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Abstract: 

   The deformation behaviour of single crystals of an Mg85Zn6Y9 alloy with an 

18R-LPSO structure was experimentally and numerically investigated using a 

micro-tensile testing method and a crystal plasticity finite element method, respectively. 

The deformation microstructure was characterised using optical and electron 

microscopy. The experimental results indicated that kink band was formed in the 

specimens depending on the initial crystal orientation relative to the loading direction. 

The kink banding was accompanied with remarkable ductility of over 50% nominal 

strain. The deformation behaviour observed was successfully reproduced in a crystal 

plasticity finite element analysis. The numerical results indicated that the kink band 

was formed by the accumulation of basal slip, which was enhanced by the geometrical 

softening owing to the lattice rotation. The growth of a kink band, which was 

reasonably explained by the changes in Schmid factor for a basal slip system due to 

lattice rotation, suppressed the localised failure at low strain. This resulted in the 

observed extended ductility, even in the LPSO structure with strong plastic anisotropy. 

 

Keywords: mechanical properties; anisotropy; intermetallics; metals and alloys; 
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1. Introduction 

Magnesium (Mg) alloys containing the secondary phase with a long-period 

stacking ordered (LPSO) structure (LPSO-type Mg alloys) have attracted considerable 

attention because of their high strength and reasonable ductility [1]. Figure 1 shows a 
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structural model of 18R-type LPSO phase in Mg-Zn-Y alloy, which has been 

previously proposed [2‒4]. The LPSO structure has close-packed (0001) plane as same 

to an α-Mg with hexagonal closed-packed (HCP) structure. However, period of 

stacking sequence of (0001) planes along c-axis is increased up to 18-fold in 18R-type 

LPSO phase as compared to 2-fold in the α-Mg. The 18R structure has periodic 

chemical modulation of solute atoms, Zn and Y, which are distributed across the four 

close-packed layers. In addition, stacking faults are formed at every six HCP stacking 

layers, locating in the middle of Zn/Y enriched layers. Several studies [5, 6] have 

suggested the significant contribution of the LPSO phase to high strength in 

LPSO-type Mg alloys, which has led to academic interest in the LPSO structure. 

Extensive studies on the deformation behaviour of the LPSO structure have revealed 

the frequent formation of kink bands in plastically deformed alloys [7–18]. Recently, 

Hagihara et al. [19] quantitatively elucidated a close relationship between the high 

strength of the LPSO structure and kink band formation. Therefore, the introduction of 

a large amount of kink bands during the metal forming process can improve the 

mechanical properties of these alloys, which requires a detailed understanding of the 

underlying mechanism for kink band formation. To gain this understanding, numerical 

investigations of compressive kinking have been performed [20–23], which revealed 

the effects of the material properties, initial crystal orientation, and boundary 

conditions on kink band formation. However, kink band formations in an LPSO 

structure under loadings other than compression have not been examined thus far. 

   In addition to the Mg-based LPSO structure, kink bands are frequently observed in 

various solid materials [24–32]. For metallic materials, Orowan published a pioneering 

paper on kink band formation in a Cd crystal [24], where the possibility of kinking 

under both tension and compression in general crystalline materials was mentioned. 

Later, tensile kinking was experimentally observed in various materials including Zn 

[33, 34], Al [35], Cd [36], and Fe [37]. However, the detailed formation process and 

the effective parameters for tensile kinking were not investigated. 

   In recent studies, nanolamellar materials such as pearlitic steel [38] and Cu-Nb [39, 

40] showed kink mode deformation when they were subjected to compressive loading 

in-lamellar-plane direction. Notably, Nizolek et al. [39] concluded that kink band 

formation enhances the deformability of nanocrystalline metals where dislocation 

motion is strongly confined. This insight suggests a possible relationship between kink 



band formation and ductility, even in LPSO structures where the activity of non-basal 

dislocations is limited.  

