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a b s t r a c t 

The room-temperature deformation behavior of single crystals of transition-metal (TM) disilicides with 

the tetragonal C11 b (TM = Mo) and hexagonal C40 (TM = V, Cr, Nb and Ta) structures has been investigated 

by micropillar compression as a function of specimen size, paying special attention to the deformation 

behavior of the equivalent slip ({110} < 1 11 > and (0 0 01) < 2 1 1 0 > , respectively for the two structures). In 

contrast to bulk single crystals, in which high temperature at least exceeding 400 °C is usually needed 

for the operation of the equivalent slip, plastic flow is observed by the operation of the equivalent slip 

at room temperature for all these TM disilicides in the micropillar form. The critical resolved shear stress 

(CRSS) value exhibits the ‘smaller is stronger’ behavior following an inverse power-law relationship for 

all these TM disilicides. The bulk CRSS values at room temperature estimated from the specimen size 

dependence are 620 ± 40, 240 ± 20, 1,440 ± 10, 640 ± 20 and 1,300 ± 30 MPa for MoSi 2 , VSi 2 , CrSi 2 , 

NbSi 2 and TaSi 2 , respectively. Transmission electron microscopy reveals that the equivalent slip at room 

temperature occurs by a conventional shear mechanism for all TM disilicides, indicating the change in 

deformation mechanism from synchroshear in bulk to conventional shear in micropillars occurs in CrSi 2 
with decreasing temperature. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Transition-metal (TM) disilicides with the tetragonal C11 b and 

exagonal C40 structures have been considered as candidate ma- 

erials for ultra-high temperature structural applications because 

f their excellent properties such as high melting points around 

0 0 0 °C, high strength, good oxidation resistance at high tempera- 

ures and relatively low densities [1–5] . However, extensive studies 

ade during the past three decades have revealed that low duc- 

ility and fracture toughness at ambient temperatures can be se- 

ious drawbacks for their practical applications [1–5] . Mo and W 

re known to form TM disilicides with the tetragonal C11 b struc- 

ure, while V, Cr, Nb and Ta form TM disilicides with the hexag- 

nal C40 structure. Although these two structures look quite dif- 

erently at a first glance ( Fig. 1 a and b), these structures can be

enerated by changing the stacking sequence of the hexagonally- 
∗ Corresponding author at: Department of Materials Science and Engineering, Ky- 

to University, Sakyo-ku, Kyoto 606-8501, Japan. 

E-mail address: kishida.kyosuke.6w@kyoto-u.ac.jp (K. Kishida). 

s

t

f

ttps://doi.org/10.1016/j.actamat.2021.117468 

359-6454/© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
rranged TMSi 2 stoichiometric atomic plane ( Fig. 1 c). The TMSi 2 
toichiometric atomic plane corresponds to (110) in the tetragonal 

11 b structure and (0 0 01) in the hexagonal C40 structure ( Fig. 1 a

nd b). The atomic arrangement on (110) in the tetragonal C11 b 
tructure can be regarded as regular hexagonal as in (0 0 01) in the 

exagonal C40 structure, if the c / a axial ratio of the C11 b structure 

s idealistically 6 1/2 . Indeed, the c / a axial ratio (2.452) of MoSi 2 is

ery close to the ideal value of 6 1/2 . There are four equivalent po- 

itions, A–D ( Fig. 1 c) for stacking hexagonally-arranged TMSi 2 sto- 

chiometric atomic planes if transition metals occupy saddle posi- 

ions directly above Si-Si bonds in their stacking [2] . The C11 b and 

40 structures are generated based on the AB and ABC 

1 stacking 

f these TMSi 2 stoichiometric atomic planes, respectively [2] . Then, 

 1 11 > directions on {110} of the C11 b structure are parallel to the 

 2 1 1 0 〉 directions on (0 0 01) in the C40 structure ( Fig. 1 c). This in-
1 The CBA stacking is also possible for the hexagonal C40 structure [6] , so that the 

tructure belongs to two enantiomorphic space groups of P 6 2 22 and P 6 4 22 [7–9] . In 

he present paper, only the C40 structure based on the ABC stacking is considered 

or the simplicity. 
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Fig. 1. (a) Tetragonal C11 b and (b) hexagonal C40 crystal structures. (c) Atomic arrangement on the hexagonally-arranged TMSi 2 stoichiometric atomic plane corresponding to 

(110) in the tetragonal C11 b structure and (0 0 01) in the hexagonal C40 structure. Four equivalent positions, A–D for stacking the hexagonally-arranged TMSi 2 stoichiometric 

atomic planes are also indicated. 
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icates that slip on {110} < 1 11 > in the C11 b structure is equivalent

o slip on (0 0 01) 〈 2 1 1 0 〉 in the C40 structure. 

