Osaka University Knowledg

Strengthening of Mg-based long-period stacking

Title ordered (LPSO) phase with deformation kink bands
Hagihara, Koji; Yamasaki, Michiaki; Kawamura,
Author(s) |y chinhito et al.,
Citation Materials Science and Engineering A. 2019, 763,

p. 138163

Version Type

VoR

URL https://hdl. handle.net/11094,/89816
rights This article is licensed under a Creative

g Commons Attribution 4.0 International License.
Note

Osaka University Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

Osaka University




Materials Science & Engineering A 763 (2019) 138163

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &

AL

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

Strengthening of Mg-based long-period stacking ordered (LPSO) phase with = m)
deformation kink bands oneckctor

updates

Koji Hagihara™’, Michiaki Yamasaki®, Yoshihito Kawamura®, Takayoshi Nakano®

& Department of Adaptive Machine Systems, Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka, 565-0871, Japan
" Magnesium Research Center & Department of Materials Science, Kumamoto University, 2-39-1 Kurokami, Chuo-ku, Kumamoto, 860-8555, Japan
¢ Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka, 565-0871, Japan

ARTICLE INFO ABSTRACT

Keywords: The mechanical properties of the Mg-based LPSO-phase are expected to be strongly affected by the micro-
Deformation kink band structure due to its anisotropic crystal structure. However, the fine details have not been sufficiently understood
Basal slip yet. This study first clarified the detailed microstructural factors that govern the strength of the LPSO-phase by
LESO‘Phase examining alloys with microstructures that were significantly varied via directional solidification and extrusion
I];/Iilscli::j;;:ure processes. Refining the microstructure is significantly effective for strengthening LPSO-phase alloys. The yield

stress of LPSO-phase alloys with random texture was previously reported to be increased by reducing the
“length” of plate-like LPSO-phase grains. In addition, it was found in this study that the formation stress in the
deformation kink band, which is a unique deformation mode in an LPSO-phase alloy, can be increased by
decreasing the “thickness” of the grains. Furthermore, the study used directionally solidified crystals provided
direct evidence that the introduction of the deformation kink band effectively increases the yield stress and
work-hardening rate of alloys by hindering the motion of basal dislocations. This “kink-band strengthening” was
found to have considerable temperature dependence. The strengthening is significant at or below 200 °C, but the
effect gradually decreases above 300 °C and is accompanied by the operation of non-basal slip. The results
quantitatively clarified that kink-band strengthening is one predominant reason why the LPSO-phase extruded

alloy exhibits an unusually high yield stress at any loading orientation.

1. Introduction

The development of noble lightweight structural materials is desired
for improving fuel efficiency of transportation equipment and vehicles
[1]1, with the goal of overcoming global warming. To achieve this, the
long-period stacking ordered (LPSO) phase has recently been the focus
of much attention as an attractive strengthening phase for Mg alloys
[2-16], especially in an Mg-Zn-Y ternary alloy system. The LPSO-phase
has (0001) close-packed planes in common with the Mg phase with a
hexagonal close-packed (hcp) structure, but its stacking sequence is
largely lengthened along the ¢ axis [17]. In order to clarify the
strengthening mechanism of Mg/LPSO two-phase alloys, the mechan-
ical properties and plastic deformation behavior of the LPSO-phase it-
self must be understood first. We examined this by using a textured
LPSO-phase predominantly containing alloys prepared by a directional
solidification (DS) process [18-20] and an extrusion process [21-23]. It
was found that two deformation modes of the (0001) basal slip and the
formation of the deformation kink band predominantly govern plastic
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deformation of the LPSO-phase. The deformation kink is a characteristic
deformation band, which is believed to be formed by the avalanche
generation of basal dislocation pairs in the restricted region, detailed
features of which were discussed in a previous paper [18]. Operation of
the other deformation modes is strongly hindered at low temperatures
near ambient owing to the complicated atomic arrangement in the
LPSO-phase.

Due to the limitation of the operative deformation mode, the plastic
behavior of the LPSO-phase exhibits strong anisotropy, thus the me-
chanical properties are expected to largely vary with microstructure.
Indeed, we found that the yield stress of the LPSO-phase extruded alloy
with fine microstructure exhibited an extremely high value of around
460-480 MPa [21,23], which is almost triple that of a DS alloy.
Nevertheless, both alloys exhibit similar basal fiber texture, in which
the basal planes in the LPSO-phase grains were aligned parallel to the
growth or extruded direction [18,21].