   In this study, the deformation behaviour of single crystals of an Mg85Zn6Y9 alloy 

with an 18R-LPSO structure was experimentally investigated using a micro-tensile 

testing method developed by Mine et al. [41–43]. The deformation microstructure was 

characterised using optical and electron microscopy, with a focus on the 

crystallographic orientation dependence of the deformation band formation. The 

underlying deformation mechanism relating to kink-mode deformation banding was 

numerically investigated via crystal plasticity finite element analysis. Finally, the 

relationship between the kink band formation and ductility in the LPSO structure was 

discussed according to the experimental and numerical results. 

 

2. Experimental procedure 

The material used in this study was a directionally solidified (DS) Mg85Zn6Y9 

(at.%) alloy produced via the Bridgeman method. Figure 2a shows a back scattered 

electron image of the microstructure of the DS Mg85Zn6Y9 alloy observed in the 

transverse section with respect to the crystal growth direction. The microstructure of 

the alloy consisted of LPSO single-phase plates with an average thickness of ~100 μm. 

Micro-tensile specimens with gauge section dimensions of approximately 20 × 20 × 50 

μm
3
 (Fig. 2b) were fabricated using a focused ion beam (FIB). Single-crystalline 

specimens with different crystal orientations relative to the loading direction (LD) were 

prepared, where the crystal orientation was measured using the electron backscatter 

diffraction (EBSD) technique. Details regarding the specimen preparation are 

described elsewhere [41]. For the prepared samples, the angles between the LD and the 

[0001] direction, which is denoted as ϕ in this study, were 14°, 30°, 45°, 60°, and 70°. 

Here, [0001] direction and an a-axis are laid on LD-TD plane, which leads to 

activation of single variant of basal slip system and the resultant in-plane plastic 

deformation on LD-TD plane. Consequently, the heterogeneous deformation is well 

characterised by surface observation on LD-TD plane. Each specimen is denoted as 

SCXX, where XX indicates the angle ϕ. To examine the effect of the pre-strain on the 

deformation behaviour, we also fabricated specimens using the pre-deformed DS 

crystal with dimensions of 5 × 5 × 10 mm
3
, which was deformed up to a strain of 9% 

by compression along the crystal growth direction. The pre-strained specimens are 



denoted as PSXX, where XX indicates the angle ϕ. 

Micro-tensile tests were performed under ambient laboratory conditions at a 

nominal strain rate of 2.0 × 10
–3

 s
–1

. Figure 2c shows a schematic illustration of 

micro-tensile testing machine. Using glue, both ends of the specimen, which were 

more than 0.5 mm away from the gauge section, were attached to the specimen holder 

and the jig connected to the load cell (Fig. 2d). A piezoelectric actuator with a position 

accuracy of 10 nm was used for displacement control. The load was measured using a 

load cell with a capacity of 2 N or 200 mN. The strain was continuously measured via 

optical microscope imaging of the gauge section of the specimen during each tensile 

test. Some specimens having a hole at the one end were loaded using a 200 μm 

diameter pin, as shown in Fig. 2e. The specimens were unloaded immediately after the 

onset of yielding to fabricate a foil sample for transmission electron microscopy 

(TEM) using FIB. The TEM observations were performed with a JEOL 

JEM-2100PLUS transmission electron microscope operated at an accelerating voltage 

of 200 kV. 

 

3. Experimental results 

3.1 Deformation behaviour of as-solidified single crystals 

Figure 3 shows the stress–strain curves of tensile loading tests for the specimens 

SC14 and SC60. The stress–strain curve for SC14—indicated by open 

symbols—exhibited well-defined yielding at a peak stress of σ ≈ 165 MPa, which was 

followed by a steep decrease in the flow stress. After several steep increases and 

decreases in the flow stress, the stress gradually increased to σ ≈ 100 MPa at ε ≈ 56%, 

followed by a steep decrease in the stress until the final failure at ε ≈ 70%. On the other 

hand, the stress–strain response for the SC60 specimen—indicated by solid 

symbols—showed a steep decrease in the stress after the peak stress σ ≈ 55 MPa at ε ≈ 

1%; the flow–stress level immediately before unloading was ~30 MPa. Because of the 

abrupt change in the force and displacement, no data were recorded from yielding to 

the point just before unloading. The stress-strain curves for SC30 and SC70 specimens 

are also shown in Supplementary Note. 