Deformation experiments so far made on bulk single crystals of 

hese C11 b and C40 TM disilicides have indicated that these equiv- 

lent slip systems ({110} < 1 11 > and (0 0 01) < 2 1 1 0 > ) indeed oper-

te in all these C11 b and C40 TM disilicides [10–20] , although some 

igh temperatures are generally needed for the equivalent slip sys- 

ems to start to operate. In MoSi 2 with C11 b structure, the onset 

emperature for plastic flow by the operation of the {110} < 1 11 > 

quivalent slip is 500 °C, while room-temperature plastic flow is 

ossible even at room temperature when other slip systems such 

s {01 1 } < 331 > and {011} < 100 > are operative [13] . On the other

and, while the (0 0 01) 〈 2 1 1 0 〉 equivalent slip is the only operative

lip system in all C40 TM disilicides, the onset temperatures for 

lastic flow by the operation of the equivalent slip are 40 0, 80 0, 

0 0 and 60 0 °C, respectively for VSi 2 , CrSi 2 , NbSi 2 and TaSi 2 (Fig.

1a) [ 16–18 , 20 ]. High-resolution transmission electron microscopy 

HRTEM) of the core structure for dislocations of the equivalent 

lip systems has confirmed that the equivalent slip in MoSi 2 , VSi 2 , 

bSi 2 and TaSi 2 occurs in a conventional manner with two-coupled 

dentical collinear partial dislocations, while that in CrSi 2 as well 

s isostructural Mo(Si,Al) 2 occurs in a special manner called syn- 

hroshear mechanism (Fig. S2; the detailed description for the two 

eformation mechanisms will be made in the Section 3.2 ) [16–20] . 

f interest to note is that the difference in deformation mecha- 

ism (either conventional shear or synchroshear) is reflected in the 

ifference in the onset temperature for plastic flow so that these 

ve different TM disilicides are classified into two groups [20] . The 

ow-temperature group, which consists of MoSi 2 , VSi 2 , NbSi 2 and 

aSi 2 , exhibits the onset temperature for plastic flow around 0.3 

 m 

(T m 

: melting temperature) and they deform by a conventional 

hear mechanism. On the other hand, the high temperature group, 

hich consists of CrSi and Mo(Si,Al) , exhibits the onset temper- 
2 2 

2 
ture around 0.6 T m 

and they deform by a synchroshear mecha- 

ism (Fig. S1b) [ 16 , 19 , 20 ]. In any sense, these high onset temper-

tures for plastic flow are one reason for low ductility and frac- 

ure toughness of these TM disilicides at ambient temperatures. It 

s thus very interesting to investigate the room-temperature de- 

ormation behaviors and dislocation activities of these TM disili- 

ides, in order to find out ways to improve the poor ambient- 

emperature mechanical properties. Recently, micropillar compres- 

ion tests have been increasingly recognized to be very useful for 

tudying the deformation behavior of brittle materials such as Si, 

aAs at temperatures far below their ductile to brittle transition 

emperatures for their bulk specimens [21–26] . We have systemat- 

cally and successfully applied the micropillar compression method 

o various hard and brittle materials including TM silicides [27–30] , 

M borides [31] , Fe-Zn intermetallics [32–35] FeCr sigma phase 

ompound [36] , Ti 3 SiC 2 MAX phase compound [37] , SiC [38] and so

n to explore their room-temperature deformation behaviors with- 

ut bothering specimen surface oxidation and dislocation climb, 

oth of which usually occur at high temperatures making slip sys- 

em identification difficult for bulk crystals. 

In the present study, we investigate the plastic deformation be- 

avior of single crystals of C11 b −MoSi 2 and C40-TMSi 2 (TM = V, Cr, 

b and Ta) at room temperature by micropillar compression as a 

unction of specimen size ranging from 1 to 10 μm with the use 

f micropillar specimens favorably oriented for the operation of 

he equivalent slip system, in order to identify the actually oper- 

tive slip systems and their critical resolved shear stresses (CRSS) 

t room temperature. Special attention is paid to deduce the defor- 

ation mechanism (either conventional shear or synchroshear) of 

he operative slip system by atomic-resolution scanning transmis- 

ion electron microscopy, to see if any change occurs from that ob- 

erved in the corresponding bulk single crystals deformed at high 

emperatures. 
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Table 1 

The highest Schmid factor values for {110} < 1 11 > slip for C11 b −MoSi 2 
and (0 0 01) < 2 1 1 0 > slip for C40-VSi 2 , CrSi 2 , NbSi 2 and TaSi 2 with the 

loading-axis orientations employed in the present study. 

