the
small arrows in Fig. 1(a). The size of the LPSO-phase grains in the
cast alloywas relatively small with an average length of ~90 mmand
a thickness of ~10 mm. By extrusion, the crystal structure of the
LPSO phase was unchanged irrespective of the extrusion ratio. In
addition, dynamic recrystallization did not occur macroscopically
in the LPSO phase grains, even in the extrusion at 450 �C. This was
previously confirmed by TEM observations of R10 extruded alloys,
although the formation of tiny recrystallized grains was reported in
the local vicinity of the grain boundary [22]. On the other hand, the
morphologies of the grains were largely varied due to the extrusion.
The plate-like shapes of the LPSO-phase grains were rotated by
extrusion and tended to align along the extrusion direction. The
directionality of the alignment along the extrusion direction
became stronger as the extrusion ratio increased, as observed in
Fig. 1(b)e(e).

Such a variation in microstructure can be more clearly
confirmed by the crystallographic texture analysis using SEM. Fig. 2
shows the crystal orientation maps of the LPSO phase, and Fig. 3
shows the corresponding (0001), {1010}, and {1120} pole figures
showing the variation in the texture with the extrusion ratio,
analyzed on the transverse section of the extruded alloy by SEM-
EBSD analysis. As shown in Fig. 3(a), the intensities of the (0001)
poles were randomly distributed in the as-cast alloy, but the in-
tensities of the (0001) poles in the extruded alloys tended to be
located at the outer circumference in the pole figure; that is, the
(0001) planes were aligned parallel to the extrusion direction. In
previous studies, it was reported that the wide interface of the
plate-like shape of an LPSO-phase grain is parallel to (0001) [17].
Thus, the formation of the aligned microstructure in Fig. 1 by
extrusion is in good agreement with the development of the ring-
like shape of the (0001) pole figure along the extrusion direction in
Fig. 3. The intensity profile of (0001) in the pole figure became
sharper as the extrusion ratio increased. In addition, as the extru-
sion ratio increased, the intensity concentration of the {1010} poles
at the center, i.e., along the extrusion direction, became significant.
This feature is similar to that observed in conventional extrudedMg
alloys [29]. Mayama et al. studied the mechanisms for the devel-
opment of the texture of hcp Mg in the extrusion process using a
computational simulation based on a finite-element crystal plas-
ticity analysis [30]. They argued that in addition to basal slip, a
nonbasal slip systemwith the same <1210> Burgers vector plays an
important role in the development of such a {1010} fiber texture
along the extrusion direction. A similar mechanism may be



Fig. 1. OM images of the microstructure of the as-cast alloy and its variation in the extruded alloys as a function of the extrusion ratio observed on the longitudinal section along the
extrusion direction: (a) as-cast alloy and extruded alloys (b) R2, (c) R3, (d) R5, and (e) R10.
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applicable to this LPSO-phase alloy since the operation of {1010}
prismatic slip in the LPSO phase has also been reported, especially
at high temperatures at and above 400 �C [31]. In Fig. 2, the
“apparent” grain size of the LPSO phase seems to decrease as the
extrusion ratio increases. However, this does not actually occur and
was caused by the increase in the stored strain in the LPSO-phase
grains, which hinders the detection of the clear EBSD pattern for
crystal orientation analysis.

