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A B S T R A C T   

The deformation behavior of single crystals of the sigma-phase compound FeCr with the tetragonal D8b structure 
has been investigated by micropillar compression at room temperature as a function of crystal orientation and 
specimen size. In spite of the repeatedly reported brittleness, plastic flow is observed at room temperature for all 
loading axis orientations tested. Three slip systems, {100}[001], {100}<010> and {111}<011> are newly 
identified to be operative at room temperature depending on the loading axis, in addition to {110}[001] slip we 
previously identified. The CRSS values for all the identified slip systems are very high exceeding 1.3 GPa and 
decrease with increasing specimen size, following an inverse power-law relationship with a very small power-law 
exponent. Similarly to {110}[001] slip, {100}[001] slip is confirmed to be carried by the motion of [001] zonal 
dislocations through atomic-resolution scanning transmission electron microscopy imaging of their core struc
tures. <010> dislocations gliding on {100} are confirmed to dissociate into two collinear partial dislocations, 
while <011> dislocations gliding on {111} to dissociate into three collinear partial dislocations. The fracture 
toughness values estimated by micro-cantilever bend tests of chevron-notched micro beam specimens are indeed 
very low, 1.6~1.8 MPa⋅m1/2 (notch plane // (001) and (100)), indicating significant brittleness of sigma FeCr.   

1. Introduction 

A series of sigma-phase compounds are of technological importance 
as they are known to precipitate in some high-temperature structural 
materials based on iron and nickel [1–7]. The intermetallic compound 
FeCr is the prototype of these sigma-phase compounds that have a 
complex primitive tetragonal structure of the D8b type (in the Struk
turbericht symbol) with the space group of P42/mnm (No.136) and the 
Pearson’s symbol of tP30 [8]. The D8b structure of the sigma phase 
compound FeCr is composed of three different kinds of atomic layers 
designated as A, B and C stacked along the tetragonal c-axis with the 
stacking sequence of ACBC (Fig. 1(a)). Atomic layers A (at z = 0) and B 
(at z = 1/2) have an identical atomic arrangement of the Kagome-type 
and are related to each other by the 90◦-rotation about the c-axis so as 
to generate 42 screw axes along the c-axis, while the atomic arrangement 

in Atomic layer C (at z ~1/4 and 3/4) is described as corner-shared 
tilted-squares, where a four-fold axis is located at the center of each 
square (Fig. 1(b)). The kinetics of sigma-phase precipitation in these 
high-temperature structural materials is generally very slow, in partic
ular for austenitic steels and Ni-based superalloys so that in many cases, 
precipitates appear only after many thousand hours during 
high-temperature usage [1–7]. While precipitation of the sigma-phase 
compound is believed not to be significantly harmful to 
high-temperature mechanical properties (i.e., during high-temperature 
service), it can be detrimental to ambient-temperature mechanical 
properties (i.e., after cooling from high-temperature service), as the 
sigma-phase compound above some critical volume fraction (of a level 
below a several %) embrittles these structural materials, reducing the 
ductility and toughness as well as the impact strength. This is well 
known as ‘sigma-phase embrittlement’ that occurs in austenitic steels 
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and Ni-based superalloys and very significantly in ferritic steels [1,4,5, 
7]. For these phenomena, the sigma-phase compound has been regarded 
as one of the typical embrittling phase in many high-temperature 
structural materials based on iron and nickel [1–6]. Fundamental un
derstanding of physical, chemical and structural properties of the 
sigma-phase compounds is thus indispensable for the mitigation of 
‘sigma-phase embrittlement’. However, while the sigma-phase com
pound itself has been supposed to be brittle since the discovery by Bain 
and Griffiths in 1927 [9], it is not clear at all how brittle the sigma-phase 
compound is and whether the brittleness and fracture of the precipitate 
itself and/or its interfacial decohesion from the adjacent matrix causes 
these phenomena. This uncertainty stems from the fact that there is no 
detailed study on plastic deformation of any of the sigma-phase com
pounds in the past. However, the plastic deformation behavior of 
β-uranium may give some insight into the deformability and brittleness 
of the sigma-phase compound, as β-uranium [10] is basically iso
structural with FeCr [8]1. Holden [11] identified the operation of 
{110}<001> slip in single crystals of β-uranium at room temperature 

