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a b s t r a c t 

The plastic deformation behavior of single crystals of Fe 3 Ge with the L1 2 structure has been investigated 

at room temperature as a function of crystal orientation by micropillar compression tests. In addition 

to slip on (010), slip on (111) is observed to occur in Fe 3 Ge for the first time. The CRSS (critical re- 

solved shear stress) for (111)[ 10 1 ] slip, estimated by extrapolating the size-dependent strength variation 

to the ‘bulk’ size, is ~240 MPa, which is almost 6 times that (~40 MPa) for (010)[ 10 1 ] slip similarly es- 

timated. The dissociation scheme for the superlattice dislocation with b = [ 10 1 ] is confirmed to be of the 

APB (anti-phase boundary)-type both on (010) and on (111), in contrast to the previous prediction for the 

SISF (superlattice intrinsic stacking fault) scheme on (111) because of the expected APB instability. While 

superlattice dislocations do not have any preferential directions to align when gliding on (010) (indicative 

of low frictional stress at room temperature), the alignment of superlattice dislocations along their screw 

orientation is observed when gliding on (111). This is proved to be due to thermally-activated cross-slip to 

form Kear-Wilsdorf locks, indicative of the occurrence of yield stress anomaly that is observed in many 

other L1 2 compounds such as Ni 3 Al. Some important deformation characteristics expected to occur in 

Fe 3 Ge (such as the absence of SISF-couple dissociation and the occurrence of yield stress anomaly) will 

be discussed in the light of the experimental results obtained (APB energies on (111) and (010) and CRSS 

values for slip on (111) and (010)). 

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

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Many intermetallic compounds with the L1 2 structure such as 

i 3 Al have been known to exhibit the ‘yield stress anomaly’ (YSA), 

n which the yield stress increases with the increase in tempera- 

ure. Because of the technological importance of this phenomenon 

hen these L1 2 compounds are used as the strengthening phase of 

(FCC: face-centered cubic)/ γ ’ (L1 2 ) two-phase Ni-based superal- 

oys for high-temperature applications [ 1 , 2 ], the phenomenon has 

een the subject of extensive scientific studies for decades [ 3 , 4 ]

 There is a general agreement that the yield stress anomaly oc- 

urs as a result of thermally-activated cross-slip of the superlattice 

islocation with b (Burgers vector) = [ 10 1 ] dissociated into the APB 

anti-phase boundary)-scheme (shown below as (1)) from (111) oc- 

ahedral to (010) cube slip planes [ 3 , 4 ]. 

10 ̄1 

]
→ 1 / 2 

[
10 ̄1 

]
+ ( APB ) + 1 / 2 

[
10 ̄1 

]
(1) 
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In L1 2 compounds in which the APB fault is stable on (111), 

hermally-activated cross-slip of the superpartial dislocation with 

 = 1/2[ 10 1 ] is believed to occur with the driving force arising 

rom the difference in the APB energies on (111) and (010) as well 

s the torque force acting between a screw superpartial pair [ 3 , 4 ],

nd generally to result in the formation of Kear-Wilsdorf locks 

here the APB fault between two-coupled superpartials is mostly 

n (010) instead of the (111) slip plane [3] . 

However, all L1 2 compounds do not necessarily behave similarly 

o exhibit YSA [ 5 , 6 ]. In particular, Pt 3 Al and Fe 3 Ge are frequently

ounted as typical exceptions for this. The reason for this has usu- 

lly been described to be instability of the APB fault on (111) [ 3 , 5-

 ]. In these L1 2 compounds, the APB fault on (111) is unstable or 

f very high energy, and the APB dissociation scheme of the su- 

erlattice dislocation with b = [ 10 1 ] according to (1) cannot occur. 

nstead, another dissociation scheme called the SISF (superlattice 

ntrinsic stacking fault) scheme (shown below as (2)) is believed 

o occur on (111) for these L1 2 compounds [7-9] . 

10 ̄1 

]
→ 1 / 3 

[
11 ̄2 

]
+ ( SISF ) + 1 / 3 

[
2 ̄1 ̄1 

]
(2) 
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Fig. 1. Stereographic projection of compression-axis orientations investigated. 
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The occurrence of YSA is not expected with the dislocation 

issociated according to the SISF scheme, accounting for the ob- 

erved different deformation behavior for these exceptional L1 2 
ompounds. More importantly, slip in these L1 2 compounds is 

nown to occur more easily on (010) than on (111). This has been 

xplained in terms of the very high Peierls stress for the motion 

f the super-Shockley partial dislocation with b = 1/3[ 11 ̄2 ], aris- 

ng from its non-planar core structure [4] . Indeed, the CRSS (crit- 

cal resolved shear stress) values are reported to be lower for slip 

n (001) than slip on (111) in Pt 3 Al [ 5 , 6 , 10 ]. Recently, however,

he dissociation scheme for the superlattice dislocation in Pt 3 Al 

s proved to be of the APB-scheme but not of the SISF scheme 

 11 , 12 ]. This clearly indicates that the APB instability cannot ac- 

ount for the absence of the APB-scheme dissociation of the su- 

erlattice dislocation and, hence the absence of YSA, at least, in 

t 3 Al. While detailed studies have been made for Pt 3 Al with the 

se of single crystals [ 11 , 12 ], similar studies are considered to be

ifficult to make for Fe 3 Ge because there is practically no possibil- 

ty to produce single crystals due to the limitation from the corre- 

ponding phase diagram. All previous studies on Fe 3 Ge, therefore, 

sed polycrystals and found that slip occurs on (001) exhibiting a 

ormal temperature dependence of yield stress [13-17] . Although 

he absence of slip on (111) in Fe 3 Ge has been discussed in terms

f the APB instability, this is questionable when referring to the re- 

ent results in Pt 3 Al [ 11 , 12 ]. The absence of slip on (111) in Fe 3 Ge

ust be due to the fact that the CRSS value is lower for slip on

010) than for slip on (111), but this has yet to be experimentally 

roved with the use of single crystals. Although ‘bulk’ single crystal 

rowth is impossible for Fe 3 Ge, we can employ Focused Ion Beam 

FIB) machining to produce oriented single crystals of the micron- 

eter size (often called micropillar specimens) even from a ‘bulk’ 

olycrystal so as to evaluate their mechanical properties in com- 

ression with a nano-indenter equipped with a flat punch [ 18 , 19 ].

e have successfully deduced the operative slip systems and their 

RSS values in a number of materials with micropillar compression 

ests [20-30] . 