LPSO-phase grains in the alloys exhibited a peculiar plate-like
morphology, with a wide and flat surface parallel to the (0001) plane
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[18]. During deformation of the alloy, where basal slip governs the
plastic behavior, we previously elucidated that the yield stress (oy)
could be estimated from the so-called Hall-Petch relation
oy =0y + kd™'/2, when the length of the long-axis of the plate-like
LPSO-phase grains is taken as the grain size d [21,22]. This occurs
because the mean-free path of the basal dislocation is directly propor-
tional to the average length of the long-axis of the grain size due to the
peculiar plate-like shape of the LPSO-phase grains, whose flat surface is
parallel to (0001) basal slip plane. On the other hand, the micro-
structural factor that governs the yield stress of the alloy, where gen-
eration of a deformation kink carries plastic deformation, has not yet
been clarified.

In addition, the introduced deformation kink band itself is also
considered to affect the mechanical properties of the alloy during fur-
ther deformation. In the extruded alloy, many deformation kink bands
are introduced during extrusion to accommodate stress concentration.
The introduced kink bands are supposed to impede motion of basal
dislocations [5,6,23], but this effect has not yet been quantitatively
estimated. The deformation kink band is known to be formed in many
materials that show strong plastic anisotropy, e.g., in metals [24], some
minerals, organic crystals, rubber laminates, oriented polymer fibers,
and woods [25]. In those materials, the deformation kink band acts as
an important deformation mode to accommodate stress concentration.
Therefore, clarification of the general nature of plastic deformation
governed by the deformation kink is very important to obtain a com-
prehensive understanding of their deformation behavior, including Mg-
based LPSO-phase alloys.

Based on this background, the controlling factor for plastic de-
formation of the LPSO-phase carried by the deformation kink band and
the influence of the introduced deformation kink bands on further de-
formation were examined by using various DS and extruded alloys with
greatly different microstructures. The obtained results were used to
determine why an LPSO-phase extruded alloy exhibits an extremely
high yield stress.

2. Experimental procedure

Mother MgggZnsY, (at.%) ingots were prepared by induction
melting in a carbon crucible. The DS process was conducted using the
Bridgman technique in an Ar-gas atmosphere. The details of the pre-
paration method were reported in a previous paper [18]. In this study,
four DS crystals were grown at different crystal growth rates of 2.5, 5.0,
15.0, and 20.0 mm/h in order to modify the grain size of the alloys.
Extruded LPSO-phase alloys were also prepared to obtain textured al-
loys with a much finer microstructure. This extrusion was conducted at
450 °C at an extrusion rate of 10:1 (indicated as R10 hereafter), using
mother alloys with a composition of MggeZn,Y,. In this study, two
mother alloys with different microstructures were prepared for extru-
sion. One was prepared by casting into an iron mold with ~9.6 K/s
cooling rate, as previously reported [21]. The other mother alloy was
furnace cooled after melting, with the cooling rate controlled at
~0.036 K/s; see Ref. [6] for details on the estimation of the cooling
rate. Extruded alloys with different LPSO-phase grain sizes were fab-
ricated from these two mother alloys. The microstructures of these al-
loys were examined using an optical microscope (OM). The obtained DS
and extruded alloys were dominantly composed of LPSO-phase grains,
although a small amount of the Mg3Zn3Y, phase (W-phase) coexisted in
the DS alloys and ~14 vol% of the Mg-phase coexisted in the extruded
alloys, respectively. The textures of the alloys were examined using a
pole figure analysis performed with an X-ray diffractometer (Bruker
AXS, D8-DISCOVER with GADDS, and Philips, X'Pert PRO MPD). It was
confirmed that both the DS and extruded alloys contained strong basal
fiber textures, in which the basal planes in the LPSO-phase grains were
aligned parallel to the growth or extrusion direction. The results on the
textures are provided in previous papers [18,21].

The mechanical properties of the alloys were examined using
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compression  tests. Rectangular  specimens (approximately
2 x 2 x 5mm?®) were cut using electrodischarge machining from the
DS alloys or extruded alloys. Two loading directions were selected for
testing. The first was parallel to the growth or extrusion direction, and
the second was inclined at 45° to the former; hereafter, these are called
the 0° and 45° orientations, respectively. At 45° orientation, the basal
slip carries plastic strain. Meanwhile, the formation of a deformation
kink band predominantly carries the strain at 0° orientation since the
Schmid factor for basal slip is negligible due to the basal fiber texture
[18,21]. Compression tests were performed on an Instron testing ma-
chine with 1.67 x 10~ * s~ ! nominal strain rate at ambient tempera-
ture.

