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ABSTRACT

Kink-band strengthening was first quantitatively evaluated using an Mg-Zn-Y single crystal con-
taining long-period stacking ordered (LPSO) nanoplates. The ability of a kink-band boundary to act
as a barrier that hinders the motion of dislocations is high and comparable to that of a general ran-
dom grain boundary. Nevertheless, a kink-band boundary is regarded as a simple tilt boundary in
the dislocation model. One reason for the anomalous ability of kink-band boundary acting as barri-
ers is related to its peculiar hierarchical structure, in which many small kink bands with high crystal

rotation angles accumulate in a localized region.
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By the quantitative estimation using the single crystal, the origin of the anomalous ability of kink
bands acting as barriers that hinder the motion of dislocation was elucidated.

1. Introduction

Recently, the strengthening of Mg alloys using kink
bands has been the focus of researchers, especially in
the Mg-Zn-Y alloy system containing the long-period
stacking ordered (LPSO) phase [1-15]. A kink band is a
deformation band induced by the rearrangement of dis-
locations along a direction perpendicular to the slip plane
[16,17]. The LPSO crystal structure is constructed by the
alternating stacking of Mg and concentrated Zn/Y layers
in which the Zn/Y atoms form an L1,-like cluster [18].
Thus, the LPSO crystal structure prevents the motion
of dislocations across the Zn/Y layers, i.e. non-basal
slips and deformation twins, and restricts the motion
only along the direction parallel to the stacking plane
(basal plane) [19-21]. In this situation, kink bands are

formed when stress is applied along the direction par-
allel to the basal plane, as shown in Supplementary Fig.
S§1[16,19-21]. The strengthening of an LPSO-phase alloy
by kink bands, i.e. kink-band strengthening, is known to
effectively occur in extruded alloys [22,23]. However, a
quantitative analysis of kink-band strengthening has not
been carried out, i.e. the relationships between the distri-
bution distance of the kink-band boundary, the rotation
angle, and the increase in strength, have not been pre-
cisely clarified yet because of the complicated and refined
microstructures of the extruded alloys.

Recently, we found the induction of kink-band for-
mation in an Mg-Zn-Y single crystal via the dispersion
of LPSO nanoplates [24]. An LPSO nanoplate comprises
a Zn/Y concentrated stacking fault and its aggregates.
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We found that LPSO nanoplates sufficiently prevent the
motion of dislocations across them, i.e. the operation of
a deformation mode other than the basal slip, as well as
that in the LPSO phase. Consequently, the formation of
kink bands is induced [24].

In this study, the effects of kink-band strengthening
were first quantitatively evaluated using an Mg-Zn-Y
single crystal containing LPSO nanoplates. The ability
of a kink-band boundary to act as a barrier that pre-
vents the motion of dislocations compared to that of a
general grain boundary was examined by double com-
pression tests combined with a Hall-Petch analysis of the
kink-band boundaries.

2. Experimental procedure

A master ingot with a composition of Mg-0.2 at% Zn-0.6
at% Y was prepared by induction melting in a carbon
crucible. Directional solidification (DS) was conducted
using the Bridgman technique in an Ar-gas atmosphere
at a growth rate of 5.0 mm/h. A detailed analysis of the
resulting single crystal was presented in our previous
paper [24]. Using this single crystal, ‘double compres-
sion tests” were conducted. First, a rectangular specimen
(approximately 2mm x 7mm x 7mm) with a load-
ing orientation parallel to [1120] was prepared. Then,
a rectangular notch with dimensions of ~ 2mm x
I mm x 3 mm was introduced on the side surface of the
specimen to induce the formation of kink bands dur-
ing compressive deformation, as described in detail later.
The prepared specimen was compressed up to 5% plas-
tic strain at room temperature (RT); this is called the
‘first deformation (predeformation)’ or ‘0° deformation’
hereafter. Then, a second compression specimen with
a[l121.85] loading axis, which is inclined 45° from
[0001], and dimensions of ~ 2mm X 2mm X 5mm
was cut from the deformed specimen, and the speci-
men was again compressed. This is called the ‘second
deformation’ or ‘45° deformation’. The Schmid factor for
(0001) <1120 > basal slip is 0 and 0.5 for 0° and 45°
deformation, respectively. Thus, the formation of kink
bands and the motion of basal dislocations across the
kink bands are expected for the first and second deforma-
tion, respectively. The Schmid factors for other slip and
twinning systems are presented in Supplementary Tables
1 and 2 for reference. The second set of compression
tests in the 45° orientation was conducted at tempera-
tures between RT and 300°C. All compression tests were
conducted at a nominal strain rate of 1.67 x 10™* s~! in
vacuum. Deformation markings placed on the specimen
surfaces were analyzed using optical microscopy (OM)
with Nomarski interference contrast, laser microscopy
(LM), and scanning electron microscopy (SEM).