among four different slip systems ({110}<001>, (001)<110>, {140} 
[001] and (001) <140>) that he predicted to operate. Subsequently, 
Kronberg [12] proposed the concept of zonal dislocation, in which 
cooperative and rotary-type atomic shuffling occurs in an atomic slab 
called ‘shear zone’ during dislocation motion, for the operation of 
{110}<001>. Rodriguez et al. [13] then identified the operation of 
{100}<001> slip in addition to {110}<001> slip and proposed 
extended dislocation that is different from the zonal dislocation pro
posed for {110}<001> slip and involves a high-energy planar fault 
formed between two Frank partial dislocations for {100}<001> slip. 
Although plastic flow is observed even at room temperature for β-ura
nium, our preliminary investigation clearly indicates that plastic flow 
cannot be observed for FeCr, the prototype of the sigma-phase com
pounds, in its single-phase bulk form even the temperature is increased 
to 700◦C (Fig. S1). 

Recently, however, micropillar compression testing [14,15] that uses 
a small specimen whose size is reduced to the micrometer scale has been 
recognized progressively as a powerful technique to study mechanisms 

of plastic flow occurring at ambient temperature for brittle materials, 
and some examples can be seen in [16–29]. Slip systems operative at 
room temperature and their critical resolved shear stress (CRSS) values 
can be determined by this technique without being disturbed by severe 
oxide formation on the specimen surface as well as dislocation climb, 
which often occur during deformation of bulk specimens of brittle ma
terials at high temperatures. Indeed, our preliminary investigation of the 

Fig. 1. (a) Crystal structure of sigma FeCr and (b) atomic arrangements of three types of atomic layers A, B and C. Open circles in layer A (z = 0) of (b) indicate the 
lattice points. Black squares with two additional arms in (b) indicate 42 screw axes parallel to the c-axis. 

1 The space group P42/mnm and Pearson symbol tP30 are assigned to both the 
Ab structure of β-uranium and the D8b structure of the sigma-phase compounds. 
Atomic positions are identical for these two structures if distinction is not made 
for unlike atoms in the intermetallic compound FeCr. These two structures are 
indeed isostructural with each other, since all five crystallographic sites occu
pied in sigma FeCr are of the mixed occupancy of Fe and Cr atoms. 

K. Kishida et al.                                                                                                                                                                                                                                 



Acta Materialia 249 (2023) 118829

3

sigma-phase compound FeCr by micropillar compression testing has 
identified the operation of {110}<001> slip at room temperature 
accompanied by a very high CRSS value of about 1.6 GPa for a particular 
crystal orientation of [5 6 11] [29]. On top of that, the zonal dislocation 
proposed by Kronberg [12] to operate for {110}<001> slip was indeed 
directly observed by atomic-resolution scanning transmission electron 
microscopy (STEM) for the first time [29]. Any other slip systems may 
operate with different CRSS values when specimens with other crystal 
orientations are tested. This has yet to be done. 

In the present study, we investigate the plastic deformation behavior 
of single crystals of the sigma-phase compound FeCr in compression as a 
function of crystal orientation at room temperature with the use of 
micropillar specimens of a size range of 0.8~10.1 μm, in order to clarify 
the ambient-temperature deformation mechanism of the sigma-phase 
compound through identifying all the operative slip systems in the 
sigma-phase compound and evaluating their CRSS values. 