In addition to those simple compression tests, “double compression
tests” were conducted for the DS crystals grown at 5 mm/h in order to
elucidate the influence of introducing the deformation kink bands on
the yield stress and work-hardening behavior of the LPSO-phase alloy.
First, a rectangular specimen (approximately 2 X 5 x 5mm?) with 0°
loading axis was prepared from the DS crystal. This rectangular spe-
cimen was compressed up to 5% plastic strain at ambient temperature
in order to introduce the deformation kink bands; this is called the “first
deformation” hereafter. Then, a second compressive specimen with 45°
loading axis was cut out from the deformed specimen, and the specimen
was again compressed; this is called the “second deformation”. The
second set of compression tests at 45° loading were conducted at tem-
peratures between room temperature and 400 °C. These tests were used
to examine the influence of the introduced deformation kink bands on
basal dislocation motion in the LPSO-phase, along with their tem-
perature dependence. Deformation markings placed on the specimen
surfaces were analyzed using the OM with Nomarski interference con-
trast.

3. Results

3.1. Influence of grain thickness on formation stress of deformation kink
band in LPSO-phase alloys

We previously found that the operation of basal slip governs the
plastic deformation behavior during deformation of an alloy with
random texture [21]. In this case, the yield stress can be estimated using
the Hall-Petch relation by assuming that the “length” of the plate-like
shape of the LPSO-phase grain is the grain size [21,22]. On the other
hand, when the stress is loaded along the 0° orientation axis in an alloy
with basal fiber texture, i.e., the loading axis is parallel to the basal
plane, basal slip is strongly hindered because its Schmid factor is neg-
ligible. Instead, the formation of the deformation kink band dominantly
carries the plastic strain. In this situation, the mechanism governing the
mechanical properties is not fully understood. According to a report by
Barsoum et al. [26-28], there is a possibility that the “thickness” of the
plate-like LPSO-phase grains controls the initiation stress of the de-
formation kink band. They investigated the plastic deformation beha-
vior of a ceramic Ti;SiC, alloy, along with other M, ; 1AX,-type phase
alloys (so-called MAX-phases). They discussed the formation stress of
the deformation kink band in these alloys, based on the theory first
proposed by Frank and Stroh [29]. They suggested that the remote
shear stress t, which is required to render a kink band nucleus unstable
and allow it to grow, is given as follows:

4G%
T > re In L
2am? e

@

where G is the shear modulus; b is the Burgers vector; v, is the critical
kink angle (~0.05-~5° for most solids), r is a value related to the core
energy of the dislocation, and 2a is the length of a kink band with
elliptical shape [26-28]. This equation can only be used to estimate the
remote shear stress for growth of an incipient deformation kink. Hence,
the absolute value of the yield stress of the alloy cannot be directly
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Fig. 1. OM images showing the microstructures of the DS crystals grown at (a, b) 2.5 mm/h, (¢, d) 5mm/h, and (e, ) 15 mm/h. Images were gathered from the (a, c,

e) transverse sections and (b, d, f) longitudinal sections along the growth direction.

evaluated from this equation. However, it was suggested that the
maximum length of the kink band (2a), from a geometric perspective,
would be constrained by the grain thickness along the [0001] c-axis
[26]. Therefore, this equation implies that refining the microstructure
increases the formation stress of a deformation kink band in proportion
to (2a) ~ 1“2, which must induce an increase in the yield stress. As de-
scribed in the introduction, the LPSO-phase grains show peculiar plate-
like shapes with a broad interface which is parallel to the (0001) basal
plane [18]. Therefore, there is a possibility that the mechanical prop-
erties of the LPSO-phase alloy in which the formation of the deforma-
tion kink band carries the strain may vary depending on the average
grain thickness t. In order to confirm this experimentally, we examined
variations in the yield stress of DS alloys as a function of grain thickness
during compression tests at 0° orientation. Plastic deformation in the
extruded alloys with much finer microstructures and similar (0001)
basal fiber textures were also examined.

The grain thickness in the DS alloy was controlled by changing the
growth rate in the Bridgman process. Fig. 1 shows the microstructures
of the DS crystals grown at 2.5, 5, and 15mm/h observed from the
longitudinal and transverse sections with respect to the growth direc-
tion. One can clearly see that the (0001) plate-like grain interface grew
nearly parallel to the growth direction. Therefore, examining the mi-
crostructure of a transverse section allows the average thickness of the
grains to be measured. By increasing the growth rate from 5 mm/h to
15mm/h, the average thickness of the LPSO-phase grain could be
narrowed from ~101 pm to ~59 um while still maintaining the aligned
plate-like microstructure along the growth direction, as shown in
Fig. 1(d) and (f). However, further increase in the crystal growth rate to
20 mm/h destroyed the aligned microstructure [30]. Hence, the for-
mation stress of the deformation kink could not be evaluated using the
crystal grown at 20 mm/h. On the other hand, when the growth rate of
the DS crystal was decreased to 2.5 mm/h, the grain had a thickness of
~118 um, as shown in Fig. 1(a) and (b).