MoSi 2 VSi 2 CrSi 2 NbSi 2 TaSi 2 

Loading axis [071] [2 1 1 2] 

Slip system {110} < 1 11 > (0001) < 2 1 1 0 > 

Schmid factor 0.414 0.499 0.500 0.497 0.498 
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. Experimental procedure 

Rod ingots of stoichiometric TMSi 2 (TM = Mo, V, Cr, Nb and 

a) were prepared by Ar arc-melting of high-purity elements. Sin- 

le crystal rods of these TMSi 2 were grown by directional solid- 

fication using an optical floating-zone furnace at a growth rate 

f 10 mm/h under Ar gas flow. Crystal orientations of the sin- 

le crystal rods were determined by the X-ray Laue back-reflection 

ethod. Oriented specimens were cut from the as-grown single 

rystal rods and their surfaces were mechanically polished and 

nished with diamond paste to mirror finish. Micropillar speci- 

ens with a square cross section having an edge length L rang- 

ng from 1 to 10 μm and an aspect ratio of 1:2–1:3 were cut 

rom the oriented specimens by the focused ion beam (FIB) tech- 

ique. The compression-axis orientation investigated for MoSi 2 
ith the C11 b structure was [071], while it was [2 1 1 2], which is 

bout 45 ° away from the c-axis, for TMSi 2 (TM = V, Cr, Nb and

a) with the C40 structure. The largest Schmid factors for the 

quivalent slip systems ({110} < 1 11 > and (0 0 01)[2 1 1 0] slip, respec-

ively for the C11 b and C40 structures) are listed in Table 1 for 

ach of TMSi 2 . Micropillar compression tests were made with an 

gilent Technologies Nano Indenter G200 nanomechanical tester 

quipped with a flat-punch diamond tip at room temperature un- 

er the displacement-rate-controlled mode at a nominal strain rate 

f 6 × 10 –4 s -1 . Microstructures of micropillar specimens before 

nd after compression tests were examined by scanning electron 

icroscopy (SEM) with a JEOL JSM-7001FA electron microscope in 

rder to measure dimensions and analyze slip traces, respectively. 

nitial specimen height H was obtained from its projected length 

 ’ measured in an SEM image taken along the direction inclined 

y 30 ° from the loading axis toward a side surface using the equa- 

ion H = H’/sin30 ° with a measurement error of about 5%, which 

esults in an error in strain evaluation of approximately 5%. De- 

ormation microstructures developed in the deformed micropillars 

ere also investigated by transmission electron microscopy (TEM) 

nd scanning transmission electron microscopy (STEM) with JEOL 

EM-20 0 0FX, JEOL JEM-210 0F and JEM-ARM20 0F electron micro- 

copes operated at 200 kV. Specimens for TEM/STEM observations 

ere prepared by the FIB-SEM in-situ lift-out technique using a FEI 

uanta 3D 200i Dual-Beam system equipped with an Omniprobe 

anomanipulator. 

. Results 

.1. Stress-strain behavior and slip trace observation 

Typical stress-strain curves obtained for micropillar specimens 

ith various specimen sizes are shown in Fig. 2 (a–e), respectively 

or MoSi 2 , VSi 2 , CrSi 2 , NbSi 2 and TaSi 2 . All compression tests were

nterrupted before failure occurs for the ease of slip trace obser- 

ations. Surprisingly, all TM disilicides exhibit plastic flow even at 

oom temperature in the micropillar form, in contrast to the high 

nset temperature for plastic flow in the bulk form [ 13 , 16–18 , 20 ].

rrows in Fig. 2 (a–e) indicate yield points estimated either from 

he elastic limit or from the stress at which the first strain bust 

ccurs. The yield stress thus estimated shows a tendency to in- 
3 
rease with the decrease in the specimen size (edge length L ) for 

ll TM disilicides. For MoSi 2 , all stress-strain curves exhibit a rela- 

ively smooth transition from elastic to plastic flow followed by a 

lastic flow region with a gradual decrease in work-hardening rate, 

nd all the specimens plastically deform at least to more than 2% 

lastic strain without failure. In contrast, all micropillar specimens 

f C40 TM disilicides deform plastically at least more than 4% plas- 

ic strain without failure at room temperature regardless of spec- 

men size. Load drops are repeatedly observed in the plastic flow 

egion, indicative of discrete strain bursts, for NbSi 2 ( Fig. 2 d) and 

aSi 2 ( Fig. 2 e), while a relatively smooth transition from elastic to 

lastic flow is observed for VSi 2 ( Fig. 2 b) and CrSi 2 ( Fig. 2 c), simi-

arly to MoSi 2 ( Fig. 2 a). 