In the present study, we investigate the room-temperature de- 

ormation behavior of single crystals of Fe 3 Ge with the L1 2 struc- 

ure at room temperature as a function of crystal orientation with 

he use of small-scale specimens in the micropillar form cut out 

rom polycrystals by FIB machining, in order to see if slip on {111} 

ccurs in Fe 3 Ge. We then discuss factors controlling the occurrence 

f either slip on {111} or slip {010} as well as the expected me- 

hanical properties carried by slip on {111} in Fe 3 Ge. 

. Experimental procedures 

Ingots with a nominal composition of Fe-25 at.% Ge were pre- 

ared by arc-melting high-purity Fe and Ge in a proper ratio un- 

er an Ar gas flow. The ingots were annealed at 1273 K for 1 

eek for homogenization, then at 873 K for 2 months for the 

1 2 -phase formation, followed by water quenching. Then, specimen 

urfaces were mechanically polished and finished with diamond 

aste to mirror finish, followed by electropolishing (HClO 4 :1- 

 4 H 7 OH:CH 3 OH = 1:6:12, 18 V, 233 K) prior to focused ion beam

FIB) machining. Micropillar specimens with a square cross sec- 

ion having an edge length L ranging from 1 to 10 μm and an

spect ratio of about 1:2.5 were cut from the oriented speci- 

ens with our JEOL FIB-40 0 0 system (with 30 kV Ga + ions).

hree compression-axis orientations, [ 1 , 1 , 15 ], [ 1 13 ] and [ 5 68 ]

ere selected, as shown in Fig. 1 . The Schmid factors for possi- 

le (111)[ 10 1 ] and (010)[ 10 1 ] slip systems are listed in Tables 1

or each loading axis orientation, together with the N value (the 

chmid factor ratio for these two slip systems). The propensity 

or the occurrence of (111)[ 10 1 ] slip is expected to increase with 

he decrease in the N value. Micropillar specimens were deformed 
2 
n compression using an Agilent Technologies Nano Indenter G200 

anomechanical tester equipped with a flat-punch diamond tip at 

oom temperature under the displacement-rate-controlled mode 

t a nominal strain rate of 1 × 10 –4 /s. Microstructures of mi- 

ropillar specimens before and after compression tests were ex- 

mined by scanning electron microscopy (SEM) with a JEOL JSM- 

001FA electron microscope. Deformation microstructures devel- 

ped in the deformed micropillars were investigated by transmis- 

ion electron microscopy (TEM) with a JEOL JEM-20 0 0FX electron 

icroscope operated at 200 kV. Specimens for TEM observations 

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

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

anomanipulator. Thin foil specimens for TEM analysis were cut 

ut parallel to the observed slip plane (either (111) or (010)) as 

uch as possible. 

. Results 

.1. Microstructure prior to deformation 

The alloy after prolonged (for 2 months) annealing at 873 K ex- 

ibits essentially a L1 2 single-phase microstructure with a grain 

ize of a few hundred μm, except for sporadically occurring 

econd-phase particles of presumably η-Fe 2 Ge (when judged from 

he chemical composition (Fe-37 at.% Ge) by EDS analysis in the 

EM). However, stacking faults that had formed on {111} planes 

uring the D0 19 to L1 2 phase transformation could not be com- 

letely eliminated as observed in previous studies [ 15 , 31 , 32 ], since

he crystal structures of these two phases differ from each other 

nly in the stacking sequence of the hexagonally-arranged Fe 3 Ge 

toichiometric atomic layers; the ABC and AB stackings for the cu- 

ic L1 2 and hexagonal D0 19 phases, respectively, similarly as for 

CC (face-centered cubic) and HCP (hexagonal close-packed) struc- 

ures. The distribution of these {111} stacking faults are very het- 

rogeneous ( Fig. 2 ). They are formed generally on multiple {111} 

lanes, and while they are formed very densely in some areas and 

hese areas are often separated from each other at a distance rang- 

ng from 0.3 to 1 μm. This means that some {111} stacking faults 

ith varying densities are inevitably contained in micropillar spec- 

mens tested. 

.2. Deformation behavior of [ 1 13 ]- and [ 5 68 ]-oriented crystals 

.2.1. Stress-strain behavior 

Typical stress-strain curves obtained for [ 1 13 ]- and [ 5 68 ]- 

riented crystals with various specimen sizes are shown in 

igs. 3 (a) and (b), respectively. The tests in Figs. 3 (a) and (b) were

ll interrupted immediately after recognition of yielding for the 

ase of slip trace analysis. In contrast to what is observed in bulk 

olycrystals where failure occurs soon after yielding by cracking 

long the grain boundary [ 15 , 17 ], failure does not usually occur 

ven deformation continues above a plastic strain level of 5% in 

icropillar compression deformation. For both orientations, the 
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Fig. 2. TEM microstructures of Fe 3 Ge prior to micropillar deformation. The electron 

beam incidents for (a) and (b) are respectively near [010] and [101]. 

Fig. 3. (a,b) Selected stress-strain curves and (c,d) typical micropillar single crystal 

specimens after deformation for (a,c) [ 1 13 ]- and (b,d) [ 5 68 ]-orientated crystals. 

Fig. 4. Weak-beam dark-field TEM image of a typical deformation microstructure 

carried by slip on (010) in a [ 5 68 ]-orientated crystal. The thin foil was cut parallel 

to the (010) slip plane. . 
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3 
ield stress defined as the stress at which the first strain burst oc- 

urs tends to decrease with the increase in specimen size (edge 

ength L ), as observed in many other metallic materials [20-30] . 