Extrusion is a useful method for fabricating an alloy with similar
basal fiber texture but much finer microstructure. During extrusion, two
mother ingots were prepared in order to control the grain size. One
ingot was fabricated by rapid casting into an iron mold, while the other
ingot was fabricated by furnace cooling. Fig. 2 shows the micro-
structures of these two extruded alloys observed in longitudinal sections

along the extrusion direction. As seen in the figures, the grain size of the
LPSO-phase could be greatly varied using the two mother ingots. The
average grain thickness was found to be ~10 um for the cast alloy but as
large as ~27 um for the furnace cooled alloy; these values were de-
termined by examining the microstructures on the transverse section.
The plate-like LPSO-phase grains were well aligned after extrusion in
both alloys. The plate-like interface of the LPSO-phase grain is known to
be parallel to the (0001) basal plane [18]. Therefore, the microstructure
shown in Fig. 2 obviously demonstrates that the alloys had a “basal
fiber texture,” in which the basal plane was parallel to the extrusion
direction. In other words, the extruded alloys had texture similar to that
in the DS alloys, as was previously confirmed from X-ray diffraction
analysis results [21]. However, the interfaces of the LPSO-phase grains
in the extruded alloys were not as flat as those in the DS alloys and
instead exhibited sharp or round bends. This occurred due to the in-
troduced deformation kink bands during extrusion for accommodating
stress concentration [21,23].

Fig. 3 shows the deformation microstructures in the five DS and
extruded specimens after deformation at 0° orientation and at room
temperature. Deformation kink bands were abundantly formed and
were the main carriers of plastic strain in all specimens. Non-basal slip,
whose slip traces are not parallel to the plate-like grain interfaces, was
found around the deformation kinks only in the extruded specimens due
to their very high yield stresses, as indicated by blue arrows in Fig. 3(d
and e). However, other large differences in the LPSO-phase grain de-
formation mechanism were not observed.

Fig. 4 shows the corresponding room temperature yield stresses of
the DS and extruded alloys at 0° orientation as a function of the inverse
of the square root of the average grain thickness (t~'/%). The yield
stresses of the DS crystals showed large scatter because the small dis-
turbance to textures in the specimens significantly affected the yield
stress. The average yield stress slightly increased as the thickness of the
LPSO-phase grains decreased, as was briefly reported in the previous
study [30]. However, this tendency is rather weak in the DS crystals
and it cannot be strongly confirmed due to scatter in the data. This
weak grain thickness dependence of yield stress in the DS crystal im-
plies that the constrained effect affecting the size of grown kink-band
nucleus by grain boundary is weak in such large grains.

On the other hand, this increasing tendency of yield stress was
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drastically enhanced in the extruded specimens with finer micro-
structure compared to that in DS crystals. From the present data, one
cannot concluded with confidence whether or not the yield stress is
proportional to the inverse of the square root of the grain thickness
(t~?) due to the limited amount of data. However, at least the results
obviously demonstrate that the refined microstructure is very effective
for strengthening an LPSO-phase alloy, not only by suppressing basal
slip [19], but also by suppressing easy formation of deformation kink
bands. This is due to the increased formation stress of the deformation
kink via the reduced grain thickness, especially in the alloys with fine
microstructures where the thickness of the LPSO-phase grain is less than
~50 pum.

3.2. Influence of deformation kink bands as obstacles to basal slip

As described in the previous section, deformation kink bands are
frequently introduced during deformation in a stress field where the
motion of basal dislocations is prohibited, and carry compressive strain.
According to the model proposed by Hess and Barret [24], the interface
of the deformation kink band is composed of an array of basal dis-
locations with edge character. The atomistic structure of the interface of

Materials Science & Engineering A 763 (2019) 138163

Fig. 2. Variation in the microstructures of extruded
alloys as a function of solidification rate of the
mother ingot used for extrusion. The micro-
structures were observed from the longitudinal

o sections along the extrusion direction. (a) Extruded
.S alloy fabricated from the mother alloy that was
g furnace cooled at ~0.036 K/s. (b) Extruded alloy
.= fabricated from the cast mother alloy that was
O cooled at ~9.6 K/s.
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o
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Fig. 4. Yield stresses of DS and extruded alloys deformed at 0° orientation and
at room temperature as a function of the inverse square root of the average
grain thickness (t~'/2).