Fig. 3 (a–e) show typical SEM secondary electron images of mi- 

ropillar specimens, respectively of MoSi 2 , VSi 2 , CrSi 2 , NbSi 2 and 

aSi 2 after compression tests. All observations were made above 

he specimen along the direction inclined by 30 ° from the load- 

ng axis. For MoSi 2 ( Fig 3 a), relatively localized slip traces par- 

llel to two equivalent {110} slip planes are clearly observed on 

oth orthogonal side surfaces parallel to (01 7 ) and ( 1 00), indicat- 

ng that the slip directions are not contained on either of the side 

urfaces. Although two different slip directions, 1/2 < 1 11 > (magni- 

ude: 4.53 Å, Schmid factor: 0.414) and [001] (magnitude: 7.85 Å, 

chmid factor: 0.22) can be considered for slip on {110}, 1/2 < 1 11 > 

ust be the slip direction, because [001] is contained on the ( ̄1 00) 

ide surface. The operation of {110} < ̄1 11 > slip was observed in 

oSi 2 bulk single crystals in our previous studies [13] , but the low- 

st temperature above which plastic flow by the operation of this 

lip was observed was 500 °C. This indicates that the temperature 

ange for the operation of {110} < 1 11 > slip is extended, at least, 

own to room temperature by reducing the specimen size to the 

icron meter scale. In the same way, (0 0 01)[2 1 1 0] basal slip is 

dentified to operate in all these four C40 TM disilicides with the 

2 1 1 2] loading orientation by slip trace analysis on two orthogo- 

al surfaces as shown in Fig. 3 (b–e). The operation of (0 0 01)[2 1 1 0]

asal slip in [2 1 1 2]-oriented specimens is consistent with what is 

bserved for the respective bulk single crystals with the same ori- 

ntation tested at high temperatures in our previous studies [ 16–

8 , 20 ]. 

.2. Dislocation structures 

Two different deformation mechanisms (conventional shear and 

ynchroshear) known to operate for the equivalent slip in C11 b and 

40 TM disilicides in the bulk form are briefly described, taking an 

xample of (0 0 01)[2 1 1 0] basal slip in C40 TM disilicides [16–20] .

egardless of deformation mechanism, deformation is carried by 

islocations with the Burgers vector ( b ) of 1/3[2 1 1 0] dissociated 

nto two identical collinear partial dislocations with b = 1/6[2 1 1 0] 

ith a stacking fault in between. The dissociation scheme of the 

/3[2 1 1 0] dislocation is described as follows. 

 / 3 

[
2 1 1 0 

]
→ 1 / 6 

[
2 1 1 0 

]
+ 1 / 6 

[
2 1 1 0 

]
. (1) 

It is the b 1 partial dislocation that is responsible for the con- 

entional mechanism (Fig. S2a), while for the synchroshear mech- 

nism, it is the –b 2 and –b 3 partial dislocations that move on adja- 

ent (0 0 01) basal planes synchronously to achieve the b 1 shear as 

 whole (Fig. S2b). Our previous studies on respective bulk single 

rystals have confirmed that VSi 2 , NbSi 2 , TaSi 2 and MoSi 2 deform 

y conventional shear while CrSi 2 deforms by synchroshear [ 14 , 16–

8 , 20 ]. In order to determine the deformation mechanism of the 

quivalent slip operated in the micropillar form at room temper- 

ture, we examine dislocation structures introduced in micropillar 

pecimens of CrSi 2 and NbSi 2 as representatives that deform by 

ynchroshear and conventional shear in the bulk crystals. 
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Fig. 2. Typical stress-strain curves obtained for micropillar specimens of (a) MoSi 2 , (b) VSi 2 , (c) CrSi 2 , (d) NbSi 2 and (e) TaSi 2 with various specimen sizes. The compression- 

axis orientation and specimen sizes are indicated in each of the figures. Arrows in the figures indicate yield points estimated either from the elastic limit or from the stress 

at which the first strain bust occurs. 

Fig. 3. Scanning electron microscopy images of (a) MoSi 2 , (b) VSi 2 , (c) CrSi 2 , (d) NbSi 2 and (e) TaSi 2 single-crystal micropillar specimens after micropillar compression. The 

compression-axis orientation for MoSi 2 is [071] while it is [2 1 1 2] for all other C40 TM disilides. 
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.2.1. CrSi 2 
Fig. 4 a shows a weak-beam dark-filed (WBDF) image of dislo- 

ations with b = 1/3[2 1 1 0] gliding on (0 0 01) observed in a thin

oil cut parallel to the ( 2 113) side surface of a [2 1 1 2]-oriented mi- 

ropillar specimen of CrSi 2 with L = 7.2 μm. Not only dislocations 

ut also many stacking faults (some of which are widely extended) 

re observed to be on (0 0 01). 1/3[2 1 1 0] dislocations tend to align

ainly along either [ 1 2 1 0] or [ 1 1 20], i.e. 60 ° from their Burgers

ector direction. Each of 1/3[2 1 1 0] dislocations is confirmed to 

issociate into two identical collinear partials, because both par- 

ial dislocations are visible when imaged with g (reflection vec- 

or) = 2 1 1 2 ( Fig. 4 b) and g = 1 2 11 ( Fig. 4 d) are simultaneously in-

isible when imaged with g = 01 1 0 ( Fig. 4 e) and g = 0 0 03 ( Fig. 4 f).
4 
he dissociation scheme is consistent with that reported in our 