3.2 Evaluation of deformation bands in deformed single-crystalline specimens 

   The deformation microstructures of the SC14 and SC60 specimens were examined 

using optical and electron microscopy. The observations indicated significantly 



different types of deformation bands depending on the angle ϕ: a kink band for the 

SC14 specimen and a slip band for the SC60 specimen, which were characterised as 

follows: 

(i) Kink band in deformed SC14 specimen 

Figure 4a shows an optical micrograph of the SC14 specimen at ε = 6.4%, 

immediately after the steep decrease in the flow stress, where a deformation band was 

formed, as indicated by the white solid lines. A schematic illustration of this 

deformation band is shown in Fig. 4b; the angle between the LD and the interface of 

the band region, which is coloured by dark grey, was ~33°. This angle suggests that the 

deformation band in the deformed SC14 is a kink band formed by the localisation of 

deformation whose slip direction is nearly perpendicular to the interface of the band 

region, as previously reported [44, 45]. Subsequently, several kink bands were formed 

in the vicinity of the first kink band during steep decrease in the flow stress 

(Supplementary Video). The optical micrographs of the SC14 specimen at ε = 17% and 

57% in Figs. 4c and d indicate that the kink band grew into the outer region of the 

specimen. As shown in Supplementary Note, the deformed SC30 specimen also shows 

kink banding. 

Figure 4e displays the TEM bright-field (BF) image obtained from the deformed 

SC14 specimen after failure, together with selected-area electron diffraction (SAED) 

patterns taken with the electron beam (EB) direction parallel to [1100 ] at the matrix 

(Fig. 4f) and the deformation band (Fig. 4g). These diffraction patterns indicate that the 

orientation relationship between the points “F” and “G” in Fig. 4e was a rotation of 

40°‒45° about [1100 ]. That is, the angle between the normal directions of the basal 

plane for these points was 40°‒45°. The TEM observation also indicates several kink 

regions including rotational kink regions [13], where the basal plane is gradually bent. 

 

(ii) Slip band in deformed SC60 specimen 

Figure 5a shows a scanning electron microscopy (SEM) image of the SC60 

specimen at ε = 14%. The strain was localised in the shape of a band whose interfaces 

are nearly parallel to the basal plane, as schematically shown in Fig. 5b. This suggests 

that the deformation band corresponds to a slip band [44, 45]. The SEM image after 

failure for the SC70 specimen in Supplementary Note also indicates a formation of slip 

band parallel to the basal plane. 



Figure 5c shows a TEM BF image together with SAED patterns taken with the EB 

direction parallel to [0001] for the band in the SC60 specimen. The TEM BF image 

revealed the formation of a basal dislocation network on the (0001) plane within the 

slip band. Sharp et al. reported that the basal dislocation network is constructed by 

interaction between basal slip systems with two or more distinct 1120  Burgers 

vectors in pure Mg deformed at a low temperature [46]. These findings suggest that 

basal slips with different 1120  Burgers vectors were activated during basal slip 

banding, whereas a single slip of the basal slip system was expected according to the 

initial crystal orientation, as shown in the inverse pole figure of Fig. 3. 

 

3.3 Influence of pre-strain on deformation behaviour 

The influence of the pre-strain on the deformation behaviour was examined. In Fig. 

6, comparisons between the as-solidified and pre-strained specimens are shown. The 

pre-strained specimens were compressed with a strain of 9% along the solidification 

direction, as explained in Section 2. 

The stress–strain behaviour of the PS14 specimen denoted by solid symbols in Fig. 