loading direction

Fig. 3. Microstructures in DS and extruded specimens deformed at 0° orientation and at room temperature. DS specimens grown at (a) 2.5 mm/s, (b) 5.0 mm/s, and
(c) 15.0 mm/s. (d) Extruded alloy fabricated from the furnace-cooled mother alloy and (e) extruded alloy fabricated from the cast mother alloy.
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Fig. 5. (a) Schematic detailing the double compression test. (b) OM image showing the surface of specimen deformed at 0° orientation up to 5% plastic strain at room
temperature. The sample was then mechanically and chemically polished, which corresponds to the specimen surface before the second deformation.

a deformation kink band in the LPSO-phase has been examined by
several researchers [31-33], and similar features were reported in the
deformation kink bands with low rotation angles [32,33]. In addition,
regarding the deformation kink band boundary in the LPSO phase,
segregation of Zn and Y atoms was reported recently [31,32]. It is thus
expected that the deformation kink boundary would act as an obstacle
to subsequent motion of basal dislocations, similar to the grain
boundary. This must affect the yield stress and work-hardening beha-
vior of the alloy. Double compression tests were conducted in this study
in order to evaluate this effect quantitatively. The method is schema-
tically shown in Fig. 5(a). First, large rectangular DS crystal specimens
with 0° loading axis were prepared and compressed up to 5% plastic
strain at room temperature (first deformation). Small specimens with
the 45° loading axis were cut out from these deformed crystals and were
subsequently deformed (second deformation). The influence of de-
formation kink as an obstacle to the basal slip was examined by com-
paring the plastic behavior of the double-deformed specimens with that
of the un-predeformed specimens (called “virgin specimens” hereafter).

Fig. 5(b) shows the microstructure of a specimen that was first de-
formed at 0° orientation and whose surface was then mechanically and
chemically polished. A large number of deformation kink bands were
introduced by the first deformation at 0° orientation. Hence, the in-
terfaces of the plate-like grains were significantly bent in a zigzag
manner. It should be noted here that few cracks were introduced at the
interface, despite the significant grain bending as a result of the de-
formation kinking. The deformation kink bands were seldom formed
individually, but several kink bands were formed close together by
deformation in many cases, as shown in Fig. 3. Their formation was not
very homogeneous, and deformation kink bands were roughly ag-
gregated at 70-410 um intervals along the lateral direction in the plate-
like grains. Polishing the specimen surface after the first deformation
caused the traces of the basal slip and deformation kink boundaries to
vanish entirely, as shown in Fig. 5(b). A small specimen was cut from
the deformed specimen, then a subsequent deformation at 45° or-
ientation was applied at temperatures ranging from ambient to 400 °C.

Fig. 6(a) shows the deformation microstructure introduced by the
second deformation at room temperature. Slip traces parallel to the
grain interface, i.e., basal slip traces, were abundantly introduced via
the second deformation. In addition, the boundaries of the deformation
kink bands again appeared clearly, even though they had vanished after
polishing prior to the second deformation, as shown in Fig. 5(b). The
introduced basal slip traces were significantly bent in a zigzag manner
parallel to the bending interface of the plate-like grain. At ambient
temperature, the basal slip traces sometimes propagated beyond a kink
boundary, but they often stopped at the boundaries of the deformation
kink bands, as shown in Fig. 6(a). Note that at the point where the
propagation of the basal slip ended, “secondary deformation kink
bands” were sometimes formed inside the initial deformation kink
bands, as indicated by small red arrows. This implies that strong stress

concentration occurs at the kink band boundary, which indicates that a
deformation kink band hinders motion of basal dislocations, as ex-
pected. Similar features were also observed after deformation at 100
and 200 °C, as shown in Fig. 6(b) and (c), respectively. However, the
stopping frequency of the basal slip at the deformation kink boundary
was reduced above 300 °C, and the basal slip often propagated a long
distance beyond the kink boundary, as shown in Fig. 6(d) and (e). At
400 °C, in addition to basal slips, the slip traces that were not parallel to
the grain interface sometimes appeared near a deformation kink band,
as indicated by the double blue arrows in Fig. 6(e). The previous study
demonstrated they must be the traces of prismatic slip [34]. These
microstructural observation results imply that the effect of the de-
formation kink as an obstacle may weaken above 300 °C.

Fig. 7 shows the temperature dependence of the yield stress ob-
tained from double deformation tests at 45° orientation. The graph also
shows yield stresses of the virgin DS crystals deformed at 0° and 45°
orientations [18] for comparison. At room temperature, the yield stress
measured by double compression was nearly double that of the virgin
crystal deformed at the 45° orientation, demonstrating that the in-
troduced deformation kink bands strongly increase the yield stress as
these hinder the motion of basal dislocations. Similar yield stress in-
creases were measured up to 200 °C. However, the amount of increase
compared to the virgin crystal was largely reduced at 300 °C, and the
yield stress approached the value in the virgin crystals.