Fig. 4 shows higher-magnification images of themicrostructures
of the extruded alloys observed on the longitudinal section. No
occurrence of the macroscopic recrystallization of LPSO phase
grains is confirmed in the images. Instead, it is noted that there is
significant bending and rounding of the (0001) interface of the
LPSO-phase grains in the extruded alloy accompanied by the
alignment of the plate-like grains along the extrusion direction.
This was caused by the introduction of many deformation bands, as
expected their boundaries are indicated by the red dashed lines in
the images. The bending of the LPSO-phase grains was significant
even in the R2 extruded alloy, and the frequency and magnitude of
the bending seemed to gradually increase as the extrusion ratio
increased. Fig. 5(a) and (b) show the typical crystal orientation
maps of the bent region of an LPSO-phase grain in the R2 extruded
alloy. In addition, the (0001), {1010}, and {1120} pole figures taken
in Region AeD are presented in Fig. 5(c). The (0001) pole figures
indicate that large crystal rotation occurred in the bent regions.
Between Points A and B in Fig. 5(a), crystal rotation occurred along
the <5 23 18 0> axis, which is close to <0110>with a large rotation
angle of 22.4�. It is noted that the crystallographic features of the
bent region were examined at some other positions, and it is clar-
ified that the rotation angle is not unique, as shown in Fig. 5(b). At
Points C and D, crystal rotation occurred along the <8 21 13 0> axis,
which is close to <1210>, with a rotation angle of 12.4�. This
demonstrates that both the rotation angle and rotation axis in the
deformation band were different in each band, although the rota-
tion axis is almost perpendicular to [0001] in most of the bent re-
gion. Such arbitrariness of the rotation angle and rotation axis in
the deformation bands is in good agreement with that measured
for a deformed LPSO phase [20,21,32] and is different from that
observed for conventional deformation twins. This demonstrates
that the bending of the LPSO-phase grain occurs by the formation of
deformation kink bands during the extrusion process, which are
initiated by the avalanche generation of basal dislocation in a
restricted region.

Focusing on these as-cast and extruded alloys, compression
tests were conducted to examine the mechanical properties.
Fig. 6(a) and (b) show the temperature dependence of the yield
stress in the 0� and 45� loading orientation, i.e., deformed parallel
to the extrusion direction and inclined at an angle of 45� with
respect to this direction, respectively. The yield stress of the as-cast
alloy was as low as ~140MPa at RT. However, the yield stress
drastically increased by extrusion, as briefly described in Section 1.
Note that the magnitude of the increase in the yield stress was
found to show significant variations with the loading orientation
and extrusion ratio. For deformation in the 0� loading orientation at
RT, the yield stress increased by almost two times compared to that
of the as-cast alloy by the extrusion of R2. The magnitude of the
increase in the yield stress monotonically increased as the extru-
sion ratio increased. Further, the yield stress of the R10 extruded
alloy reached ~460MPa, i.e., ~3.3 times higher than that of the as-
cast alloy. Even at 200 �C, the yield stress was nearly comparable for



Fig. 2. Crystal orientation maps showing the variations in the texture developed in the Mg89Zn4Y7 alloys by extrusion at different extrusion ratios, acquired by an SEM-EBSD
analysis of the transverse section along the extrusion direction: (a) as-cast alloy and extruded alloys (b) R2, (c) R3, (d) R5, and (e) R10.

Fig. 3. Variations in the pole figures of the as-cast and extruded Mg89Zn4Y7 alloys, as analyzed by crystal orientation maps taken on the transverse section along the extrusion
direction in Fig. 2(a)e(e): (a), (d), (g), (j), and (m) {0001}; (b), (e), (h), (k), and (n) {1010}; and (c), (f), (i), (l), and (o) {1120} pole figures.
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Fig. 4. Higher-magnification images of the microstructures of the extruded alloys with different extrusion ratios: (a) R2, (b) R3, (c) R5, and (d) R10 observed on the longitudinal
section along the extrusion direction. The positions at which deformation-kink-band boundaries are expected to exist from the microstructures are indicated by the red dashed
lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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all specimens at RT; that is, the strengthening of the alloy was
maintained in all the extruded alloys. At 300 �C, however, the yield
stress showed a notable decrease. Note that the magnitude of the
decrease in the yield stress was different for each specimen; it was
larger for a specimen with a higher extrusion ratio. Thus, the yield
stress of the R10 extruded alloy showed a drastic decrease
compared to the others. The yield stress showed a large scatter
compared to the values reported in a previous study [33] at 300 �C,
probably owing to the slight fluctuation in the alloy composition
and its strong variation with temperature. Because of the drastic
decrease in the yield stress of the R10 extruded alloy, it showed
almost the same yield stress as that of the R5 extruded alloy at
300 �C. The drastic decrease in the yield stress continued up to
400 �C for extruded alloys with high extrusion ratios. As a result,
the yield stresses of the extruded alloys showed lower values as the
extrusion ratio increased at and above 350 �C, which is the opposite
trend observed at low temperatures.