6a is qualitatively similar to that of SC14, as shown in Fig. 3. That is, the stress–strain 

curves exhibited steep increases and decreases in the flow stress after well-defined 

yielding, which was followed by a gradual increase in the flow stress up to failure. In 

the deformed PS14 specimen, a kink-type deformation band, which was similar to the 

kink band for SC14 in Fig. 4, was formed. However, the stress levels of yielding and 

the subsequent flow stress were clearly lower for PS14 than for SC14. 

The stress–strain response for the SC45 specimen denoted by open symbols in Fig. 

6b showed a steep decrease in stress after the peak stress σ ≈ 60 MPa, followed by a 

gradual decrease in the flow stress. In contrast, the stress–strain curve of the PS45 

specimen, which is denoted by solid symbols in Fig. 6b, exhibited a continuous 

elastic–plastic transition. It does not show clear yielding and a steep decrease in the 

flow stress. The non-linear deformation was started at ~30 MPa, which is significantly 

lower than the peak stress of ~60 MPa in the SC45 specimen. 

In the SC45 specimen at ε = 2.4% in Fig. 6c, a deformation band parallel to the 

basal plane, which corresponds to a slip band, was formed; there were no other 

noticeable slip traces. There was a crack at the slip band boundary, as indicated by an 

arrow in Fig. 6c, which could lead to premature fracture. The deformed PS45 specimen 



at ε = 7.2% in Fig. 6d showed a thicker slip band, which probably contributed to 

continuous plastic flow at a nearly constant stress level in Fig. 6b. Comparison 

between the deformation behaviour of SC45 and PS45 suggests that pre-strain 

effectively eliminated pronounced yielding with a steep decrease in the flow stress. 

These results agree with the micro-compression study of the pre-strained Mo alloy 

conducted by Bei et al. [47]. They indicated that the increase of the initial dislocation 

density is responsible for the decreasing flow stress of the pre-strained microcrystals, 

which is contrary to bulk-crystal behaviour. 

 

3.4 Estimated critical resolved shear stress (CRSS) for basal slip system 

Table 1 shows previously reported CRSS values for a basal slip system [7, 16, 41, 

48‒50], as well as the values obtained in this study. The present CRSSs for basal slip 

system were estimated by using the peak stress just before steep decrease in stress 

except for the P45 specimen where gradual elastic-plastic transition was observed. For 

the P45 specimen, therefore, 0.2% offset stress was used for the estimation of the 

CRSS. The values were significantly varied in the range of 10‒30 MPa depending on 

the reports. The values obtained in this study for SC45, SC60, and SC70 were 25–30 

MPa. These are comparable to the CRSS of 27‒30 MPa at a formation of the basal slip 

band accompanied by a steep load decrease, which was measured via a micro-bending 

test of an 18R-type LPSO-phase single crystal [49]. On the other hand, the CRSS 

obtained for the pre-strained PS45 specimen, which was determined to be 15 MPa, 

corresponds to a resolved shear stress (RSS) of 12‒19 MPa for a lower yield point after 

the slip banding in the specimens without pre-strain. These values are close to the 

CRSS (9.4 MPa) reported for the basal slip obtained from a [ 71141 ] loaded 

single-crystalline specimen [41], which exhibited continuous plastic flow without 

distinct yielding phenomena, similar to the stress–strain response of the PS45 

specimen. 

In Fig. 7, the RSS values for the basal slip system are plotted with respect to the 

angle between the loading axis and the [0001] direction, ϕ. For the SC14 and SC45 

specimens, the tensile tests were performed twice, and the CRSS values obtained from 

the repeated tests are very close as shown in Fig. 7. The small variations for each 

specimen indicate a reasonable repeatability of the present tensile test. The 

LPSO-phase single crystal subjected to tensile loading shows basal plane orientation 



dependence of the CRSS value, which tends to increase gradually with the decrease of 

ϕ, regardless of the existence of the pre-strain. Several studies reported that the CRSS 

value for basal slip in HCP metals decreases with the increase of the stress component 

normal to the basal plane in Zn single crystals, according to a biaxial loading test [51] 

and an atomistic simulation study of Mg [52, 53]. In Fig. 7, a smaller ϕ yields a higher 

stress normal to the slip plane. Therefore, the present experimental results showed that 

the LPSO-phase single crystals exhibited the opposite trend to the literature, where a 

higher normal stress led to a higher CRSS. 