Deformation markings observed for [ 1 13 ]- and [ 5 68 ]-oriented 

rystals with the specimen sizes ( L ) of 4.2 and 6.1 μm are shown

n Figs. 3 (c) and (d), respectively. The deformation marking ob- 

erved are those corresponding to slip on (010). Deformation mark- 

ngs corresponding to slip on (010) are consistently observed for all 

 1 13 ]- and [ 5 68 ]-oriented crystals tested, regardless of specimen 

ize. This is consistent with our expectation for the occurrence of 

010)[ 10 1 ] slip from the higher N values for these two orientations 

.2.2. Dislocation structures for slip on (010) 

Fig. 4 (a) shows a typical dislocation structures carried by slip on 

010) in a [ 5 68 ]-oriented crystal. The thin foil for TEM observations 

as cut parallel to the (010) slip plane. Many striations running 

orizontally in the image (as marked SF) correspond to stacking 

aults on ( 1 1 1 ) that exist prior to micropillar deformation. Some 

islocations with b (Burgers vector) = [ 10 1 ] are observed to bow 

ut on (010) between closely spaced stacking faults. These dislo- 

ations are obviously dissociated into two partial dislocations with 

 = 1/2[ 10 1 ] separated by APB when judged from the fact that 

oth of the partial pair are simultaneously out of contrast when 

maged with g (reflection vector) = 202 as well as that the con- 

rast of the two partials are reversed upon the reflection vector 

eversal (not shown in Fig. 4 ). The dissociation widths measured 

re typically 7.7 ± 0.6 and 12.5 ± 0.6 nm for pure screw and edge 

egments, respectively, as shown in Fig. 4 (b). With the elastic con- 
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Fig. 5. (a) Selected stress-strain curves and (b) typical micropillar single crystal 

specimen after deformation for [ 1 , 1 , 15 ]-orientated crystals. 
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Fig. 6. Weak-beam dark-field TEM image of a typical deformation microstructure 

carried by slip on (111) in a [ 1 , 1 , 15 ]-orientated crystal. The thin foil was cut par- 

allel to the (111) slip plane. 
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tants (shear modulus G = 74.0 GPa and Poisson ratio ν= 0.280) 

iven by Balk et al. [13] , the APB energy on (010) is consistently 

alculated with isotropic elasticity theory to be 91 ±12 mJ/m 

2 , be- 

ng consistent with the previous reports [ 7 , 9 , 13 ]. 

These dislocations gliding on (010) seem not to align along 

ny particular crystallographic directions (although the dislocations 

eed inevitably interact with pre-existing ( 1 1 1 ) stacking faults 

long their screw orientation), indicating a rather low Peierls stress 

or their motion at room temperature. This is consistent with what 

as observed previously for slip on (010) in Fe 3 Ge with the L1 2 
tructure by others [13-15] . 

.3. Deformation behavior of [ 1 , 1 , 15 ]-oriented crystals 

.3.1. Stress-strain behavior 

Typical stress-strain curves obtained for [ 1 , 1 , 15 ]-oriented crys- 

als with various specimen sizes are shown in Fig. 5 (a). The tests 

n Fig. 5 (a) were all interrupted immediately after recognition of 

ielding for the ease of slip trace analysis. For this orientation, the 

ield stress defined as the stress at which first strain burst occurs 

ends to decrease with the increase in specimen size (edge length 

 ), as in the case of [ 1 13 ]- and [ 5 68 ]-oriented crystals. 

Deformation markings observed for [ 1 , 1 , 15 ]-oriented crystals 

ith the specimen sizes ( L ) of 8.0 μm are shown in Fig. 5 (b). The

eformation markings observed are those corresponding to slip 

n (111) that is the most highly stressed plane among four {111} 

lanes. Deformation markings corresponding to slip on (111) are 

xclusively observed for all [ 1 , 1 , 15 ]-oriented crystals tested, re- 

ardless of specimen size. This is the first observation of the oper- 

tion of slip on {111} octahedral planes in Fe 3 Ge, in which slip on

010} has been reported to be only the operative slip system [ 13- 
4 
5 , 17 ], being consistent with our expectation for the occurrence of 

111)[ 10 1 ] slip from the lower N value for the [ 1 , 1 , 15 ] orientation.

.3.2. Dislocation structures for slip on (111) 

Fig. 6 shows a typical dislocation structure observed in a 

 1 , 1 , 15 ]-oriented crystal deformed at room temperature. The TEM 

hin foil was cut parallel to the (111) slip plane. Contrast analy- 

is indicates that the Burgers vector of most dislocations imaged 

s [ 10 1 ]. Straight screw dislocations dissociated into two-coupled 

artials are observed to be connected with a kink with an edge 

omponent. Weak-beam contrast analysis made in the framed area 

f Fig. 6 indicates that each of these two-coupled partials has 

 = 1/2[ 10 1 ] separated by an APB, since the contrast of the two-

oupled partials are reversed upon reversal of the reflection vec- 

ors ( Figs. 7 (a) and (b)) and they are simultaneously invisible when 

maged with g = 1 ̄1 1 ( Fig. 7 (c)). This is a clear indication that

lip on (111) in Fe 3 Ge is carried by superlattice dislocations dis- 

ociated into the APB scheme but not by those dissociated into 

he SISF scheme. The dissociation of the two-coupled-superpartials 

long the kink portion (called superkink) in Fig. 6 must be on 

he (111) slip plane. Then, the APB energy on (111) ( γ (111) 
APB 

) can 

e estimated to be 99 ±9 mJ/m 

2 from the measured dissociation 

idth (9.2 ± 0.8 nm) along a segment about 40 ° away from the 

ure edge segment (indicated by arrows in Fig. 6 ). This is the 

rst experimental evaluation of the APB energy on (111) in Fe 3 Ge. 

n the other hand, the dissociation plane for the screw segments 

an be either on (111) or on (010), depending on whether cube 

ross-slip to form a Kear-Wilsdorf lock had occurred or not. Tilt- 

ng experiments made about the Burgers vector direction ([ 10 1 ]) 

n Fig. 7 indicates that the dissociation of the APB-coupled screw 

uper-partials occurs mostly on (010) since the projected dissocia- 

ion distance is the widest when imaged along the [010] direction 

 Fig. 7 (e)). This is a clear indication of the formation of the Kear-

ilsdorf lock during the motion of APB-coupled super-partial dis- 

ocations at room temperature in Fe 3 Ge. The APB energy on (010) 

 γ (010) 
APB 

) is estimated from the dissociation width of 9.0 ± 0.4 nm 

long the screw segment to be 83 ±4 mJ/m 

2 , being consist with the 

alue estimated from the dissociation of APB-coupled super-partial 

islocations that carry slip on (010). 