2. Experimental Procedure 

Ingots of a BCC solid solution phase with a nominal composition of 
Fe-50 at.%Cr were prepared by Ar arc-melting of high-purity Fe 
(>99.99%) and Cr (>99.9%). A specimen with approximate dimensions 
of 11×14×3.5 mm3 cut from the ingot by spark machining was cold- 
rolled to 40 % in thickness reduction. Then, the cold-rolled specimen 
was encapsulated in a quartz ampoule with Ar gas and was heat-treated 
at 740◦C for 116 hours, followed by air-cooling. The formation of the 
sigma-phase without any traces from other phases was confirmed by 
powder x-ray diffraction with a Rigaku MiniFlex II apparatus (Fig. S2). 
The lattice parameters estimated by powder X-ray diffraction were a =
0.8838 nm and c =0.4569 nm, both of which were a bit larger than those 
reported for FeCr with compositions near Fe-50 at.%Cr [8,30]. After 
mechanical polishing with diamond paste to mirror finish and analyzing 
crystallographic orientations of individual grains by electron back
scatter diffraction (EBSD) in a JEOL JSM-7001FA field-emission scan
ning electron microscope (FE-SEM), single-crystal micropillar specimens 
with square cross-sections having aspect ratios of ~3:1 (height to edge 
length) were machined from the annealed specimen (average grain size 
of about 300 – 700 μm) with a JEOL JIB-4000 focused-ion beam (FIB) 
apparatus at an operating voltage of 30 kV. The edge lengths (L) of the 
square cross-sections (referred to as “specimen size” in this paper) 
ranged from 0.8 to 10.1 μm. A square cross-section was employed to 
facilitate the identification of slip planes and slip directions. Three 
different compression-axis orientations (B: [1 11 28], C: [892] and D: 
[13 28 7]) were selected (Fig. 2(a)). For the A orientation ([5 6 11]) 
plotted in Fig. 2(a), the operation of {110}[001] slip was confirmed in 
our previous study [29]. The highest Schmid factors for some possible 
slip systems are listed in Table 1 for each orientation. The possible slip 
systems in Table 1 were selected on the assumption that those systems 
with shorter Burgers vectors (b) are preferred to operate. According to 

the magnitudes of Burgers vectors and Schmid factor values, the oper
ation of {100}[001] slip is expected for the B orientation, while {100}<
010> slip is expected for the C orientation. For the D orientation, 
{111}<011> slip with a somewhat longer Burgers vector of the 
<101>-type may operate, as the Schmid factors for those with shorter 
Burgers vectors of the [001]- and <100>-types are relatively small. 
Based on these expectations, one of the two orthogonal side faces of each 
micropillar specimen was set parallel to the expected slip direction, so 
that the slip direction is easily determined from the appearance of slip 
traces on two orthogonal side faces after deformation, i.e., only faint 
traces should appear on the side face containing the slip direction, 
whereas distinct traces appear on the other. 

Compression tests were conducted for micropillar specimens with a 
flat punch indenter tip on an Agilent Technologies Nano Indenter G200 
nanomechanical tester at room temperature under the displacement- 
rate-controlled mode at a nominal strain rate of 1×10− 4 s− 1. Slip 
planes were determined by slip trace analysis made on two orthogonal 
surfaces of the deformed micropillar specimen by scanning electron 
microscopy (SEM) with a JEOL JSM-7001FA electron microscope. 
Deformation microstructures developed in the deformed micropillars 
were investigated by transmission electron microscopy (TEM) and 
scanning transmission electron microscopy (STEM) with JEOL JEM- 
2100F and JEM-ARM200F electron microscopes. Specimens for TEM/ 
STEM observations were prepared by FIB-SEM in-situ lift-out technique 
using a FEI Quanta 3D 200i Dual-Beam system equipped with an 
Omniprobe nanomanipulator. 

Single cantilever bend tests were conducted at room temperature for 
chevron-notched micro-beam specimens illustrated in Fig. 2(b) and (c), 
as described previously [21]. A notch plane was set parallel to (100) and 
(001), and a constant displacement rate of 5 nm s− 1 was employed. The 
fracture toughness, KIC was evaluated with the maximum load (Pmax) 
reached during the test through numerical analysis using the following 
equations proposed by Deng et al. [31,32] with specimen dimensions of 
l = 12 μm, W = 4.5 μm and B = 3 μm, and notch lengths a0 and a1, and 
crack length a, 

Fig. 2. (a) Standard stereographic projection of the loading-axis orientations and schematic illustration of (b) a chevron-notched micro-beam specimen for single 
cantilever bend test and (c) the shape of a chevron-notch. 

Table 1 
The highest Schmid factors for some possible slip systems for orientations A~D. 
The Schmid factor values for the identified slip systems are indicated in bold 
letters.  