 

4. Discussion 

In the previous sections, single crystals of an Mg85Zn6Y9 alloy with the 18R-LPSO 

phase under tensile loading exhibited non-uniform deformation accompanied by slip or 

kink band formation depending on the crystal orientation relative to the LD. Among 

them, SC14 exhibited pronounced ductility, where kink bands were formed and grown, 

as shown in Fig. 4. To examine the underlying mechanism of the deformation 

behaviour and the kink banding, crystal plasticity finite element analysis was 

performed. 

4.1 Numerical procedures 

4.1.1 Crystal plasticity finite element method 

In this study, we used a finite element method with a rate-dependent crystal 

plasticity constitutive model, which was proposed by Peirce et al. [54]. In the 

constitutive model, the shear strain rate 
  of the slip system α was calculated as 

follows: 
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where 
  , m, and 0  are the RSS for slip system α, the strain rate sensitivity 

exponent, and the reference shear strain rate, respectively. For the present calculation, 

m = 0.02 and 0 = 0.001 were employed. The following Voce-type hardening law for 
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In Eq. (2), Γ
(α)

 is the accumulated slip for slip system α. Only the basal slip system was 

considered as a possible slip system in the LPSO structure, because the dominant 

activity of the basal slip system at room temperature was previously reported [7, 55]. 

The specific values of the material parameters in Eq. (2) are shown in Table 2, which 

were identified via fitting to the experimental stress–strain curve of SC14 in Fig. 3a. 

Eventually, the hardening law with the parameters in Table 2 describes near-linear 

hardening, which is frequently assumed for basal slip system in Mg and Mg alloys. 

The anisotropic elastic constants for 18R-LPSO reported by Tane et al. [56] were used. 

4.1.2 Analysis model and boundary conditions 

   Figure 8 shows a schematic diagram of the geometry and boundary conditions for 

the present analysis, which are based on the experimental specimen and the loading 

condition in the present micro-tensile tests. The model was divided into 6,400 finite 

elements with a 20-node solid element, as shown in Fig. 8; the bottom surface was 

fixed in the LD, while tensile loading was applied on the top surface in the LD with 

displacement control. For the tensile loading, the displacement perpendicular to the LD 

was not fixed. The initial crystal orientations were given by the Euler angles, which 

were obtained via EBSD analysis for SC14. 

 

4.2 Kink band formation and growth mechanism under tensile loading 

4.2.1 Numerically reproduced deformation behaviour 

The open symbols in Fig. 9 show the calculated stress–strain curves of the SC14 

model; the experimental stress–strain curve in the figure is indicated by a solid line for 

comparison. The calculated result shows a sudden decrease in the flow stress at ε = 

~4.2% after a plateau stress region, which is followed by a gradual decrease in the flow 

stress. The overall flow-stress level is very close to the experimental result, whereas a 

detailed comparison of the stress–strain curves between the experiment and calculation 

is difficult especially in the early stage of deformation because of the lack of 

experimental data points. 

In Fig. 9, calculated distributions of the accumulated basal slip at ε = 3.0, 6.0, 10 

and 50% are indicated. From ε = 3.0% to 6.0%, the basal slip is locally accumulated 

near the middle of the specimen. At ε = 6.0%, a slip-localised region with a band-like 

shape is formed where the interface between the slip-localised region and the 

surrounding region is nearly perpendicular to basal plane. Subsequently, from ε = 10% 



to 50%, the slip-localised region is expanded to the surrounding region. This 

development of accumulation of the basal slip is qualitatively similar to the 

experimental observation shown in Figs. 4a–d. 