An increase in the yield stress due to an increase in the extrusion
ratio was also observed for the yield stresses obtained in the 45�

loading orientation, but the detailed features were much different
from those observed in the 0� loading orientation, as shown in
Fig. 6(b). The magnitude of the increase in the yield stress for the
extruded alloys compared to that for the as-cast alloy became
larger as the extrusion ratio increased, but the absolute value of the
difference in the yield stress depending on the extrusion ratio was
much smaller than that measured in the 0� loading orientation.
That is, at RT, the yield stress largely increased from ~140MPa up to
~220MPa by the extrusion of R2, but the increase in the yield stress
with the increase in the extrusion ratio was much smaller than that
in the 0� loading orientation. The difference in the yield stresses for
the R2 and R10 extruded alloys was as small as ~50MPa, compared
to ~200MPa in the 0� loading orientation. The yield stresses at
200 �C were almost comparable to those at RT. At 300 �C, the yield
stress of the extruded alloy slightly decreased. The magnitude of
the decrease was larger for alloys with a larger extrusion ratio, but
all of the extruded alloys maintained much higher yield stresses
than that of the as-cast alloy. However, the yield stress of the
extruded alloy drastically decreased at higher temperatures around
400 �C, and the yield stress of the extruded alloy was lower than
that of the as-cast alloy. Note that the yield stresses of the extruded
alloys at 400 �C showed lower values as the extrusion ratio
increased, similar to that observed in the 0� loading orientation.

To discuss the anisotropy of the yield stress quantitatively,
Fig. 6(c) shows the yield stress ratio s0/s45 as a function of the
temperature. In all alloys, the yield stress was higher in the
0� orientation than that in the 45� orientation for all temperatures
investigated. The anisotropy of the yield stress was larger for alloys
with a higher extrusion ratio, and it was especially significant at
low temperatures below 200 �C for the R3, R5, and R10 extruded
alloys. At and above 300 �C, however, the difference in the anisot-
ropy with the extrusion ratio became drastically small and was
diminished at 400 �C.

Fig. 7(a) and (b) show the stressestrain curves obtained from
the compression tests in the 0� and 45� loading orientations,
respectively. It is noted that in addition to the difference in the yield
stress, the work-hardening rates in the stressestrain curves are



Fig. 5. (a), (b) Typical examples of crystal orientation maps of the bent region of an LPSO phase grain for extruded specimen R2. (c) (0001), {1010}, and {1120} pole figures taken at
Points AeD in Fig. 5(a) and (b).

Fig. 6. Temperature dependence of the yield stress of the Mg89Zn4Y7 as-cast and extruded alloys measured by compression tests in the (a) 0� (s0) and (b) 45� orientations (s45). (c)
Variation in the yield stress ratio s0/s45 as a function of the temperature for the extruded alloys.
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largely different for the 0� and 45� loading orientations. To discuss
this quantitatively, the variations in the differential value of Ds/Dε
with the plastic strain, where s is the flow stress and ε is the plastic
strain, were evaluated from the stress-strain curves, and the work-
hardening behaviors of each alloy were compared. As a typical
example of differences in work-hardening behaviors, Fig. 7(c) and
(d) show the work-hardening rate, Ds/Dε, measured at 2% plastic
strain in the 0� and 45� loading orientations, respectively, as a
function of the extrusion ratio and testing temperature. The work-
hardening rate of the as-cast alloy exhibits a relatively high value of
~30 MPa/1% at RT, and nearly comparable work-hardening rates
were measured for all of the extruded alloys for deformation in the
45� orientation at RT, independent of the extrusion rate. For
deformation in the 0� orientation, a slightly small but nearly
comparable work-hardening rate compared to that in the 45�

orientation was measured for the R2 extruded alloy. However, this



Fig. 7. (a), (b) Typical stressestrain curves measured from compression tests of the Mg89Zn4Y7 alloys. (c), (d) Variation in work-hardening rate measured at 2% plastic strain as a
function of the temperature and extrusion ratio in the (a), (c) 0� and (b), (d) 45� orientations.