3. Results and discussion
3.1. Preparation for double compression tests

Figure 1(a) shows an LM image of the deformed speci-
men after the first compression test, and Figure 1(b-—d)
show middle- and higher-magnification images of the
deformation microstructure. In our previous report, it
was clarified that deformation kink bands and 1012 twins
are both formed during deformation along [1120] (0°
deformation) at RT [24]. To increase the number of kink
bands instead of the number of 1012 twins, a rectangu-
lar notch was introduced in the specimen prior to the
compression test. With this treatment, a large amount
of plastic deformation was carried out by the formation
of kink bands, as shown in Figure 1(b-d). The induce-
ment of the kink-band formation by notch was confirmed
in the preliminary study using the LPSO phase, and a
similar behavior was observed in this Mg-Zn-Y crys-
tal. This result suggests that the formation of kink bands
is more sensitive to the stress concentration, and thus it
may be induced before the formation of the 1012 twins,
although the detailed reason for this has not yet been clar-
ified. By the introduction of kink bands, the formation of
ridges was frequently observed on the side surface of the
specimen, as indicated by the arrows in Figure 1(a). The
deformation microstructure was carefully observed, and
a smaller specimen for the second 45° deformation was
cut from the area indicated by the red rectangle in Figure
1(a), where many kink bands are introduced. The surface
of this specimen was mechanically polished again, and a
second deformation was performed.

3.2. Deformation microstructure

Figure 2(a) shows the typical appearance of the spec-
imen after the second deformation at RT. For com-
parison, Figure 2(b) shows the appearance of the 45°-
deformation specimen without predeformation (simple
deformation in the 45° orientation reported previously
[24]). In the specimen without predeformation, basal slip
homogeneously occurred throughout the entire region
of the specimen. In contrast, deformation was local-
ized in the second compression test. This suggests that
nevertheless the kink bands were introduced relatively
homogeneously in the first deformation with the help of
the notch, the obstacles were not completely uniformly
existed, and the second deformation occurred at a posi-
tion where the number of obstacles was smaller. These
obstacles must be the deformation of kink-band bound-
aries. At places where the deformation was concentrated,
i.e. the lower part of the specimen in Figure 2(a), the kink-
band boundaries again appeared, as indicated by arrows,
even though the surface was polished before the second
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Figure 1. LM image of the deformed Mggs2Zno2Yos single crystalline specimen after the first compression test along [1120]. (b,c)
Middle-magnification, and (d) higher-magnification images of the deformation microstructure. The observation direction is parallel to

[1100].

deformation. While the contrast of the kink-band bound-
aries at the upper part of the specimen cannot be seen,
where basal slip did not significantly occur, although the
kink-band boundaries were introduced during the first
deformation in the same way. This indicates that the con-
trast of the kink-band boundaries appears to be induced
by the pile-up of basal dislocations during the second
deformation. Figure 2(c) shows a higher-magnification
image of the specimen after the second compression test
at RT. In some parts, the propagation of the basal slip
trace was notably stopped at the kink-band boundary,
as indicated by the arrows. This demonstrates the effec-
tiveness of the kink-band boundary as an obstacle to the
motion of dislocations. Figure 2(d) and (e) show the slip
traces observed in the specimens after the second defor-
mation test at 200°C and 300°C. A similar deformation
microstructure in which basal slip traces were stopped at
some kink-band boundaries was observed at 200°C, but
almost all of the slip traces propagated in a zigzag man-
ner beyond the kink-band boundary during deformation
at 300°C.