As shown above, both stress–strain behaviour and localised deformation of the 

SC14 are well reproduced by the present crystal plasticity analysis. Therefore, in what 

follows, the underlying deformation mechanism of the nonuniform deformation is 

discussed on the basis of the present numerically reproduced results. 

4.2.2 Kink band formation mechanism 

The slip localisation at the early stage of deformation is discussed. In Fig. 10a, the 

solid symbols show a calculated development of ϕ in the middle of the specimen. In 

Fig. 10a, the stress–strain curve is also indicated by a grey broken line. After gradually 

decreasing up to ε = ~4.3%, ϕ steeply increases from ε = ~4.3% where the flow stress 

shows a sudden decrease. Figures 10b and c show distributions of ϕ before (ε = 3.0%) 

and after (ε = 6.0%) the sudden stress decrease, respectively. At ε = 6.0%, a band-like 

region with significant intragranular misorientations is developed in the middle of the 

specimen. This band-like region in Fig. 10c is similar to that of the slip-localised 

region in Fig. 9, which suggests that the significant intragranular misorientation was 

developed by lattice rotation owing to the accumulation of the basal slip. The open 

symbols in Fig. 10d show a calculated development of the Schmid factor for the basal 

slip in the middle of the specimen, where the stress–strain curve is also indicated by a 

grey broken line. The Schmid factor steeply increases from ε = ~4.3%, similar to ϕ in 

Fig. 10a. This steep increase in the Schmid factor leads to a sudden decrease in the 

nominal stress because the increase in the Schmid factor decreases the resolved shear 

stress for the slip system. This mechanism of softening is referred to as “geometrical 

softening.” 

The morphological features—basal slip accumulation in the form of a band-like 

shape whose interfaces are nearly perpendicular to the active slip plane and a 

significant development of intragranular misorientation within the band-like 

region—correspond to the typical features of the kink–mode deformation band [44, 45]. 

The steep decrease in the stress caused by geometrical softening is similar to the 

compressive loading behaviour with kink band formation discussed in previous studies 

[22, 23]. Therefore, we conclude that slip localisation and significant lattice rotation 

during tensile deformation of SC14 correspond to kink band formation, where 



geometrical softening promotes the development. Notably, the initial crystal 

orientation preferable for kink band formation is different between tension and 

compression. In tension, ϕ should be smaller for a pronounced geometrical softening, 

whereas it should be larger in compression, as discussed in a previous report [22]. 

4.2.3 Growth mechanism of the kink band 

The distributions of the accumulated basal slip in Fig. 9 exhibit a significant 

expansion of the strain–localised region from ε = 10% to 50%, which qualitatively 

corresponds to the experimental observation in Figs. 4c and d. In this section, the 

mechanism underlying the growth of the kink band during tensile loading is discussed. 

Figures 11a, b, and c show the calculated distributions of ϕ at ε = 10%, 20%, and 

50%, respectively. Figures 11d, e, and f show the line profiles of ϕ from the point “0” 

to the point “1” on the specimen, as shown in Figs. 11a, b, and c, respectively. Whereas 

the maximum angle ϕ gradually increases, it does not exceed 65° even at ε = 50%. This 

means that the activity of the basal slip system is suppressed when the angle reaches 

~65° because the change in ϕ is primarily due to the lattice rotation by the activity of 

the basal slip system. Importantly, as shown in Figs. 11d, e, and f, the region where ϕ 

increases shifts to the outer region of the specimen, which corresponds to the growth of 

the kink band. 

The distributions of the Schmid factor for the basal slip system at ε = 10%, 20%, 

and 50% are shown in Figs. 12a, b, and c, respectively. Figures 12d, e, and f show the 

line profiles of the Schmid factor along the point “0” to the point “1” on the specimen, 

as shown in Figs. 12a, b, and c. Whereas the region near the middle of the specimen 

shows a maximum Schmid factor of 0.5 at ε = 10%, the outer regions have the 

maximum Schmid factor 0.5 at ε = 20% and 50%. Notably, in the middle of the 

specimen, the Schmid factor decreases from ε = 10% to 50%, which is due to the 

lattice rotation up to larger angles more than 45°, as shown in Fig. 11. Consequently, 

the activity of the basal slip system near the middle of the specimen decreases, which 

results in the expansion of the slip localised region into the outer region, as shown in 

Fig. 9. In other words, the growth of the kink band is caused by the change in the 

Schmid factor by lattice rotation. 