revious studies [16] as described in Eq. (1) . These narrowly- 

issociated dislocations exhibit an almost same separation distance 

onsistently along the particular orientation such as 8.9 ± 1.0 nm 

or the 60 ° segment (average from 14 sampling points taken from 

wo TEM specimens, the standard deviation was taken as an er- 

or). When this value is employed, the stacking fault energy is 

stimated to be 154 ± 20 mJ/m 

2 , using anisotropic energy fac- 

ors calculated with elastic constants of c 11 = 372.2, c 33 = 385.2, 

 12 = 45.3, c 13 = 82.6, c 44 = 149.1, c 66 = 163.5 GPa [ 39 , 40 ]. The

tacking fault energy estimated in the present study is higher than 

hat (114 ± 13 mJ/m 

2 ) deduced from the separation distance for 

ynchroshear partial dislocations in bulk single crystals [16] . Al- 
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Fig. 4. (a) TEM deformation microstructure of CrSi 2 with the [2 1 1 2] orientation ( L = 7.2 μm). (b–f) Weak-beam TEM contrast analysis of 1/3[2 1 1 0] dislocations in the framed 

area in (a). Crystallographic directions and operating reflection vectors are indicated in each of the figures. 
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t

hough the detailed analysis of the much widely-dissociated dislo- 

ations could not be made because of the extremely high density 

f stacking faults and dislocations in the regions containing widely- 

xtended dislocations, the observed coexistence of narrowly- and 

idely-dissociated dislocations may suggest that the former were 

ntroduced initially (possibly from the specimen surface) and the 

atter were formed as a result that the movement of the trail- 

ng partials of the dissociated dislocations was impeded preferen- 

ially for some reason. A relatively strong interaction between dis- 

ocations gliding on neighboring glide planes may be responsible 

artly for blocking the movement of trailing partials, considering 

he fact that the much widely-extended stacking faults were ob- 

erved only in a localized region where the glide deformation oc- 

urs intensively (upper part of Fig. 4 a). Such coexistence of nar- 

owly and widely-dissociated dislocations have not been observed 

n bulk specimens deformed at high temperatures. These character- 

stics of the deformation microstructure may imply that the stack- 

ng fault formed between two-coupled partial dislocations in the 

icropillar specimens is of different-type when compared to that 

ormed between two-coupled synchroshear-partial dislocations in 

ulk specimens deformed at high temperatures and that the room- 

emperature deformation mechanism for (0 0 01)[2 1 1 0] basal slip in 

mall specimens of the micrometer scale is different from that op- 

rative at high temperature in bulk specimens of the millimeter 

cale. 

Fig. 5 shows an atomic-resolution high-angle annular dark-field 

HAADF) STEM image of the core structure of a 1/3[2 1 1 0] dislo- 

ation of edge character in a [2 1 1 2]-oriented micropillar speci- 

en of CrSi 2 with L = 7.2 μm. The thin foil was cut parallel to

he (0 1 10) side surface of the [2 1 1 2]-oriented micropillar speci- 

en so that 1/3[2 1 1 0] edge dislocations are observed end-on. Two 

artial dislocations are imaged at a separation distance of about 

3.7 nm, being fairly consistent with that (9.1 ± 1.0 nm) estimated 

or pure edge segment using the stacking fault energy value of 

N

5 
54 ± 20 mJ/m 

2 obtained by the WBDF TEM imaging. Construction 

f Burgers circuits around perfect and partial dislocations confirms 

hat the Burgers vector of the perfect dislocation is b = 1/3[2 1 1 0] 

nd that the perfect dislocation dissociates into two partials with 

n identical Burgers vector of b = 1/6[2 1 1 0], as show in Fig. 5 a.

n enlargement of the core region of the partial dislocation on the 

eft-hand side of Fig. 5 a confirms that the dislocation glide occurs 

etween atomic layers A and B ( Fig. 5 b). In addition, the arrange-

ent of bright spots in the stacking fault region between the two 

artial dislocations is identical to that in the undeformed region 

without the stacking fault), indicating that shear deformation oc- 

urs along a single atomic layer in a conventional manner (as in 

ulk VSi 2 , NbSi 2 and TaSi 2 [ 17 , 18 , 20 ]) but not synchronously along

wo adjacent atomic layer (as in bulk CrSi 2 [16] ) through a syn- 

hroshear mechanism. This clearly indicates that the deformation 

echanism for (0 0 01)[2 1 1 0] basal slip observed at room temper- 

ture for small specimens of CrSi 2 of the micrometer scale is dif- 

erent from that observed in bulk single crystals deformed at high 

emperatures above 800 °C. 

Atomic-resolution HAADF STEM imaging further confirms that 

he core structure of the partial dislocation bounding a wider 

tacking fault (more than 30 nm) is the same as that observed 

n Fig. 5 and that shear deformation occurs similarly along a sin- 

le atomic layer in a conventional manner. This means that the 

ariation of the stacking fault width between the coupled partials 

oes not originate from the difference in the deformation mech- 

nism (conventional shear or synchroshear). The reason why the 

otion of the coupled partial dislocations is sometimes correlated 

nd sometimes not correlated [41] has yet to be clarified. 