Of importance to note here is that we only observed disloca- 

ions dissociated into the APB scheme to carry slip on (111) and 

hose dissociated into the SISF scheme have never been observed. 
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Fig. 7. Weak-beam dark-field TEM contrast analysis of the framed area in Fig. 6 . The reflection vector g and electron beam incident direction B are indicated in each of the 

images. 
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Table 1 

Schmid factors for slip on (111) and (010) and N-factors for each loading-axis ori- 

entation. . 

Loading-axis orientation [ 1 , 1 , 15 ] [ ̄1 13 ] [ ̄5 68 ] 

Schmid factor (111) [ 10 1 ] 0.433 0.447 0.383 

(010) [ 10 1 ] 0.093 0.386 0.499 

N-factor: (010) [ 10 1 ] /(111) [ 10 1 ] 0.216 0.865 1.301 

Fig. 8. Specimen size dependence of CRSS for slip on (010) ([ 1 13 ]- and [ 5 68 ]- 

orientated crystals) and (111) ([ 1 , 1 , 15 ]-orientated crystals). 
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. Discussion 

.1. Orientation and size dependence of CRSS for slip on (111) and 

010) 

Since (010)[ 10 1 ] and (111)[ 10 1 ] slip systems are identified re- 

pectively for the [ 1 13 ] and [ 5 68 ] orientations and the [ 1 , 1 , 15 ]

rientation, CRSS values can be calculated with yield stress values 

efined as the stress at which the first strain burst occurs and the 

orresponding Schmid factors ( Table 1 ). The CRSSs thus calculated 

or the (010)[ 10 1 ] and (111)[ 10 1 ] slip systems are plotted in Fig. 8

s a function of the specimen size (edge length L ). The CRSS val-

es for both the two slip systems follow an inverse power-law re- 

ationship with the specimen size L , i.e. τCRSS ∝ L −n , where n is a

ower-law exponent. For the (010)[ 10 1 ] slip system, the CRSS val- 

es and their size dependence for [ 1 13 ] and [ 5 68 ] orientations are

ery similar, indicating that there is no significant orientation de- 

endence for the operation of the (010)[ 10 1 ] slip system. The n 

alues estimated for the (010)[ 10 1 ] slip system is 0.703, which is 

omparable to those reported for FCC alloys (0.5~1.0) [ 18 , 19 , 21 , 33 ]

nd other L1 2 compounds such as Ni 3 Al [ 18 , 30 , 34 ] and Co 3 (Al,W)

20] . According to previous studies on micropillar deformation for 

1 2 compounds such as Ni 3 Al [18] and Co 3 (Al,W) [20] , the CRSS

alues extrapolated from the power-law curves of micropillar spec- 

mens of these compounds coincide with those obtained by me- 

hanical tests of the corresponding bulk-sized single crystals when 

he size of micropillar specimens is in the range of 40~50 μm 

 18 , 20 ]. Based on this, we can deduce the bulk CRSS values for

he (010)[ 10 1 ] slip system in Fe 3 Ge to be ~40 MPa (38~44 MPa).

he estimated CRSS value for the (010)[ 10 1 ] slip system is consid- 

rably smaller than those expected from the bulk polycrystalline 

ield stress obtained by Balk et al. [13] , Suzuki et al. (540 MPa)

17] , Ngan et al. (720 MPa) [15] and Taniguchi et al. (800 MPa) [32] ,

ven when the upper limit value (~4.7) of Taylor factor is used in 

he comparison. We suspect that this is due to the fact that the 

umber of independent slip systems for the (010)[ 10 1 ] slip system 
6 
s not sufficient for general deformation of polycrystalline materi- 

ls. 

The specimen size dependence of CRSS observed for the 

111)[ 10 1 ] slip system is less significant than that for the (010)[ 10 1 ]

lip system ( Fig. 8 ). The n values estimated for the (111)[ 10 1 ] slip

ystem is 0.302, which is in the range (0.2~0.5) often observed in 

CC metals [ 19 , 28 , 35 ]. In a similar way, we can deduce the bulk

RSS values for the (111)[ 10 1 ] slip system in Fe 3 Ge to be ~240 MPa

235~250 MPa), which is by far higher than those reported for 

he same slip system in Ni 3 Al (25 MPa) [ 3 , 4 , 20 , 34 ] or Co 3 (Al,W)

38 MPa) [20] at room temperature. Of interest to note is that this 

articularly high CRSS value for the (111)[ 10 1 ] slip system in Fe 3 Ge

s almost on the same magnitude as that (~320 MPa) at the peak 

emperature of the yield stress anomaly in Ni 3 Al [ 3 , 4 ]. The less sig-

ificant size dependence of CRSS for the (111)[ 10 1 ] slip system is 

onsidered to be due simply to the much higher CRSS value (fric- 

ional stress), as frequently discussed in studies on micropillar de- 

ormation [35-39] . 

In Fe 3 Ge, the CRSS value for the (111)[ 10 1 ] slip system is an or-

er of magnitude higher than that for the (010)[ 10 1 ] slip system at 

oom temperature. This is unusual for many other L1 2 compounds 

uch as Ni 3 Al and Co 3 (Al,W), in which the CRSS value for the 

111)[ 10 1 ] slip system is by far lower than that for the (010)[ 10 1 ]

lip system at room temperature [ 3 , 4 , 40 ]. The only exceptional L1 2 
ompound so far identified is Pt 3 Al [ 11 , 12 ] in which the (010)[ 10 1 ]

lip system exhibits the lower CRSS value than the (111)[ 10 1 ] slip 

ystem at room temperature. However, the CRSS ratio for these 

wo slip system for Pt 3 Al is only 2~2.5, which is by far smaller

han that (~5.8) observed in Fe 3 Ge in the present study. This ac- 

ounts for the facts the operation of the (111)[ 10 1 ] slip system, the 

ost common slip system in many other L1 2 compounds, is lim- 

ted only in a narrow orientation range close to [001] in Fe 3 Ge and

hat Fe 3 Ge polycrystals are brittle due to the insufficient number 

f independent slip systems for general plasticity carried by the 

010)[ 10 1 ] slip system alone. 