K. Hagihara et al. / Acta Materialia 163 (2019) 226e239232
value drastically decreased as the extrusion ratio increased. Further,
the work-hardening rate showed a low value of ~10 MPa/1% for the
R5 and R10 extruded alloys. A similar work-hardening rate was
maintained at 200 �C for both loading orientations. At 300 �C,
however, the work-hardening rate largely decreased, especially for
the extruded alloys deformed in the 45� orientation. At 400 �C, the
work-hardening rate of the as-cast alloy drastically decreased to a
value as small as ~9 MPa/1%, and further smaller work-hardening
rates were measured for extruded alloys in both loading orienta-
tions. These results strongly suggest that the mechanisms con-
trolling the deformation behavior of the extruded specimens vary
with the extrusion ratio, loading orientation, and temperature. This
idea is supported by observations of the deformation microstruc-
tures as follows.

Fig. 8 shows OM images of the typical deformation micro-
structures introduced in the alloys by compression tests to ~5%
plastic strain at various temperatures. Fig. 8(a)e(c) show the
deformation microstructure of the as-cast alloys and those of the
extruded alloys deformed in the 0� and 45� orientations, respec-
tively. In the as-cast alloy, the localized introduction of slip traces
was observed as indicated by red arrows. The slip traces were
concentrated in some specific grains and were introduced parallel
to the long interface of the grains. The features of the deformation
microstructures were almost the same at all of the temperatures
investigated. These observations demonstrate that (0001) basal slip
is the predominant deformation mechanism at all testing
temperatures for the as-cast specimen since the plate-like interface
of an LPSO-phase grain is parallel to (0001). The Burgers vector for
(0001) slip was previously determined to be parallel to <1120> in
an 18R-LPSO-phase crystal [17]. Similar features of the deformation
microstructures were observed for a specimen deformed in the 45�

loading orientation, as shown in Fig. 8(b). No difference in the
deformation microstructure depending on the extrusion ratio and
testing temperature was confirmed in the 45� orientation, except
for deformation at 400 �C. At 400 �C, the number of basal slip traces
was reduced, and strong wavy contrast along the grain boundary
was instead frequently observed.

On the other hand, a different deformation microstructure was
observed for the extruded alloys deformed in the 0� orientation
depending on the extrusion ratio. In the R2 extruded alloy, a
deformation microstructure similar to those in the 45� orientation,
i.e., the introduction of basal slip traces, was observed in the tem-
perature range between RT and 300 �C. The number of basal slip
traces was reduced in the R3 extruded specimens, and deformation
bands with unique lenticular shapes were introduced instead, as
indicated by blue arrows. The number of deformation bands with
lenticular shapes was further increased for the R5 and R10 extruded
alloys. Most of the lenticular deformation bands were introduced
almost perpendicular to the long interface of the LPSO-phase
grains.

Fig. 9 shows a typical example of the crystal orientation map of
the deformation bands with lenticular shapes introduced by



Fig. 8. OM images showing the typical deformation microstructures introduced in the specimens by the compression tests to ~5% plastic strain as a function of the loading
orientation, temperature, and extrusion ratio: (a) as-cast alloys and extruded alloys deformed in the (b) 0� and (c) 45� orientations. The red and blue arrows indicate the traces of
basal slip and deformation band, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. (continued).
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deformation in the 0� orientation. Similar crystallographic features
to those monitored in the as-extruded alloys shown in Fig. 4 were
observed. That is, the deformation bands had an arbitrary crystal
rotation axis perpendicular to the c axis, and the crystal rotation
angle was different for each band. This indicates that the intro-
duced deformation bands are also the deformation kink bands
formed by compressive deformation.

For deformation at 400 �C, the number of deformation kink
bands decreased. Instead, localized shear deformation along the
grain interface was frequently observed, which is similar to that
observed in the 45� orientation at 400 �C.