4. Discussion
4.1. Significant difference in yield stress between DS and extruded alloys

In the present study, it was found that the microstructure of an
LPSO-phase alloy significantly changes its mechanical properties. The
origin of extremely high yield stress in the extruded alloy is discussed in
this section based on the present results. Fig. 8 shows a comparison of
the yield stress values in the DS alloy and the extruded LPSO-phase
alloy reported in previous papers [18,23], where the DS alloy was
grown at 5 mm/h and the extruded alloy was fabricated from the as-cast
ingot with R10 reduction rate. The yield stress of the extruded alloy
exhibits much higher values than that of the DS alloy at 0° and 45°
orientation. The results presented in Section 3.1 provide an explanation
for why an LPSO-phase extruded alloy exhibits an extremely high yield
stress at 0° orientation. The extremely high yield stress of ~460 MPa at
ambient temperature and 0° orientation was predominantly attributed
to the high formation stress of the deformation kink, which was brought
about by the refined microstructure (thickness). The grain thickness is
~101 ym in the DS alloy, but it is ~10 um in the extruded alloy.

On the other hand, when the compression test was conducted at 45°
orientation, the yield stress greatly decreased compared to that at 0°
orientation in both alloys. This was the result of frequent basal slip,
because the Schmid factor for basal slip exhibits high values in many
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Fig. 6. OM images showing the microstructures of specimens after the double compression tests. The second deformation at 45° orientation was performed at (a)

room temperature, (b) 100 °C, (c) 200 °C, (d) 300 °C, and (e) 400 °C.
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Fig. 7. Temperature dependence of yield stress measured from double com-
pression tests. The yield stresses of the virgin DS crystals deformed at 0° and 45°
orientation [18] are also plotted in the graph for comparison.

grains at 45° orientation as a result of the basal fiber texture; this was
confirmed in the DS crystal [18]. Indeed, basal slip could be confirmed
to occur in the extruded alloy from the deformation microstructure
shown in Fig. 9. However, it is noteworthy that although the yield stress
of the extruded alloy showed a large reduction compared to that of 0°
orientation, the absolute value of the yield stress at 45° orientation was
still as high as ~270 MPa. This value was ~8 times higher than that of
the DS crystals (~35MPa). Nevertheless, the basal slip controlled the
deformation behavior in both alloys. This must be closely related to the
influence of the pre-existing deformation kink bands in the extruded
specimens, which were introduced during extrusion, in addition to the
initial grain refinement effect. In order to show this quantitatively, the
following section discusses mechanism governing deformation and the
origin of high yield stress in the extruded alloy at 45° orientation.

500

400

300

200

Yield stress, o/ MPa

100

0

0° 45° 0° 45°
Directionally solidified Extruded alloy

alloy (5 mm/h)  (cast mother alloy)

Fig. 8. Comparison of the yield stress values in DS and extruded alloys eval-
uated from room temperature compression tests at 0° and 45° orientations
[18,23].

4.2. Kink-band strengthening acting in the extruded alloy deformed at 45°
orientation

Fig. 10 shows the relationship between the yield stress and the in-
verse of the square root of the length of the LPSO-phase grains in the
annealed LPSO-phase alloys in which basal fiber texture was collapsed.
In this graph, the results reported in previous papers [21,22] was fur-
ther updated, and in addition the yield stresses of the extruded alloy
deformed at 45° orientation and at room temperature, 200, and 300 °C
reported in Ref. [23] were added as solid symbols. As described in the
Introduction, the yield stress of the LPSO-phase alloys with random
texture obeyed the so-called Hall-Petch relation o, = 0y + kd~'/% The
“length” of the long-axis of the plate-like LPSO-phase grains was taken
as the grain size d because the mean-free path of the basal dislocation
was directly proportional to the average length of the long-axis of the
grain size due to the peculiar plate-like shape of the LPSO-phase grains
parallel (0001) [21]. As shown in Fig. 9, deformation of the extruded
alloy at the 45° orientation is also dominantly carried by basal slip
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Fig. 9. OM image showing the deformation microstructure of the extruded
specimen compressed at 45° orientation at room temperature. Basal slip traces
are indicated with small arrows.
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Fig. 10. Comparison of the yield stress values of the as-extruded alloy deformed
at 45° orientation [23] and that in annealed and cast LPSO-phase alloys in
which basal fiber texture was collapsed [21,22], in which some data was further
updated. The yield stress is plotted as a function of inverse of square root of
average grain length, i.e., a so-called Hall-Petch plot.