.2. Factors controlling the occurrence of either (010) slip or (111) 

lip 

Although the APB instability on (111) has been claimed to the 

ain cause for the absence of slip on (111) in Fe 3 Ge [7-9] , slip

n (111) is proved to occur in a limited orientation range close 

o [001] by the motion of superlattice dislocations dissociated into 

he APB scheme but not into the SISF scheme. The APB energy on 

111) experimentally deduced in the present study is 99 ±9 mJ/m 

2 , 

hich is considerably smaller than those 330 mJ/m 

2 [9] and 320–

80 mJ/m 

2 [7] theoretically calculated. The reason for this signifi- 

ant difference is not known yet. 

In view of the fact that the CRSS for the (111)[ 10 1 ] slip system

s much higher than that for the (010)[ 10 1 ] slip system and that 

oth slips occur by the motion of superlattice dislocations disso- 

iated into the APB scheme, the plastic deformation behaviors of 

e 3 Al and Pt 3 Al [ 11 , 12 ] are identical with each other and factors

ontrolling the occurrence of either (010) slip or (111) slip can be 

onsidered in the same line. We have proposed based on the re- 

ults of core structure calculation by Vitek and Paidar [41] that 

ecause of the high energy of the CSF (complex stacking fault) in 

t 3 Al, the core of superpartials with b = 1/2 < 110 > bounding an

PB on (111) is no-planar (spreading onto two different octahe- 

ral {111} planes along the screw orientation) ( Fig. 9 (a)) while it 

s planar when bounding an APB on (010) ( Fig. 9 (b)), so that the

eierls stress for the motion of APB-coupled dislocations (the CRSS 

alue for slip on (111)) is much higher than that for slip on (001) 

 11 , 12 ]. This is exactly opposite to what is observed in many typi-

al L1 2 compounds such as Ni 3 Al ( Figs. 9 (d) and (e)). As discussed

n the previous section, the CRSS ratio (5.8) for these two slip sys- 
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Fig. 9. Schematic illustrations of the core structure of the 1/2 [ ̄1 01 ] APB-coupled superpartial dislocation. (a) Non-planar core structure of the 1/2 [ ̄1 01 ] superpartial dislocation 

bounding the APB on the (111) plane (observed in Pt 3 Al with a high CSF energy). (b,c) Planar and non-planar core structures of the 1/2 [ ̄1 01 ] superpartial dislocation bounding 

the APB on the (010) and (111) planes, respectively (proposed in the present study of Fe 3 Ge with a high CSF energy). (d,e) Non-planar and planar core structures of the 

1/2 [ ̄1 01 ] superpartial dislocation bounding the APB on the (010) and (111) planes, respectively (when the CSF energy is relatively low). 

t  

C

c

w  

n  

m  

t  

c

[

t

n

i

[

w  

(

t

o

t

l  

p

o

f

s

4

(

o

t  

c

s

e  

t

f

c

i

s

t

t

Fig. 10. The λ-B map proposed by Paxton et al. [42] to show the necessary con- 

dition for the yield stress anomaly to occur. The data points plotted with open 

symbols for Ir 3 Nb, Pt 3 Al, Ni 3 Ge, Fe 3 Ge, Ni 3 Al and Co 3 Ti are taken from literature 

[ 12 , 42 , 43 ], while the plot with the closed symbols for Fe 3 Ge is from the present 

study. . 
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ems for Fe 3 Ge is much larger than that (2~2.5) for Pt 3 Al. If the

RSS ratio is reflected in how significantly the core spreading oc- 

urs, we may suspect that the core spreading for the superpartial 

ith b = 1/2 < 110 > bounding an APB on (111) is much more sig-

ificant in Fe 3 Ge than in Pt 3 Al ( Figs. 9 (b) and (c)) and that this

ay arise from a much higher CSF energy in Fe 3 Ge. This is consis-

ent with the high CSF energy (315 mJ/m 

2 ) as well as the narrow

ore spreading for the CSF dissociation calculated by Mryasov et al. 

9] according to the two-dimensional Peierls-Nabarro model. 

Then, one of the expected mechanical properties of Fe 3 Ge is 

he orientation independent CRSS for slip on (010) due to the pla- 

arity of the dislocation core ( Fig. 9 (b)). This is indeed observed 

n the present micropillar compression experiments for [ 1 13 ]- and 

 5 68 ]-oriented crystals ( Fig. 8 ). Indeed, superlattice dislocations 

ith b = [ 10 1 ] do not have any preferred orientation to align on

010) ( Fig. 4 ). Another expected mechanical property of Fe 3 Ge is 

he high CRSS value for slip on (111) and the preferential alignment 

f superlattice dislocations with b = [ 10 1 ] along their screw orien- 

ation, due to the non-planar core structure of the superpartial dis- 

ocation with b = 1/2[ 10 1 ] on (111). This is indeed observed in the

resent study, although there is another reason for the alignment 

f superlattice dislocations along their screw orientation (i.e., the 

ormation of Kear-Wilsdolf locks), as will be discussed in the next 

ection. 

.3. Expected temperature dependence of CRSS for slip on (010) and 

111) 

Any strong temperature dependence of CRSS is not expected to 

ccur for slip on (010), since the core of the superpartial disloca- 

ion with b = 1/2[ 10 1 ] on (010) is expected to be planar. This is in-

onsistent with the rather strong temperature dependence of yield 

tress previously observed for polycrystals where slip on {010} op- 

rates exclusively [ 13 , 15 , 17 ]. We believe that the strong tempera-

ure dependence of yield stress for polycrystals of Fe 3 Ge originates 

rom solid-solution hardening due to the off-stoichiometry of the 

ompound. The incorporation of the secondary phase, η-Fe 2 Ge is 

nevitably observed when specimens are prepared nominally at the 

toichiometric composition (Fe-25 at.%Ge). 