Note that the present results on the variations in the operative
deformation mode in the extruded LPSO-phase alloy depending on
the loading orientation are in good agreement with results recently
reported by Garces et al. [27]. They examined the orientation
dependence of the mechanical properties of a Mg88Zn5Y7 (at%)
extruded alloy in which the volume faction of the LPSO phase was
~95%, and reported that the yield stress along the extrusion direc-
tion (0� orientation in this study) was much higher than the yield
stress along the direction 45�-tilted from the extrusion direction
toward the transverse direction (45� orientation in this study)
[25,27]. To clarify the origin of this behavior, they conducted the
study combined with the in-situ X-ray synchrotron diffraction ex-
periments and acoustic emission testing. As a result, basal slip and
formation of deformation kink bands were identified to be the
predominant deformation mechanisms in the early stage of the
plastic deformation of the extruded Mg88Zn5Y7 alloy at 45� and
0� loading orientations, respectively, under compression at RT [27].
This is the same conclusion obtained in the present study.

4. Discussion

It was clarified that the yield stress of the Mg89Zn4Y7 LPSO-
phase alloy was drastically increased by extrusion. It should be
emphasized that the yield stress increased as the extrusion ratio
increased, but the magnitude of the increase in the yield stress is
significantly different depending on the loading orientation. That is,
the strengthening of the LPSO phase by extrusion shows a strong
anisotropy. The variation in the mechanisms controlling plastic
deformation depending on the loading orientation and extrusion



Fig. 9. (a) Typical example of a crystal orientation map of the deformation bands with lenticular shapes introduced by deformation of the extruded specimen R5 in the
0� orientation at RT. The introduced deformation bands were indicated by arrows. (b) (0001), {1010}, and {1120} pole figures taken at Points A and B in Fig. 9(a).
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ratio was suggested as its origin. In this section, the strengthening
mechanisms acting in the extruded LPSO-phase alloy are discussed
in detail.
Fig. 10. Average Schmid factor for basal slip in the LPSO-phase grains in the extruded
alloys deformed in the 0� and 45� loading orientations, evaluated by the crystal
orientation maps shown in Fig. 2.
4.1. Strengthening mechanisms acting in the 45� orientation

From the observations of the deformation microstructures
shown in Fig. 8, (0001)<1120> basal slip and the formation of
deformation kink bands were suggested as the predominant
deformation mechanisms of the extruded LPSO-phase alloys. We
first focus on the deformation behavior by basal slip. It is well-
known that the activity of (0001) basal slip in Mg alloys is
strongly dependent on the texture [34] due to the low crystal
symmetry of the hcp structure compared to {111} slip in face-
centered cubic (fcc) crystals. This is applicable to the LPSO phase.
By using the results of the SEM-EBSD analysis in Fig. 2, the average
value of the Schmid factor for basal slip in LPSO-phase grains, SFave,
was estimated in cast and extruded alloys. Using the data acquisi-
tion software TSL-OIM Analysis Ver.7, a color map showing the
maximum Schmid factor value for the (0001)<1120> slip at each
measured pixel was created with the incremental steps (bin width)
of the Schmid factor of 0.05, and the distribution of area fractions of
pixels having Schmid factor values in the specified ranges, Af, were
evaluated as a histogram. That is, the area fraction of the pixels in
the SEM-EBSD images showing Schmid factors between 0 and 0.05
is X%, 0.05e0.10 is Y%, $$$$, and 0.45e0.50 is Z%. Using these values,
the average Schmid factor in the LPSO-phase grains SFave was
evaluated as the summation of the products of the intermediate
value of Schmid factor in the evaluated range, SFint, and the
measured area fraction Af, as follows;

SFave ¼
X

i

SFint; i$Af ; i (1)

In the above example, the SFave is estimated to be 0.025 � X/
100 þ 0.075 � Y/100 þ …. þ 0.475 � Z/100. The evaluated average
Schmid factor values for the 0� and 45� loading orientations are
shown in Fig. 10. The average Schmid factor was estimated to be
~0.33 for the as-cast alloy. It is to be noted that the average Schmid
factor for the extruded alloys in the 45� loading orientation is
almost unchanged and independent of the extrusion ratio, and the
value is almost comparable to that of the as-cast alloy. On the other
hand, the average Schmid factor for basal slip drastically decreased
as the extrusion ratio increased for the 0� orientation owing to the
development of a {1010} fiber texture in which the basal planes
tend to align parallel to the extrusion direction, i.e., along the
0� loading orientation, as clarified in Fig. 3. The development of this
{1010} fiber texture must be one of the origins of the drastic in-
crease in the yield stress by extrusion via the suppression of the
easy operation of basal slip. The significant increase in the yield
stress in the 0� orientation compared to that in the 45� orientation
at low temperatures can be explained by the differences in the
variation in the average Schmid factor depending on the loading
axis in Fig. 10.