Slip system b (nm) A [5 6 11] B [1 11 28] C [892] D [13 28 7] 

{110}[001] 0.4569 0.4739 0.3705 0.0851 0.1086 
{100}[001] 0.3656 0.4803 0.0637 0.1049 
{100}<010> 0.8838 0.3214 0.0332 0.4929 0.3768 
{001}<010> 0.3656 0.4803 0.0637 0.1049 
{100}<011> 0.9949 0.4534 0.2500 0.4671 0.3829 
{011}<011> 0.2274 0.3866 0.2601 0.3862 
{111}<011> 0.3784 0.3720 0.4082 0.4813  
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(2)  

where Pmax is the maximum load, YC(α0, α1) is the dimensionless ge
ometry factor, CV(α) is the compliance of the specimen, α0 = a0/W, α1 =

a1/W, α= a/W, αC = aC/W, and aC is a critical crack length [31,32]. 

3. Results 

3.1. Elastic constants calculation 

Elastic constants of sigma FeCr were calculated by the stress-strain 
method proposed by Le Page and Saxe [33] based on first-principles 
density functional theory (DFT) using the Vienna Ab initio Simulation 
Package (VASP) for 0 K [34]. The crystal structure of sigma FeCr is 
composed of five crystallographic sites, labelled as M(A) (Wyckoff po
sition: 2a), M(B) (4g), M(C) (8i), M(D) (8i) and M(E) (8j), all of which are 
of the mixed occupancy of Fe and Cr atoms [8,30]. For the elastic con
stant calculation, a hypothetical ordered structure, in which M(A), M(B) 
and M(D) sites are fully-occupied by Fe, and the remaining sites of M(C) 
and M(E) are fully-occupied by Cr, was selected as a model structure. 
This is because the ordered structure has a chemical composition of Fe - 
53.3at.% Cr, which is close to Fe-50 at.%Cr investigated in this study. 
The selection of the ordered structure is considered to be reasonable 
because the ordered structure has been reported to have the lowest 
formation energy among all possible ordered structures for chemical 
compositions near Fe-50 at.%Cr [35]. The generalized gradient 
approximation of Perdew-Burke-Ernzerhof (GGA-PBE) is used to treat 
the exchange-correlation functional [36]. An energy cutoff of 700 eV 
and a Monkhorst-Pack k-point mesh of 8 × 8 × 14 were used [37]. All 
calculations were performed for a non-spin polarized state considering 
the fact that sigma FeCr is non-magnetic at ambient temperatures [38, 
39]. The optimized lattice constants estimated with the standard unit 
cell with the hypothetical ordered structure were a = 0.8649 nm and c =
0.4429 nm, which are in good agreement with the experimental values 
obtained in this study and those previously reported [8,30]. Calculated 
values of single-crystalline elastic constants Cij are listed in Table 2. The 
Cij values for a spin polarized state are also listed in Table 2 for com
parison. (Detailed comparisons of the calculation results for the non-spin 
polarized and spin polarized states are summarized in supplementary 
tables S1-S3.) Polycrystalline (isotropic) bulk modulus (K), shear 
modulus (G), Young’s modulus (E) and Poisson’s ratio (ν) values 
calculated from the single-crystalline elastic constants for 0 K with the 
Voigt-Reuss-Hill (VRH) approximation are 268.5 GPa, 124.2 GPa, 322.7 
GPa and 0.2997, respectively, for the case of a random crystallographic 
texture. 

3.2. Stress-strain behavior and slip trace observation 

For the A orientation ([5 6 11]), the operation of {110}[001] slip was 
confirmed in our previous study [29]. Fig. 3(a)-(c) show selected 

stress-strain curves obtained for micropillar specimens with the B, C and 
D orientations, respectively. Compression tests were interrupted in most 
cases prior to failure for enabling detailed slip line observations. 
Stress-strain curves obtained for micropillar specimens with the A 
orientation can also be found in Fig. 3 of [29]. Strain bursts corre
sponding to flat portions of stress-strain curves are sometimes observed 
to occur soon after yielding with the magnitude of strain for each burst 
and the occurrence of strain burst itself both being dependent on indi
vidual specimen without any definite trend in terms of crystal orienta
tion, specimen size and stress level. When strain bursts were detected, 
the yield stress was defined as the stress at which the first strain burst 
occurs. Otherwise, the yield stress was defined as the elastic limit. These 
yield stresses usually exceed 3 GPa and are indicated by arrows in the 
figures. For all orientations, plastic flow was clearly observed to occur 
regardless of specimen size investigated with the yield stress generally 
decreasing with the increase in specimen size for each orientation. The 
deformability of specimens with the C orientation is particularly high at 
room temperature, as failure does not occur even the strain level exceeds 
5 %. It is thus evident that the sigma-phase compound FeCr is fairly 
deformable in compression at room temperature in the micropillar form, 
unlike in the bulk form (Fig. S1). 