Slip on (111) is carried by the motion of superlattice disloca- 

ions dissociated into the APB scheme, in contrast to the expec- 

ation from the APB instability on {111}. These dislocations are 
7 
bserved to form Kear-Wilsdorf locks through thermally-activated 

ross slip. This is a clear indication that Fe 3 Ge exhibits yield stress 

nomaly when slip on (111) is activated, since the formation of 

ear-Wilsdorf locks is a characteristic feature usually observed in 

any L1 2 compounds in the temperature region where YSA is ob- 

erved. The Paxton plot [42] is often used to predict the occur- 

ence of YSA in L1 2 compounds, in which the APB energy asym- 

etry and elastic torque force acting on paired superpartials are 

lotted as the driving forces to promote cube cross-slip to form 

ear-Wilsdorf locks. Once this is done with our experimental APB 

nergies on (111) and (010) together with the elastic constants de- 

ermined by Balk et al. [13] , Fe 3 Ge is successfully predicted to ex- 

ibit YSA ( Fig. 10 ), being consistent with the present study. This is 

ased on the assumption that the relative ease of APB- and SISF- 

nvolved slip on {111} remains unchanged at high temperatures in 

e 3 Ge, although SISF-involved slip on {111} is claimed to occur eas- 

ly at high temperatures [15] . Although the deformation behaviors 

f Fe 3 Ge and Pt 3 Al are similar to each other in terms of the occur-

ence of slip on (001) and (111) and their relative ease in occur- 

ence, the temperature dependence of CRSS for slip on (111) must 
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e quite different because of the difference in the driving forces 

or cube-cross-slip ( Fig. 10 ). Experimental proof of the occurrence 

f YSA in Fe 3 Ge is currently undertaken in our group with the use 

f a high-temperature stage for micropillar compression tests. 

As described in the previous section, the CSF energy is expected 

o be very high in Fe 3 Ge, being consistent with the results of theo-

etical calculations by Mryasov et al. [9] . The CSF energy is consid- 

red to be directly related to the frequency of thermally-activated 

ube cross-slip to form Kear-Wilsdorf locks. The higher CSF energy 

s believed to result in the lower onset temperature of YSA because 

f the ease in the constriction formation. While the onset temper- 

ture for YSA in L1 2 compounds with a medium CSF energy (such 

s Ni 3 Al) is usually believed to be around 77 K, it should be much

ower in Fe 3 Ge. If this is the case, the CRSS value for slip on (111)

s very high at room temperature because it is already consider- 

bly strengthened by YSA from a very low temperature. This may 

e one of the reasons why the CRSS value (~240 MPa) for slip on 

111) is comparable to that (~320 MPa) at the peak temperature 

f the yield stress anomaly in Ni 3 Al [ 3 , 4 ]. The CRSS ratio for slip

n (111) and (010), which is very high (5.8) at room temperature, 

ay be reduced as the temperature is decreased, if the onset tem- 

erature for YSA is so low, expanding the orientation range for the 

peration for slip on (111), and hence improving the deformability 

f polycrystals. On the other hand, the improvement of deforma- 

ility is not expected at higher temperatures (at least, up to the 

eak temperature for YSA) because of the CRSS ratio is expected 

o be larger. 

. Conclusions 

(1) Slip on (111) is observed for the first time to be operative 

at room temperature in a narrow orientation range close 

to [001]. The CRSS value for the (111)[ 10 1 ] slip system at 

room temperature is estimated by extrapolating the size de- 

pendent CRSS in micropillar compression to the bulk size 

(40~50 mm) to be ~240 MPa. 

(2) Slip on (111) is carried by the motion of superlattice dis- 

locations with b = [ 10 1 ] dissociated into the APB scheme, in 

contrast to the expectation from the instability of APB on 

(111) as previously proposed. These APB-coupled superpar- 

tials dislocations tend to align along their screw orienta- 

tion forming Kear-Wilsdorf locks, a characteristic dislocation 

structure in many L1 2 compounds in the YSA temperature 

range. 

(3) Slip on (010) is observed in other orientations with a much 

lower CRSS value (~40 MPa) estimated similarly. The CRSS 

value for slip on (010) seems not to depend much on crys- 

tal orientation. Slip on (010) is carried also by the motion 

of superlattice dislocations with b = [ 10 1 ] dissociated into the 

APB scheme. They are observed to lie on (010) without any 

preferred orientations, being consistent with the low Peierls 

stress. 

(4) The APB energies on (111) and (010) are estimated from the 

corresponding dislocation dissociation width to be 99 ±9 and 

91 ±12 mJ/m 

2 , respectively. The occurrence of yield stress 

anomaly for slip on (111) is predicted with these APB val- 

ues and calculated elastic constants. 

eclaration of Competing Interest 

None. 

cknowledgments 

This work was supported by Grant-in-Aids for Scientific Re- 

earch on innovative Areas on High Entropy Alloys through the 
8 
rant number JP18H-05450 and JP18H-05451, and in part by JSPS 

AKENHI grant numbers 18H01735, 18H05478, 19H00824 and by 

he Elements Strategy Initiative for Structural Materials (ESISM) 

rom the Ministry of Education, Culture, Sports, Science and Tech- 

ology (MEXT) of Japan. The authors wish to thank Dr. Norihiko L. 

kamoto of Tohoku University, Japan for his help in experiments. 

eferences 

[1] R.C. Reed , The Superalloys, Cambridge University Press, Cambridge, 2006 . 

[2] J.R. Davis , Nickel, cobalt, and Their Alloys, ASM international, 20 0 0 . 

[3] G.Saada.P. Veyssiere , Dislocations in Solids 10 (1996) 253–441 . 
[4] D.P. Pope , V. Vitek , J.L. Bassani , Dislocations in Solids 10 (1996) 135–185 . 

[5] D.M. Wee , O. Noguchi , Y. Oya , T. Suzuki , New L12 ordered alloys having the
positive temperature dependence of strength, Trans. Jpn. Inst. Metals 21 (4) 

(1980) 237–247 . 
[6] D.M. Wee , T. Suzuki , The Temperature Dependence of Hardness of Ll2 Ordered 

Alloys, Trans. Jpn. Inst. Metals 20 (11) (1979) 634–646 . 