In addition to this texture effect, the results of the present study
suggest that the introduction of deformation kink bands during the
extrusion process also significantly contributed to the increase in
the yield stress. This can be clarified by the following analysis. Here,
assuming that the yielding of all specimens during deformation
occurs only by the operation of basal slip, the apparent critical
resolved shear stress (CRSS) for basal slip can be evaluated by the
product of the average Schmid factor in Fig. 10 and the experi-
mentally obtained yield stress in Fig. 5. The calculation results are
plotted in Fig. 11 for both the 0� and 45� orientations. For the 45�

orientation, the apparent CRSS of the as-cast alloy is ~45MPa at RT,
but it largely increased to ~65MPa by the extrusion at the ratio of
R2. Although the rate of increase became moderate, the apparent
CRSS tended to show a monotonic increase as the extrusion ratio



Fig. 11. Variation in the apparent CRSS for basal slip with the extrusion ratio and temperature in the (a) 0� and (b) 45� orientations.
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increased at RT. An almost similar tendency was observed at 200 �C.
Although the rate of increase became moderate, the increase in the
apparent CRSS relative to that of the as-cast alloy was maintained
even at 300 �C. This strong increase in the apparent CRSS for basal
slip at temperatures lower than 300 �C must be brought about by
the introduction of deformation kink bands during the extrusion
process. Since a kink band boundary is introduced perpendicular to
the basal slip plane [15e19], it must act as a strong obstacle against
the motion of basal dislocations. In addition to the effects of the
deformation kink bands, the effects of the introduction of disloca-
tions during the extrusion process, which induce work-hardening,
are also supposed. We confirmed, however, that even after
annealing the specimen at 300 �C for 1 week to reduce the dislo-
cation density, there are almost no changes in stressestrain curve
for the specimen deformed in the 45� orientation. The cyclic
annealing treatment between 200 and 250 �C was also conducted,
but the result was the same. This implies that the effects of the
introduction of dislocations are small for strengthening in the 45�

orientation; instead, the effects of the kink bands must be pre-
dominant. To elucidate the physical origin of the “deformation-
kink-band strengthening” more clearly, a model study using a
directionally solidified LPSO-phase single-phase crystal is now
ongoing by our group. The results will be described elsewhere.

At 400 �C, on the other hand, the “apparent” CRSS decreased as
the extrusion ratio increased. It is unlikely that this decrease was
brought about by an actual decrease in the CRSS for basal slip by an
increase in the extrusion ratio. Instead, the result suggests that the
mechanism controlling the deformation varied from basal slip to
another unknown deformation mechanism at 400 �C.

4.2. Strengthening mechanisms acting in the 0� orientation

For deformation in the 0� orientation, the relation between the
apparent CRSS for basal slip and the extrusion ratio was largely
different from that in the 45� orientation, as shown in Fig. 11(a). At
RT, the apparent CRSS showed a drastic increase for the R2 extruded
alloy compared to that for the as-cast alloy. The magnitude of the
increase in the CRSS is almost the same as that observed in the 45�

orientation. Similar increases in the apparent CRSS comparable to
those in the 45� orientation were measured also at 200 and 300 �C
for the R2 extruded alloy. This demonstrates that basal slip is the
mechanism controlling the deformation for the R2 extruded alloy
even in the 0� orientation. This is because the development of a
{1010} fiber texture is not too significant to suppress the occurrence
of basal slip. However, a further increase in the extrusion ratio did not
induce an increase in the apparent CRSS for basal slip. That is, the
apparent CRSS showed almost constant values for the R3, R5, and
R10 extruded alloys at RT and 200 �C, which is different from the
behavior for the 45� orientation. Furthermore, the apparent CRSS
slightly decreased as the extrusion ratio increased for the R3, R5, and
R10 extruded alloys at 300 �C. This indicates that the mechanism
controlling the deformation in the 0� orientation varied with the
extrusion ratio for R2 and R3. The deformation microstructures in
Fig. 8 suggest that basal slip and the formation of lenticular-shaped
deformation kink bands control the plastic deformation in alloys
with lower and higher extrusion ratios, respectively. Note that this
assumption is in good agreement with the variation in the work-
hardening rate from the stressestrain curves in Fig. 7. That is, the
greater work-hardening was observed for the R2 extruded alloy, in
which basal slip controls the deformation behavior, while the work-
hardening rate decreased for the alloys with an extrusion ratio larger
than R3, in which the formation of deformation kink bands governs
the deformation behavior. This idea is in good agreement with the
high work-hardening rate measured in the 45� orientation in
Fig. 7(b) and (d), in which basal slip controls the deformation
behavior. As one of the origins of the stronger work-hardening rate
measured for basal slip, the influence of the deformation kink bands
introduced during the extrusion process is strongly considered. The
deformation-kink-band boundaries were introduced nearly
perpendicular to the basal slip plane. Thus, they must act as strong
obstacles for the motion of basal dislocations, inducing a large work-
hardening rate. On the other hand, the pre-existing deformation kink
bands may barely affect the formation behavior of new deformation
kink bands during the compression test. This is because a deforma-
tion kink band is known to form perpendicular to a plate-like grain
boundary in any situation, as shown in Fig. 9. Thus, deformation
kinks are formed parallel to a pre-existing kink band boundary
without intersecting each other during the compression test. As a
result, a lower work-hardening rate would bemeasured for extruded
alloys with high extrusion ratios in the 0� orientation. Rather, there is
a possibility that the pre-introduced kink band boundary might act
as the initiation site for the formation of new kink band boundaries,
as was suggested by the in-situ observations of the deformation
behavior in a directionally solidified LPSO-phase crystal [35]. How-
ever, further studies are required to examine this.

On the basis of the abovementioned considerations, the effects
of the strengthening mechanisms contributing to the increase in
the yield stress of the extruded alloy deformed in the 0� orientation
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were quantitatively estimated, as shown in Fig. 12(a)e(d), as a
function of the extrusion ratio and testing temperature. Fig. 12(a)
shows the variation in the yield stresswith the extrusion ratio at RT.
First, the texture effect, i.e., the reduction in the average Schmid
factor for basal slip by the development of a {1010} fiber texture, is
considered. This effect can be quantitatively estimated by dividing
the CRSS for basal slip evaluated for the as-cast alloy by the average
Schmid factor for basal slip shown in Fig. 10. This texture effect is
indicated by the blue bars in Fig. 12(a). In addition, deformation-
kink-band strengthening, i.e., the increase in the apparent CRSS
for basal slip by the introduction of deformation-kink-band
boundaries, is considered as another strengthening effect induced
by extrusion, as described above. The magnitude of the increase in
the CRSS for basal slip as a function of the extrusion ratio could be
quantitatively evaluated by the test in the 45� orientation, as shown
in Fig. 11(b). Thus, this additional effect by “deformation-kink-band
strengthening” in the 0� orientation can be quantitatively evaluated
by dividing the apparent CRSS evaluated for the extruded alloys
deformed in the 45� orientation (Fig. 11(b)) by the average Schmid
factor for basal slip in the 0� orientation, as indicated by the red
bars. Note that the experimentally measured yield stress in the R2
extruded alloy at RT is almost in good agreement with the red bar,
indicating that almost only basal slip governs the yield stress of the
R2 extruded alloy, as expected. On the other hand, for the R3, R5,
and R10 extruded alloys, the expected yield stress by “deformation-
kink-band strengthening” is larger than the actually measured yield
stress. It is obvious that the reduction in the yield stress compared
to the expected yield stress by kink-band strengthening is brought
about by the formation of “new” deformation kink bands during
the compression test, as observed in Fig. 8(b). This result demon-
strates that the deformation kink bands in the LPSO phase play
multiple rolesdnot only as a strengthening component against
basal slip to increase the yield stress, but as a “deformation mode”
to induce the deformability of the LPSO phase.