.2.2. NbSi 2 
Fig. 6 (a) shows a bright-field TEM image of dislocation struc- 

ures introduced in a [2 1 1 2]-oriented micropillar specimen of 

bSi with L = 5.3 μm. The thin foil was cut parallel to the 
2 
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Fig. 5. (a) HAADF-STEM image of core structure of a 1/3[2 1 1 0] edge dislocation introduced in [2 1 1 2]-oriented micropillar of CrSi 2 with L = 7.2 μm. (b) High-magnification 

image of core structure of the partial dislocation 1 in (a). The results of analysis of stacking order in the fault region between two partials are indicated in the bottom right. 

Fig. 6. (a) Bright-field TEM deformation microstructure and (b,c) weak-beam dark- 

filed TEM images (of the framed area in (a)) of micropillar NbSi 2 with the [2 1 1 2] 

orientation ( L = 5.3 μm). Crystallographic directions and operating reflection vec- 

tors are indicated in each of the figures. 
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0 0 01) slip plane and most dislocations imaged are those with 

 = 1/3[2 1 1 0] gliding on (0 0 01). These dislocations do not have

ny strong tendency to align along a particular crystallographic ori- 

ntation, although some weak tendency for the alignment along 

 2 1 1 0 〉 and 〈 01 1 0 〉 is recognized. WBDF TEM contrast analysis indi-

ates that each of 1/3[2 1 1 0] dislocations dissociates into two iden- 

ical collinear partials ( Fig. 6 b), as they are invisible when imaged 

ith g = 0 1 10 ( Fig. 6 c). The dissociation scheme is consistent with

hat reported in our previous studies of bulk crystals [17] as de- 

cribed in Eq. (1) . The dissociation widths measured along the seg- 

ents about 0 °(screw), 17 ° and 90 °(edge) from the Burgers vec- 
6 
or are 5.2, 5.7 and 6.5 nm ( Fig. 6 b), from which the stacking

ault energy is estimated to be 254 ± 10 mJ/m 

2 , using anisotropic 

nergy factors calculated with elastic constants of c 11 = 380.2, 

 33 = 468.0, c 12 = 75.9, c 13 = 88.3, c 44 = 145.3, c 66 = 152.2 GPa

 39 , 40 ]. The estimated stacking fault energy is much smaller than 

hat (397 mJ/m 

2 ) we previously deduced from bulk single crystals 

eformed at high temperatures [17] . 

Fig. 7 shows an atomic-resolution HAADF STEM image of the 

ore structure of a 1/3[2 1 1 0] dislocation of edge character in a 

2 1 1 2]-oriented micropillar specimen of NbSi 2 with L = 7.9 μm. 

he thin foil was cut parallel to the (0 ̄1 10) side surface of the 

2 1 1 2]-oriented micropillar specimen so that 1/3[2 1 1 0] edge dis- 

ocations are observed end-on. Two partial dislocations are im- 

ged at a separation distance of about 6.7 nm, which is consistent 

ell with the separation distance for the dissociated edge dislo- 

ations observed by WBDF TEM ( Fig. 6 b). Burgers circuit construc- 

ion around perfect and partial dislocations confirms that the Burg- 

rs vectors of the perfect and both partial dislocations are respec- 

ively, b = 1/3[2 1 1 0] and b = 1/6[2 1 1 0], as shown in Fig. 7 a. An

nlargement of the core region of the partial dislocation on the 

eft-hand side of Fig. 7 a confirms that the dislocation glide occurs 

etween atomic layers C and A ( Fig. 7 b) and that the arrangement

f bright spots in the stacking fault region between the two partial 

islocations is identical to that in the undeformed region (with- 

ut the stacking fault). This clearly indicates that shear deforma- 

ion occurs along a single atomic layer in a conventional manner 

as in bulk VSi 2 , NbSi 2 and TaSi 2 [ 17 , 18 ]). The deformation mecha-

ism for (0 0 01)[ 2 1 1 0] basal slip observed at room temperature for 

mall specimens of NbSi 2 of the micron meter scale is conventional 

hear, exactly the same as that observed in bulk single crystals de- 

ormed at high temperatures above 500 °C. 
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Fig. 7. (a) HAADF-STEM image of core structure of a 1/3[2 1 1 0] edge dislocation 

introduced in [2 1 1 2]-oriented micropillar of NbSi 2 with L = 7.9 μm. (b) High- 

magnification image of core structure of the partial dislocation 1 in (a). The results 

of analysis of stacking order in the fault region between two partials are indicated 

in the bottom right. 