because the Schmid factor for basal slip exhibits high values in many
grains at this 45° orientation. Nevertheless, as shown in Fig. 10, the
yield stress measured from compression tests exhibited much higher
values than predicted with the Hall-Petch relation. The increased yield
stress compared to that estimated with the Hall-Petch relation was
significant at room temperature and at 200 °C. At 300 °C, the increased
yield stress compared to the value anticipated from the Hall-Petch re-
lation was maintained, but the deviation became smaller than those at
room temperature and 200 °C. It must be noted that the observed
temperature dependence of the stress increment compared with the
Hall-Petch relation is similar to the results in Fig. 7; the effect of the
kink deformation band as an obstacle to basal slip deformation is ef-
fective at and below 200 °C, while the effect is reduced at 300 °C. In the
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extruded alloy, the apparent average grain length (straight part nearly
along the extrusion direction) was ~65um, which was somewhat
shorter than that in the as-cast alloy of ~90 um, owing to the bending of
the grains by kink-band formation. Here, if the grain length in the ex-
truded alloys is assumed to be further reduced to ~25pum(d~"
2 = ~0.2), the obtained yield stress agrees well with the Hall-Petch
estimation. This suggests that the formation of kink deformation bands
in the grain strongly affects the mechanical properties of the LPSO-
phase alloy by inducing dynamical microstructure refinement, thus
strengthening the alloy.

The effect of the deformation kink band boundary as the extra grain
boundary could be further confirmed by comparing the features of the
stress-strain curves. Fig. 11(a) shows the stress-strain curves for the
extruded alloy, double compressed DS crystal, and original DS crystal
deformed at 45° orientation and room temperature. Fig. 11(b) shows
variations in the work-hardening rate with plastic strain, which were
evaluated by calculating the differential value do/de from the stress-
strain curves. In the stress-strain curve for the virgin DS crystal, a very
long plateau corresponding to the “stage I region” appeared just after
yielding, and the work-hardening rate was moderate. In contrast, the
stress-strain curve of the extruded alloy indicates strong work hard-
ening, especially during the early stage of deformation, and the flow
stress continued to show a gradual increase. These features are similar
to those measured in the double-compressed alloy, as shown in
Fig. 11(a) and (b). These prove that the deformation kink band
boundary strongly hinders deformation in the extruded alloy deformed
at 45° orientation.

4.3. Quantitative evaluation of the kink-band strengthening

As a more quantitative evaluation of the influence of the deforma-
tion kink band on basal slip, the relation between the yield stress
evaluated from double compression tests and the pre-existing ag-
gregated kink band interval in the specimen was analyzed by com-
paring with the Hall-Petch relationship for basal slip shown in Fig. 10. If
the aggregated kink bands provide the same hindrance as the grain
boundary, the yield stress from the double compression test should
match that determined from the Hall-Petch relationship by assuming
the aggregated kink band interval to be the grain size. The analytical
deformation results at room temperature and 300 °C are shown in
Fig. 12(a) and (b), respectively. As described in section 3.2, the pre-
existing deformation kink bands formed inhomogeneously in specimens
but aggregated at roughly 70-410um intervals during the first de-
formation step in the double compression tests. The aggregated interval
is indicated on the horizontal axis as an “apparent grain length” dis-
tribution. Variations (error bar) in the yield stress measured from
double compression tests are indicated on the vertical axis, and the
region where they cross is indicated with the hatched region. At room
temperature, the line showing the Hall-Petch relationship nearly passes
the center of the hatched region, which demonstrates that the ag-
gregated deformation kink bands effectively hinder dislocation motion,
similar to the grain boundaries. According to Nizolek et al. [36], in the
wedge-type kink band in which the kink band boundary is terminated
in the matrix, a strong elastic strain field exist at the tip of the kink
band. This strain field might enhance the hindrance against dislocation
motion as it approaches the kink band boundary. Whether or not such
an additional effect exists in the kink band boundary in the LPSO phase
could not be precisely evaluated in the present study due to the large
scatter in the data. Further studies are required to clarify this.

Furthermore, the line showing the Hall-Petch relationship at 300 °C
passed through the hatched region in Fig. 12(b), indicating that the
kink boundary acts as an obstacle even at 300 °C. However, the ob-
tained yield stress from double compression tests seems to be somewhat
lower than the expected value from the Hall-Petch relation. This sug-
gests that the effect of aggregated deformation kink bands as obstacles
may become weaker than that of a random grain boundary at 300 °C.
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Fig. 11. (a) Stress-strain curves of the extruded alloy, double compressed DS crystal, and virgin DS crystal deformed at 45° orientation at room temperature. (b)

Variations in the work-hardening rate with plastic strain.