Such texture and deformation-kink-band strengthening effects
effectively increase the yield stress up to 200 �C, as shown in
Fig. 12. Strengthening factors affecting the yield stresses of the extruded alloys de
Fig. 12(b). At 300 �C, however, the variation in the yield stress with
the extrusion ratio became small. This indicates that the
deformation-kink-band strengthening effect for the increase in the
yield stress largely decreased, especially for the R5 and R10
extruded alloys, as shown in Fig. 12(c). At 400 �C, the yield stress
tended to decrease as the extrusion ratio increased, and the yield
stress of the extruded alloys showed lower or almost comparable
values than that of the as-cast alloy. That is, the texture and
deformation-kink-band strengthening effects were both dimin-
ished at high temperatures around 400 �C. One of the origins of the
decrease in yield stress at and above 300 �C is considered to be
related to the activation of nonbasal slip [31]. However, the details
on the influence of the kink band boundary against the motion of
nonbasal dislocations, i.e. whether the nonbasal slip causes the
decrease in the deformation-kink-band strengthening effect or not,
has not yet been clarified.

In addition to the influence of nonbasal slip, the deformation
microstructures at 400 �C suggest that the decrease in the yield
stress at high temperatures is related to the occurrence of localized
deformations in the vicinity of the grain boundary (Fig. 8). As a
plausible origin which induces this, the occurrence of localized
grain-boundary sliding as an accommodation mode of the high-
temperature deformation behavior is supposed. It was previously
confirmed that in an R10 extruded LPSO-phase alloy, tiny recrys-
tallized LPSO-phase grains were locally formed in the vicinity of
grain boundaries during the extrusion process [22]. Thus, it can be
expected that the increase in the extrusion ratio enhances the
formation of such tiny recrystallized grains and assists the occur-
rence of localized grain-boundary sliding as an accommodation
mode of the high-temperature deformation. The decrease in yield
stress with increasing extrusion ratio and the drastic decrease in
the differences in the yield stresses in the 0� and 45� loading ori-
entations at 400 �C (Fig. 6(c)) support this assumption. However,
further details on this high-temperature deformation mechanism
activated in the extruded LPSO-phase alloys have not been clarified
yet in the present state. More studies are essentially required to
formed in the 0� orientation at (a) RT, (b) 200 �C, (c) 300 �C, and (d) 400 �C.
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elucidate this.

5. Conclusion

In this study, the strengthening mechanisms acting in the LPSO-
phase alloy induced by extrusion were clarified by compression
tests of a Mg88Zn4Y7 alloy containing a large amount (~86 vol%) of
the LPSO phase. The obtained results are summarized as follows:

[1] The yield stress of the extruded LPSO-phase alloy exhibited a
strong orientation dependence. The yield stress along the
extrusion direction (0� orientation) was much larger than
that along the direction inclined at 45� with respect to the
extrusion direction (45� orientation) irrespective of the
extrusion ratio.

[2] The yield stress increased as the extrusion ratio increased,
but the magnitude of the increase in the yield stress was
significantly different depending on the loading orientation.
That is, the strengthening of the LPSO phase by extrusion
shows a strong anisotropy. This was attributed to the varia-
tion in the deformation mechanisms depending on the
loading orientation and extrusion ratio.

[3] Basal slip governs the deformation behavior of the as-cast
and extruded alloys deformed in the 45� orientation. On
the other hand, the predominant deformation mechanism
varies from basal slip to the formation of deformation kink
bands as the extrusion ratio increases in the 0� orientation.

[4] The apparent CRSS for basal slip increases by the introduc-
tion of deformation-kink-band boundaries in the LPSO-phase
alloys since they effectively act as strong obstacles against
the motion of basal slip.

[5] The drastic increase in the yield stress of the LPSO phase
alloys in the 0� orientation is brought about by the syner-
gistic effect of the development of the {1010} basal fiber
texture and the strengthening by the deformation-kink-band
boundaries introduced during the extrusion process. In this
study, "the kink band strengthening" was first quantitatively
elucidated, which contributes to the drastic increase in the
yield stress of the LPSO-phase alloys in thewide temperature
range below 400 �C.
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