Fig. 8. (a) Specimen size dependence of CRSS for {110} < 1 11 > slip in C11 b −MoSi 2 
and (0 0 01)[ 2 1 1 0] slip in C40-VSi 2 , CrSi 2 , NbSi 2 and TaSi 2 . 
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Fig. 9. Relationship between the extrapolated bulk CRSS values obtained from mi- 

cropillar compression tests for C11 b and C40 TM disilicides and the onset temper- 

ature for plastic flow of the corresponding bulk single crystals by the operation of 

their equivalent slip systems. 
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. Discussion 

.1. Size dependence of CRSS for equivalent slip systems 

The values of CRSSs for {110} < 1 11 > slip in C11 b −MoSi 2 and

0 0 01)[ 2 1 1 0] slip in C40-VSi 2 , CrSi 2 , NbSi 2 and TaSi 2 calculated

ith the yield stress values and relevant Schmid factors are plotted 

n Fig. 8 as a function of specimen size (edge length L ). The CRSS

alues exhibit an inverse power-law relationship with the speci- 
7 
en size, i.e., τCRSS ∝ L −n , where n is a power-law exponent. The 

 value is known to be 0.2–0.5 or BCC (body-centered cubic) met- 

ls and 0.5–1.0 for FCC (face-centered cubic) metals [42–46] . The 

 value is estimated for {110} < 1 11 > slip in C11 b −MoSi 2 is 0.30,

hich is close to those reported for BCC (body-centered cubic) 

etals (0.2–0.5) [42–46] . On the other hand, the n values esti- 

ated for (0 0 01)[ 2 1 1 0] slip in C40-VSi 2 , CrSi 2 , NbSi 2 and TaSi 2 
re 0.51, 0.04, 0.17 and 0.10, respectively. Except for VSi 2 that ex- 

ibits a very high n value in the range of FCC metals, the n values

or the other three C40 TM disilicides are much smaller than those 

eported for conventional FCC and BCC metals [42–46] . 

The CRSS values obtained for micropillar specimens of most FCC 

nd BCC metals are reported to coincide with the CRSS value ob- 

ained in bulk single crystals when the micropillar specimen size is 

n the range of about 20–30 μm [ 42 , 43 ]. Assuming that the same

olds true for the CRSS values for the equivalent slip systems in 

oSi 2 and C40-TMSi 2 (TM = V , Cr, Nb and Ta), the CRSS value

t room temperature for the bulk crystal (hereafter, called the ex- 

rapolated bulk CRSS) is estimated by extrapolating the relevant 

ower-law relationship to the specimen size of 20 −30 μm. The 

xtrapolated bulk CRSS values at room temperature thus estimated 

or {110} < 1 11 > slip in MoSi 2 and (0 0 01)[ 2 1 1 0] slip in VSi 2 , CrSi 2 ,

bSi 2 and TaSi 2 are 620 ± 40, 240 ± 20, 1440 ± 10, 640 ± 20 and 

300 ± 30 MPa, respectively. 

Surprisingly, the extrapolated bulk CRSS values obtained from 

icropillar compression tests for these disilicides are exactly in the 

ame order of the onset temperature for plastic flow of the cor- 

esponding bulk single crystals by the operation of their equiva- 

ent slip systems, as shown Fig. 9 . The lower the extrapolated bulk 

RSS value at room temperature is, the lower is the onset tem- 

erature for plastic flow. CrSi 2 is an exception for this relation- 

hip. This is obviously due to the fact that the deformation mech- 

nism for (0 0 01)[2 1 1 0] equivalent slip changes from synchroshear 

n bulk to conventional shear in micropillars, as described in the 

ection 3.2.1 . This will be discussed in more details in the next 

ection. 
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Fig. 10. Comparison of the bulk CRSS values at room temperature estimated by the extrapolation of the power-law relation with the temperature-dependent CRSS values 

obtained for the corresponding bulk single crystals of C11 b −MoSi 2 and C40 TM disilicides by high-temperature deformation [ 13 , 16–18 ]. (a) τCRSS - T plot and (b) ln ( τCRSS ) - 

(1/ T ) plot. 
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.2. Comparison of CRSS values in bulk and micropillar forms 