[7] J.B. Liu , D.D. Johnson , A.V. Smirnov , Predicting yield-stress anomalies in L12 al-
loys: ni3Ge–Fe3Ge pseudo-binaries , Acta Mater. 53 (13) (2005) 3601–3612 . 

[8] A.H.W. Ngan , I.P. Jones , R.E. Smallman , The stability of antiphase boundaries on
{111} planes in the L12 compound Fe3Ge and its relation to the abnormal neg- 

ative temperature dependence of yield strength, Philos. Mag. A 66 (1) (1992) 
55–72 . 

[9] O.N. Mryasov , Y.N. Gornostyrev , M.V. Schilfgaarde , A.J. Freeman , Superdisloca- 

tion core structure in L12 Ni3Al, Ni3Ge and Fe3Ge: peierls–Nabarro analysis start- 
ing from ab-initio GSF energetics calculations , Acta Mater. 50 (2002) 4545–4554 . 

[10] F.E. Heredia , G. Tichy , D.P. Pope , V. Vitek , Temperature and orientation depen-
dent plastic flow in Pt3Al, Acta Metall. 37 (1989) 2755–2756 . 

[11] N.L. Okamoto , H. Yoshihiko , W. Hashimoto , H. Inui , Plastic deformation of sin-
gle crystals of Pt3Al with the L12 structure, Philos. Mag. 93 (1–3) (2013) 

60–81 . 
12] N.L. Okamoto , Y. Hasegawa , H. Inui , Plastic deformation of single crystals of

Pt3Al with the L12 structure having a far Al-rich off-stoichiometric composi- 

tion of Pt-29at.%Al, Philos. Mag. 94 (12) (2014) 1327–1344 . 
[13] T.J. Balk , M. Kumar , K.J. Hemker , Influence of Fe substitutions on the deforma-

tion behavior and fault energies of Ni3Ge-Fe3Ge L12 intermetallic alloys, Acta 
Mater. 49 (2001) (2001) 1725–1736 . 

[14] A.H.W. Ngan , I.P. Jones , R.E. Smallman , On the abnormal negative temperature 
dependence of yield strength in the L12 compound Fe3Ge, Philos. Mag. A 65 

(4) (1992) 1003–1020 . 

[15] A.H.W. Ngan , I.P. Jones , R.E. Smallman , the negative temperature dependence 
of yield strength in the L1 2 compound Fe 3 Ge, Mater. Sci. Eng.: A 153 (1992)

387–391 . 
[16] V.A. Starenchenko , E.V. Kozlov , Y.V. Solov’eva , Y.A. Abzaev , N.A. Koneva , Ori-

entation dependence of the yield stress and work-hardening rate of Ni3Ge at 
different tem peratures, Mater. Sci. Eng.: A 4 83-4 84 (2008) 602–606 . 

[17] T. Suzuki , Y. Oya , Transition from positive to negative tamperature dependence 

of the strength in Ni3Ge Fe3Ge solid solution, Acta Metall. 28 (1980) 301–310 . 
[18] M.D. Uchic , D.M. Dimiduk , J.N. Florando , W.D. Nix , Sample dimensions influ-

ence strength and crystal plasticity, Science 305 (2004) 986–989 . 
[19] M.D. Uchic , P.A. Shade , D.M. Dimiduk , Plasticity of Micrometer-Scale Single 

Crystals in Compression, Annu. Rev. Mater. Res. 39 (1) (2009) 361–386 . 
20] Z.M. Chen , N.L. Okamoto , M. Demura , H. Inui , Micropillar compression defor-

mation of single crystals of Co3(Al,W) with the L12 structure, Scr. Mater. 121 

(2016) 28–31 . 
21] N.L. Okamoto , S. Fujimoto , Y. Kambara , M. Kawamura , Z.M. Chen , H. Mat-

sunoshita , K. Tanaka , H. Inui , E.P. George , Size effect, critical resolved shear 
stress, stacking fault energy, and solid solution strengthening in the CrMnFe- 

CoNi high-entropy alloy, Sci. Rep. 6 (2016) 35863 . 
22] Y. Hashizume , M. Inomoto , N.L. Okamoto , H. Inui , Plastic deformation of single

crystals of the δ1p and δ1k intermetallic compounds in the Fe–Zn system by 

micropillar compression, Int. J. Plast. (2021) 136 . 
23] K. Kishida , Y. Shinkai , H. Inui , Room temperature deformation of 6H–SiC single

crystals investigated by micropillar compression, Acta Mater. 187 (2020) 19–28 . 
24] K. Kishida , J.G. Kim , T. Nagae , H. Inui , Experimental evaluation of critical re-

solved shear stress for the first-order pyramidal c + a slip in commercially 
pure Ti by micropillar compression method, Acta Mater. 196 (2020) 168–174 . 

25] Y. Hashizume , M. Inomoto , N.L. Okamoto , H. Takebayashi , H. Inui , Micropil-

lar compression deformation of single crystals of the intermetallic compound 
�-Fe4Zn9, Acta Mater. 199 (2020) 514–522 . 

26] K. Kishida , T. Maruyama , H. Matsunoshita , T. Fukuyama , H. Inui , Micropillar
compression deformation of single crystals of Mo5SiB2 with the tetragonal D8l 

structure, Acta Mater. 159 (2018) 416–428 . 
27] M. Higashi , S. Momono , K. Kishida , N.L. Okamoto , H. Inui , Anisotropic plastic

deformation of single crystals of the MAX phase compound Ti3SiC2 investi- 
gated by micropillar compression, Acta Mater. 161 (2018) 161–170 . 

28] J. Zhang , K. Kishida , H. Inui , Specimen size and shape dependent yield strength

in micropillar compression deformation of Mo single crystals, Int. J. Plast. 92 
(2017) 45–56 . 