The process of kink band growth would suppress early localised failure because the 

strain localised region propagates to the neighbouring region. As a result, an extended 

ductility over 50% was achieved during deformation accompanied by kink band 



formation even in the LPSO structure with a strong plastic anisotropy. In other words, 

the strong plastic anisotropy and kink-mode strain localisation does not necessarily 

lead to a brittle failure. However, in bulk polycrystals, localised formation of kink 

bands induces frequent initiation of microcracks at grain boundaries [16], which is 

probably due to plastic incompatibility near the grain boundaries [57]. Therefore, in 

order to accommodate heterogeneous deformation owing to the plastic incompatibility, 

α-Mg phase with relatively less anisotropic plasticity is crucially important to achieve 

reasonable ductility of bulk two phase LPSO-type Mg alloys such as Mg97Zn1Y2 

consisted of LPSO phase and α-Mg phase [9]. In future works, interactions of slip 

activities at phase interfaces between LPSO phase and α-Mg phase should be 

investigated to gain understandings of microscopic mechanism of ductility in high 

strength LPSO-type Mg alloys. 

 

5. Conclusions 

The deformation behaviour in a single–crystal LPSO structure under tensile 

loading was investigated via micro-tensile tests and crystal plasticity finite element 

analysis. Depending on the loading direction relative to the crystal orientations, a kink 

or slip band was formed in the deformed single crystals, which was successfully 

reproduced by the numerical calculation. According to microstructural observations 

and the calculated activity of the deformation modes, the mechanism underlying the 

formation of the deformation band was discussed. Consequently, the following 

conclusions were drawn. 

(1) Micro-tensile tests indicated that a kink band was formed in specimens for which 

the angle between the [0001] direction and the loading direction was 14° and 30°. 

In contrast, in specimens for which the angle was 45°, 60°, and 70° deformation 

was accompanied by the formation of a slip band. 

(2) The as-solidified and pre-strained specimens that showed the formation of a slip 

band exhibited significantly different deformation behaviour. The as-solidified 

specimen exhibited well-defined yielding and subsequent steep softening whereas 

the pre-strained specimen showed a continuous elastic–plastic transition. In 

contrast, the as-solidified and pre-strained specimens that showed the formation of 

a kink band exhibited qualitatively similar stress–strain behaviour. 

(3) The crystal plasticity finite element analysis, where only the basal slip system was 



implemented as a possible deformation mode, successfully reproduced the kink 

band formation and the subsequent growth during tensile loading of the 

single–crystal LPSO structure. 

(4) The kink band was formed by the accumulation of basal slip, which is enhanced 

by geometrical softening owing to the lattice rotation. Subsequently, the activity of 

the basal slip system was suppressed owing to further lattice rotation because the 

Schmid factor for the basal slip system decreased. Consequently, the kink band 

grew into the outer region of the specimen, where the Schmid factor was the 

highest. 
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Figure captions 

Figure 1  Schematic illustration of a 18R-type LPSO structure in Mg-Zn-Y alloy. 



Figure 2  (a) SEM back scattered electron image of the microstructure of the 

Mg
85

Zn
6
Y

9
 alloy. (b) Geometry of micrometer-sized tensile specimen. (c) 

Schematic illustration of micro-tensile testing machine. The thin specimens 

were held by (d) gluing both ends or (e) pin with diameter of 200 μm. 

Figure 3  Stress‒strain curves for the SC14 and SC60 specimens. The tensile test of 

SC60 specimen was interrupted just after yielding and unloaded to stress of 

zero. 