3.3. Variation in mechanical properties by double
compression

Figure 3(a) shows the temperature dependence of the
yield stress in the double-compression test. In the graph,
the yield stress of the specimen without predeformation is
also plotted for comparison. The yield stress of the spec-
imen without predeformation is as low as ~9MPa at
RT owing to the low critical resolved shear stress (CRSS)
of basal slip (~4.3 MPa), and the variation with tem-
perature is very small. In contrast, the yield stress for
the specimen under double compression is 23-42 MPa
at temperatures between RT and 200°C, which is 3-4
times higher than that for the specimen without pre-
deformation. This is ascribed to kink-band strengthen-
ing. Figure 3(b) shows a comparison of the stress—strain
curves for deformation at RT. In addition to the increase
in yield stress, the work-hardening rate after yielding was
also much higher for the double-compression specimen.
Kink-band boundaries are formed nearly perpendicular
to the basal slip plane as shown in Figure 1(b-d). Thus,
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Figure 2. (a) Appearance of the specimen after the second deformation at RT. (b) The appearance of 45°-deformed specimen without
predeformation (first deformation in the 45° orientation, reported in [24]). (c—e) Higher magnification images showing the deformation
traces introduced in the specimen by the second compression test at (c) RT, (d) 200°C, and (e) 300°C. The observed directions are all

parallel to [1100].

they must interact with the motion of basal dislocations
and are expected to act as strong obstacles hindering dis-
location motion. The experimental results demonstrate
the validity of this conclusion.

At 300°C, however, the yield stress suddenly decreased
and was almost the same value as that of the specimen
without predeformation. That is, kink-band strengthen-
ingloses its effect at 300°C. The deformation microstruc-
ture in Figure 2(e), in which the basal slip traces continue
across the kink-band boundaries, supports this conclu-
sion.

3.4. Origin of the anomalously strong kink-band
strengthening

As described in Section 3.3, the yield stress at 45° orien-
tation was largely increased by the double compression.
As the reason for the increase in yield stress, three factors

are considered; (1) strengthening by the introduced kink-
band boundaries, (2) work-hardening by reaction with
dislocations introduced during the first deformation, and
(3) variation in crystal orientation (Schmid factor) by the
kink-band formation. Regarding (2), the work-hardening
rate in deformation at 45° orientation is inherently small
as shown in Figure 3(b). In addition, since the deforma-
tion modes other than the kink-band formation are not
predominately expected to be activated in the first defor-
mation owing to the existence of LPSO nanoplates [24],
the influence of the work-hardening induced by intro-
duced dislocations is supposed to be small. However,
a precise evaluation on this must be conducted in the
future study. Regarding (3), the crystal rotation angle at
the kink-band boundary was roughly 15° in average. This
crystal rotation reduces the Schmid factor for a basal slip
from 0.50 to 0.43, inducing just the 1.2 times to increase
in yield stress. This is much smaller than the 3-4 times
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Figure 3. (a) Temperature dependence of the yield stress from the double compression test. (b) Stress—strain curves at RT. In both graphs,
the data obtained for single crystals without predeformation are also plotted for comparison.

increase measured in this study. In addition, the varia-
tion in crystal orientation cannot explain the origin of
the increase in the work-hardening rate and the drastic
drop of the yield stress at 300°C in the double compres-
sion test. Thus, the influence of (1); the strengthening by
the introduced kink-band boundaries, is considered as
the predominant strengthening mechanism in the double
compression test.

To evaluate the strengthening effect by the kink-band
boundaries quantitatively, a Hall-Petch-like analysis was
conducted. The definition of the measurement method
is schematically explained in Supplementary Fig. S2. On
the observed (1100) specimen surface shown in Figures
2 and 3, the direction of the Burgers vector of opera-
tive [1120] basal dislocation in the second compression
test is ~45° inclined with respect to the loading axis.

Thus, if regarding the kink band boundary as the grain
boundary, the distance between the kink-band boundary,
I, directly corresponds to the mean free path of the oper-
ative [1120] basal dislocation. Therefore, the distances
between the kink-band boundary indicated by the arrows
in Figure 4(a), across which crystal rotation of more than
3° occurred, were measured on the (1100) specimen sur-
face, and the Hall-Petch coefficient ky was evaluated. The
average distance between the kink-band boundary was
~244 um and the standard deviation was ~ 145 um in
specimen deformed at RT.

Table 1 summarizes the obtained results and the val-
ues previously reported for other Mg alloys [25-29]. The
measured kY at RT was 226 MPa-uml/ 2 which is com-
parable to those measured for polycrystalline Mg alloys.
Although the yield stress at 200°C showed higher value

T

B

uonoaIIp Surpeo]

-

50 pm

Figure 4. (a) Deformation traces introduced in the specimen by the double compression test at RT. (b) Higher-magnification image of
the kink-band boundary. (c) Drastic decrease in the contrast of the basal slip traces beyond the accumulated kink-band boundaries, seen

at the bottom right part in the image.
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Table 1. Values of k, from the Hall-Petch-like plot, estimated
by regarding a kink-band boundary as a grain boundary in the
double compression test. The values measured for polycrystalline
Mg and Al alloys reported in [25-31] are also listed for compari-
son. The values in parentheses indicate those evaluated from the
higher-magnification image shown in Figure 4(b).