29] N.L. Okamoto , M. Inomoto , H. Adachi , H. Takebayashi , H. Inui , Micropillar
compression deformation of single crystals of the intermetallic compound 

ζ -FeZn13, Acta Mater. 65 (2014) 229–239 . 

http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0001
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0001
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0002
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0002
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0003
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0003
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0004
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0004
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0004
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0004
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0005
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0005
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0005
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0005
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0005
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0006
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0006
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0006
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0007
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0007
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0007
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0007
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0008
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0008
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0008
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0008
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0009
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0009
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0009
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0009
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0009
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0010
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0010
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0010
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0010
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0010
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0011
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0011
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0011
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0011
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0011
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0012
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0012
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0012
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0012
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0013
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0013
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0013
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0013
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0014
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0014
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0014
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0014
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0015
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0015
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0015
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0015
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0016
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0016
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0016
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0016
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0016
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0016
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0017
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0017
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0017
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0018
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0018
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0018
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0018
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0018
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0019
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0019
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0019
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0019
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0020
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0020
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0020
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0020
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0020
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0021
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0022
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0022
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0022
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0022
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0022
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0023
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0023
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0023
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0023
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0024
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0024
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0024
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0024
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0024
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0025
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0025
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0025
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0025
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0025
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0025
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0026
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0026
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0026
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0026
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0026
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0026
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0027
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0027
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0027
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0027
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0027
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0027
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0028
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0028
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0028
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0028
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0029
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0029
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0029
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0029
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0029
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0029


Z. Chen and H. Inui Acta Materialia 208 (2021) 116779 

[  

[  

[  

[

[  

 

[  

[

[  

[

[

[  

[  

[  

[  
30] K. Arora , K. Kishida , K. Tanaka , H. Inui , Effects of lattice misfit on plastic defor-
mation behavior of single-crystalline micropillars of Ni-based superalloys, Acta 

Mater. 138 (2017) 119–130 . 
31] Q.Z. Chen , A.H.W. Ngan , B.J. Duggan , The L12 – D019 transformation in the

intermetallic compound Fe3Ge, J. Mater. Sci. Technol. 33 (1998) 5405–5414 . 
32] M. Taniguchi , K. Morizumi , S. Miyazaki , S. Kumai , A. Sato , Dislocation mo-

tion on octahedral and cube planesin Fe3Ge polycrystals, Philos. Mag. 86 (10) 
(2006) 1327–1354 . 

33] D.M. Dimiduk , M.D. Uchic , T.A. Parthasarathy , Size-affected single-slip behavior 

of pure nickel microcrystals, Acta Mater. 53 (15) (2005) 4065–4077 . 
34] D.M. Dimiduk , M.D. Uchic , S.I. Rao , P.A. Shade , C. Woodward , G.B. Viswanathan ,

E.M. Nadgorny , S. Polasik , D.M. Norfleet , M.J. Mills , Strengthening and plastic
flow of Ni3Al alloy microcrystals, Philos. Mag. 93 (1–3) (2013) 96–120 . 

35] S.W. Lee , W.D. Nix , Size dependence of the yield strength of fcc and bcc metal-
lic micropillars with diameters of a few micrometers, Philos. Mag. 92 (10) 

(2012) 1238–1260 . 

36] M.D. Uchic , D.M. Dimiduk , A methodology to investigate size scale effects in 
crystalline plasticity using uniaxial compression testing, Mater. Sci. Eng.: A 

40 0-401 (20 05) 268–278 . 
9 
37] R. Soler , J.M. Wheeler , H.J. Chang , J. Segurado , J. Michler , J. Llorca , J.M. Moli-
na-Aldareguia , Understanding size effects on the strength of single crys- 

tals through high-temperature micropillar compression, Acta Mater. 81 (2014) 
50–57 . 

38] J.R. Greer , J.T.M. De Hosson , Plasticity in small-sized metallic systems: intrinsic 
versus extrinsic size effect , Prog. Mater. Sci. 56 (6) (2011) 654–724 . 

39] E. Bittencourt , Interpretation of the size effects in micropillar compression by 
a strain gradient crystal plasticity theory, Int. J. Plast. 116 (2019) 280–296 . 

40] A. Suzuki , H. Inui , T.M. Pollock , L1 2 -Strengthened Cobalt-Base Superalloys , Annu.

Rev. Mater. Res. 45 (1) (2015) 345–368 . 
41] V. Paidar , D.P. Ppoe , V. Vitek , A theory of the anomalous yield behavior in Ll2

ordered alloys, Acta Metall. 32 (1984) 435–448 . 
42] A.T. Paxton , Y.Q. Sun , The role of planar fault energy in the yield anomaly in

L12 intermetallics, Philos. Mag. A 78 (1) (1998) 85–104 . 
43] N.L. Okamoto , S. Takemoto , Z.M. Chen , M. Yamaguchi , H. Inui , FCC metal-like

deformation behaviour of Ir3Nb with the L12 structure, Int. J. Plast. 97 (2017) 

145–158 . 

http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0030
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0030
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0030
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0030
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0030
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0031
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0031
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0031
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0031
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0032
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0032
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0032
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0032
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0032
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0032
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0033
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0033
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0033
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0033
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0034
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0035
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0035
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0035
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0036
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0036
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0036
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0037
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0038
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0038
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0038
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0039
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0039
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0040
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0040
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0040
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0040
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0041
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0041
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0041
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0041
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0042
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0042
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0042
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0043
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0043
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0043
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0043
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0043
http://refhub.elsevier.com/S1359-6454(21)00159-2/sbref0043

	Micropillar compression deformation of single crystals of Fe3Ge with the L12 structure
	1 Introduction
	2 Experimental procedures
	3 Results
	3.1 Microstructure prior to deformation
	3.2 Deformation behavior of []- and []-oriented crystals
	3.2.1 Stress-strain behavior
	3.2.2 Dislocation structures for slip on (010)

	3.3 Deformation behavior of []-oriented crystals
	3.3.1 Stress-strain behavior
	3.3.2 Dislocation structures for slip on (111)


	4 Discussion
	4.1 Orientation and size dependence of CRSS for slip on (111) and (010)
	4.2 Factors controlling the occurrence of either (010) slip or (111) slip
	4.3 Expected temperature dependence of CRSS for slip on (010) and (111)

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