Figure 4  (a) Optical micrograph of sample surface of SC14 specimen at ε = 6.4% and 

(b) the corresponding schematic illustration of the kink band. (c) and (d) 

optical micrographs of SC14 at ε =17% and ε = 57%, respectively. (e) BF 

TEM image of the deformed microstructure of the SC14 specimen after 

failure (beam axis ~ [11 00]), and (f, g) SAED pattern in matrix and kink 

deformation band, respectively. 

Figure 5  (a) SEM image of the SC60 specimen interrupted just after formation of slip 

band at ε = 14% and (b) corresponding schematic illustration of slip band. 

(c) BF TEM image of the dislocation structure within the slip band of SC60 

specimen (beam axis ~ [0001]). 

Figure 6  Stress‒strain curves for the (a) SC14 and pre-strained PS14, and (b) SC45 

and pre-strained PS45 specimens. Optical micrographs showing the sample 

surface of (c) SC45 at ε = 5.2% and (d) PS45 specimens at ε = 7.2%, 

respectively. 

Figure 7  Relationship between resolved shear stress for basal slip system at yielding 

and the angle ϕ which is defined as the initial angle between loading axis 

and [0001] direction. 

Figure 8  Finite element mesh and boundary conditions used in the present analysis. 

Figure 9  Experimental and calculated stress-strain curves with calculated distributions 

of accumulated basal slip at ε = 3.0%, 6.0%, 10.0% and 50.0%. 

Figure 10 (a) Calculated change in the angle ϕ between loading axis and [0001] 

direction at a middle position in the analysis model. Calculated distributions 

of angle ϕ at (b) ε = 3.0% and (c) ε = 6.0%. (d) Calculated change in the 



Schmid factor for basal slip system at a middle position in the analysis 

model. 

Figure 11 Calculated distributions of angle ϕ at (a) ε = 10%, (b) ε = 20%, and (c) ε = 

50%. Line profiles of angle ϕ from point “0” to point “1” on the model 

surface at (d) ε = 10%, (e) ε = 20%, and (f) ε = 50%. 

Figure 12 Calculated distributions of the Schmid factor for basal slip system at (a) ε = 

10%, (b) ε = 20%, and (c) ε = 50%. Line profiles of the Schmid factor for 

basal slip system from point “0” to point “1” on the model surface at (d) ε = 

10%, (e) ε = 20%, and (f) ε = 50%. 



Graphical Abstract (for review)



Highlights: 

1. Ductility of LPSO single crystals strongly depends on loading direction. 

2. Remarkable ductility of LPSO crystals was achieved where a kink band was 

formed. 

3. Numerical analysis reproduced deformation behavior of a LPSO single crystal. 

4. Changes in Schmid factor by lattice rotation lead to the remarkable ductility. 

*Highlights (for review)



Table 1 Critical resolved shear stress for basal slip of 18R-type LPSO phase. 

Material Method Specimen size CRSS for basal slip References 
 
Polycrystal Compression 2 × 2 × 5 mm

3
 10–30 MPa [7, 16] 

 

Single crystal Compression 7 × 7 μm
2
 12–13 MPa [48] 

    (Aspect ratio of height: 2–4) 
 

Single crystal Compression Φ3.5‒3.8 µm 23 MPa [50] 

    (Aspect ratio of height: 2–2.3) 
 
Single crystal Bending 50 × 10 × 20 μm

3
 27–30 MPa [49] 

 

Single crystal Tension 50 × 20 × 20 μm
3
 9.4 MPa [41] 

 

Single crystal Tension 50 × 20 × 20 μm
3
 25-29 MPa (Upper yield) This study 

    12-19 MPa (Lower yield) This study 
 
Pre-strained Tension 50 × 20 × 20 μm

3
 15 MPa This study 

single crystal 

 

 

 

Table 2 Material parameters for basal slip system (unit in MPa). 

τ0  τ1  θ0  θ1 

35  0.0001  10  30 
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