Alloy ky [MPa pm'/2] Ref.
Present result at RT 226 (100)

Present result at 200°C 178 (116)

Present result at 300°C 35(17)

Pure Mg 278 [25]
Pure Mg 291 [26]
AZ31 297 [27]
AZ91 210 [28]
AZ91 247 [29]
fcc-Al (AA1050) 123 [30]
fcc-Al (LY12) 120 [31]

than that at RT in the double compression test shown
in Figure 3, the measured ky was slightly decreased to
178 MPa-um!/? at 200°C. This indicates that the scatter
of the yield stress between RT and 200°C is derived from
the variation in the number of the introduced kink band
boundary during the first deformation.

Note that ky for Mg alloys at RT is higher than those
for face-centered cubic (fcc) Al alloys [30,31], because the
number of operative slip systems is smaller in hexagonal
close-packed (hcp) Mg alloys owing to the lower crys-
tal symmetry. Thus, grain refining is a more important
strengthening mechanism for Mg alloys. It is generally
considered that the strengthening effect due to low-angle
tilt boundaries is weak [32]. A kink-band boundary has
the same geometry as a tilt boundary in the simple dis-
location alignment model proposed by Hess and Bar-
ret [16], as shown in Supplementary Fig. S1; thus, its
strengthening effect was assumed to be weak. However,
the present results demonstrate that the ability of a kink-
band boundary to act as an obstacle to dislocation motion
is comparable to that for a general random grain bound-
ary. One of the reasons for this is related to the difference
in dislocation density at the boundary. Although a kink-
band boundary might also be formed due to dislocation
alignment, dislocation density at the kink-band bound-
ary could be much higher than that of low-angle grain
boundaries. Since the observed crystal rotation angle is
frequently higher than 15°, as described later.

Another reason for this anomalously high ability of
a kink-band boundary to act as a barrier is related to
the accumulative formation behavior of a kink band
in a localized region. Figure 4(b) shows a higher-
magnification image of a kink-band boundary. Even the
kink-band boundary observed as ‘single’ boundary in the
low-magnification images (Figures 2(a) and 4(a)), it is
often confirmed to be constructed by the accumulation
of multiple kink-band boundaries. The crystal rotation

angle for the accumulated small kink bands is as large as
~2°-60°, which is much larger than the crystal rotation
angle in the matrix region of ~2°-30°. The accumu-
lation of kink-band boundaries with high crystal rota-
tion angles should induce a strong barrier to dislocation
motion. Indeed, the drastic decrease in the contrast of the
basal slip traces was frequently observed beyond such the
accumulated kink-band boundaries as shown in Figure
4(c).

Regarding the accumulated kink-band boundaries,
if counting the number of boundaries in the high-
magnification images shown in Figure 4(b), the value
of ky is reduced from 226 to ~100 MPa-um!/2, as
indicated in parentheses in Table 1, since the ana-
lyzed average distance between the kink-band bound-
ary is reduced from ~244 to ~48pum. It must be
noted here that the observed boundaries will be fur-
ther resolved in images obtained with transmission elec-
tron microscopy (TEM) at even higher magnification, as
reported in [19,21,33-35], and thus the distance is fur-
ther reduced. Thus, the evaluation of ky is measured to
be magnification-dependent. However, the ky—value mea-
sured in the high-magnification is the ‘apparent’ value,
and the value measured in the low-magnification obser-
vation must be important for controlling the strength of
the alloy. This hierarchical structure of the kink-band
boundary plays a significant role in inducing a strong bar-
rier that hinders dislocation motion, which is comparable
to that for a general random grain boundary.

4. Conclusion

It was clarified that a kink-band boundary has the abil-
ity to act as a barrier that hinders the motion of dislo-
cations, which is comparable to general random grain
boundaries. This is due to its peculiar hierarchical struc-
ture, in which many small kink bands with high crystal
rotation angles accumulate in a localized region. The
results demonstrate the importance of the control of the
kink-band formation behavior for effectively inducing
the ‘kink-band strengthening’.
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