Fig. 10 compares these extrapolated bulk CRSS values at room 

emperature estimated by the extrapolation of the power-law rela- 

ion with the temperature-dependent CRSS values obtained for the 

orresponding bulk single crystals of C11 b −MoSi 2 and C40 TM dis- 

licides by high-temperature deformation [ 13 , 16–18 , 20 ]. Since yield 

tress anomaly is known to occur in the intermediate and higher 

emperature ranges as a result of Portevin-Le Chatelier effect in 

heir bulk single crystals, the temperature-dependent CRSS values 

nly in the low temperature range are considered as indicated 

ith solid lines in Fig. 10 a. For CrSi 2 , the extrapolated bulk CRSS

alue (1440 ± 10 MPa) estimated from micropillar compression is 

uch lower than that expected from the bulk single crystals de- 

ormed at high temperature. This is considered to reflect the fact 

hat the deformation mechanism of CrSi 2 changes with decreasing 

emperature (from synchroshear to conventional shear) and indi- 

ates that the operation of (0 0 01) [2 1 1 0] equivalent slip in a con-

entional manner is easier than that in a synchroshear mechanism 

or CrSi 2 at room temperature. The absence of conventional shear 

echanism in high-temperature deformation of CrSi 2 bulk crystals 

mplies that the temperature dependence of CRSS is much shal- 

ower for conventional shear mechanism (dotted line in Fig. 10 a 

an expected example)) than that for synchroshear mechanism in 

rSi 2 (dashed line in Fig. 10 a (extrapolated from high temperature 

ata)). The occurrence of change in deformation mechanism with 

emperature has been similarly confirmed in some brittle mate- 

ials such as SiC of the 6H polytype by utilizing the micropillar 

ompression method [38] . In contrast, both the extrapolated bulk 

RSS values at room temperature estimated from micropillar com- 
8 
ression and the high-temperature CRSS values obtained from bulk 

ompression are expected to be plotted on a single monotonous 

urve for each of C11 b -MoSi 2 and C40 TM disilicides (except for 

rSi 2 ) as shown with dashed lines in Fig. 10 a, considering the 

act that the deformation mechanism (conventional shear) does not 

hange with temperature (as verified by TEM for NbSi 2 and con- 

idered also for the case for MoSi 2 , VSi 2 and TaSi 2 ). Assuming that 

he strain rate ˙ γ can be expressed as a function of CRSS τCRSS and 

emperature T with the equation of ˙ γ ∝ τm 

CRSS 
exp (−Q/kT ) , where 

 is the stress exponent and k is the Boltzman constant as in 

he case of various semiconducting materials [ 38 , 47 ], a linear re-

ationship is expected between ln ( τCRSS ) and (1/ T ) under constant 

train rate deformation if the deformation mechanism does not 

hange with temperature. Fig. 10 b shows the ln ( τCRSS ) - (1/ T ) plots

or C11 b −MoSi 2 and C40 TM disilicides (strain rate: ∼10 –4 /s). The 

ulk CRSS values at room temperature estimated from micropillar 

ompression for all TM disilicides tested in this study are found to 

e much lower than those extrapolated from the high-temperature 

RSS values, although the slopes for C11 b −MoSi 2 and C40-VSi 2 , 

bSi 2 and TaSi 2 , which deform by a conventional shear mechanism 

n the whole temperature range, are much more gradual than that 

or CrSi 2 exhibiting the transition of deformation mechanism with 

emperature. This may suggests that the dominant controlling fac- 

or for the room-temperature CRSS values of C11 b -MoSi 2 and C40- 

Si 2 , NbSi 2 and TaSi 2 is also different from that at high temper- 

tures, even though the deformation mechanism does not change 

ith temperature. However, the reason for the discrepancy of the 

oom-temperature CRSS values for C11 b -MoSi 2 and C40-VSi 2 , NbSi 2 
nd TaSi 2 estimated by the two different methods remains to be 
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. Conclusions 

We investigate the room-temperature deformation behavior of 

ingle crystals of C11 b −MoSi 2 and C40-VSi 2 , CrSi 2 , NbSi 2 and TaSi 2 
y micropillar compression as a function of specimen size. The re- 

ults obtained are summarized as follows. 

1) All TM disilicides exhibit plastic flow by the operation of equiv- 

alent slip ({110} < 1 11 > and (0 0 01) < 2 1 1 0 > , respectively, for the

C11 b and C40 structures) even at room temperature in the mi- 

cropillar form, in contrast to the high onset temperature for 

plastic flow in the bulk form. For all TM disilicides, the CRSS 

values exhibit an inverse power-law relationship with the spec- 

imen size. The power-law exponents for these TM disilicides are 

generally much smaller than those reported for conventional 

FCC and BCC metals. 

2) The bulk CRSS values at room temperature for {110} < 1 11 > 

slip in MoSi 2 and (0 0 01)[ 2 1 1 0] slip in VSi 2 , CrSi 2 , NbSi 2 and

TaSi 2 are 620 ± 40, 240 ± 20, 1440 ± 10, 640 ± 20 and 

1300 ± 30 MPa, respectively, when estimated from the size- 

dependent CRSS values in micropillar compression. The extrap- 

olated bulk CRSS values at room temperature are exactly in the 

same order of the onset temperature for plastic flow of the cor- 

responding bulk single crystals by the operation of their equiv- 

alent slip systems. 

3) The extrapolated bulk CRSS value at room temperature does not 

coincide with that estimated from the temperature-dependent 

CRSS values obtained for the corresponding bulk single crys- 

tals by high-temperature deformation when deformation mech- 

anism changes with temperature (from synchroshear to con- 

ventional shear) as verified for CrSi 2 . 
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