This was reflected in the deformation microstructure as the basal slip
stopping frequency reduced at the deformation kink boundary above
300 °C, as shown in Fig. 6(d) and (e).

In these ways, it was found that the introduction of a deformation
kink band is very effective for strengthening the LPSO-phase. This effect
is strong at low temperatures but is somewhat weakened above 300 °C.
This implies that the mechanism controlling deformation changes at
high temperatures. One possibility is that the mechanism controlling
basal slip itself may vary at high temperatures, accompanied by fre-
quent cross-slip and/or climbing motion. This is expected from a study
using the DS crystal; the strain-rate sensitivity of the flow stress loaded
at 45° orientation where basal slip predominately occurs was negligible
at room temperature, but it increased at high temperatures (~400 °C)
[35]. This indicates that the mechanism controlling dislocation motion
changes to one that requires a relatively strong thermally activated
process at high temperature. In addition, the increased frequency of
non-basal slip, i.e. prismatic slip, at high temperatures is also con-
sidered to be another plausible factor. The critical resolved shear stress
(CRSS) for prismatic slip has not yet been accurately determined, but it
is supposed to show a strong temperature dependence [34]. Non-basal
slip was hardly observed from double compression tests at low tem-
peratures, but it sometimes appeared at 400 °C, as shown in Fig. 6(e).
This suggests that it would occur locally near the kink deformation
band and would accommodate stress concentration caused by the pile-
up of basal dislocations, at high temperatures. According to the results
in Fig. 12(b), the hindrance provided by the deformation kink boundary
might be weakened to a greater extent than the hindrance from a
random boundary at high temperatures under these accommodated
process related to the non-basal slips. To clarify the further detailed
reasons for this, TEM study on the deformation microstructure is now
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proceeding with the goal of understanding the high temperature de-
formation mechanisms in LPSO-phase alloys. In addition, more quan-
titative evaluation on the variations in stopping frequency of slip trace
at the kink band boundary, formation frequency of the secondary kink
band etc. with deformation temperature and LPSO-phase composition is
now in progress to clarify the detailed mechanism of the kink-band
strengthening.

In this way, it was found that the LPSO-phase can be strengthened
by refining the microstructure and introducing deformation kink bands.
To develop an effective strategy for kink-band strengthening, the in-
fluence of the volume fraction and misorientation (rotation) angle of
kink bands which must be dependent on the applied stress, and the
introducing temperature of kink bands (first deformation temperature
in Fig. 5(a)) on the strengthening behavior of the LPSO-phase must be
further clarified in the future study. As we previously reported, the
LPSO-phase acts as an effective and important reinforcement via a
short-fiber-like mechanism in Mg/LPSO two-phase extruded alloys
[4,9]. Therefore, strengthening the LPSO-phase through these processes
directly contributes to enhancing the mechanical properties of these
two-phase alloys. For the further development of the Mg/LPSO two-
phase alloy with superior mechanical properties, the variations in me-
chanical properties with alloy composition; i.e. volume fraction of the
LPSO-phase, must be more precisely clarified, including the variation in
formation behavior of the kink band in them.

5. Conclusions

In this study, the microstructural factors that govern the strength of
the LPSO-phase were examined using the alloys in which the micro-
structures were significantly varied via directional solidification and
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Fig. 12. Relation between the pre-existing kink band aggregate interval and yield stress from double compression tests at (a) room temperature and (b) 300 °C. These
are displayed in a Hall-Petch plot of basal slip in annealed and cast LPSO-phase alloys in which basal fiber texture was collapsed [21,22].
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extrusion processes. The obtained results are summarized as follows:

(€9

(2)

The experimental results clarified that the microstructure refine-
ment significantly contributes to strengthening the LPSO-phase
alloy via two different mechanisms. In addition to the effect of re-
duction in the length of the plate-like LPSO-phase grains on the
basal slip reported in the previous study, it was newly suggested
that the formation stress of the deformation kink band can be in-
creased by reducing the thickness of the plate-like LPSO-phase
grains. This significantly contributes to strengthening the alloy with
basal fiber texture, i.e. the extruded alloys.

The deformation kink bands effectively hinder the motion of basal
dislocations. Therefore, the introduced deformation kink bands
largely contributed to strengthening the alloy against further de-
formation via a Hall-Petch-like mechanism. The increased yield
stress due to the introduced kink bands is significant at and below
200 °C, but the effect gradually becomes weak above 300 °C ac-
companied by activation of non-basal slip. This kink-band
strengthening is one predominant reason why the LPSO-phase ex-
truded alloy exhibits an unusually high yield stress at any loading
orientation.
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