Fig. 4(a)-(c), (d)-(f) and (g)-(i) show SEM secondary electron images 
of deformation structures observed on two orthogonal surfaces of the 
micropillar with the B, C and D orientations, respectively. The obser
vations were made along the direction inclined by 30◦ from the loading 
axis. For the B ([1 11 28]) orientation (Fig. 4(a)-(c)), straight slip lines 
are clearly observed on the (4 44 17) surface (Fig. 4(a)), while slip lines 
observed on the (11 1 0) surface are fairly faint (Fig. 4(c)). Slip trace 
analysis on the two orthogonal surfaces indicates the occurrence of slip 
on (010). The faint slip lines on the (11 1 0) surface indicates that the slip 
vector is contained in the (11 1 0) plane. Stereographic analysis has 
revealed that the slip direction is parallel to [001]. The slip system thus 
identified to operate in the micropillar with the B orientation is (010) 
[001]. This slip system is identical with that observed by Rodriguez et al. 
[13] for β-uranium in addition to {110}<001> slip. 

For the C ([892]) orientation (Fig. 4(d)-(f)), straight slip traces are 
clearly observed on the (18 16 1) surface (Fig. 4(f)), while rather faint 
slip traces are observed along two different directions on the (029) 
surface (Fig. 4(d)). Slip trace analysis confirms that slip deformation 
occurs on (100) and (010) planes. The faint slip lines for the trace of 
(010) on the (029) surface indicate the slip direction along [100], con
firming the operation of (010)[100] slip. Another set of slip lines 
observed on the (029) surface corresponds to (100)[010] slip that is 
equally stressed with (010)[100] slip in the C orientation. The slip sys
tem thus identified to operate for the C orientation is {100}<010>, 
which has never been identified and even considered previously in 
β-uranium [11–13]. 

For the D ([13 28 7]) orientation (Fig. 4(g)-(i)), straight slip traces 
are observed on the (3 4 11) surface (Fig. 4(i)), while slip traces observed 
on the (35 13 13) surface are only faint (Fig. 4(g)). Slip trace analysis on 
the two orthogonal surfaces indicates the occurrence of slip on (111). 
The faint slip lines on the (35 13 13) surface indicate that the slip di
rection is contained in the (35 13 13) plane. Stereographic analysis has 
revealed that the slip direction is parallel to [011]. The slip system thus 
identified to operate in the micropillar with the B orientation is (111) 
[011]. This slip system has never been identified and even considered 
previously in β-uranium [11–13]. 

In addition to {110}[001] that we identified in our previous study 
[29], three different slip systems ({100}[001], {100}<010> and 
{111}<011> are identified in the present study to operate at room 
temperature in the sigma-phase compound FeCr. The latter two systems 
are those identified in the present study for the first time to be operative 
in the crystals with the D8b/Ab structure. 

Table 2 
The calculated elastic constants Cij (in GPa) for FeCr with a chemical composi
tion of Fe - 53.3at.% Cr. Crystallographic sites of M(A), M(B) and M(D) are 
assumed to be fully-occupied by Fe, while those of M(C) and M(E) are fully- 
occupied by Cr.   

C11 C33 C44 C66 C12 C13 

Non-spin polarized 452.3 495.6 110.0 111.8 194.2 157.0 
Spin polarized 394.2 454.8 106.7 110.7 143.0 127.5  
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3.3. Dislocation structure and dissociation 

In our previous paper [29], we identified the [001] dislocation of the 
{110}[001] slip system (for the orientation A) is of the zonal type, in 
which complex atomic shuffling occurs within each of (001) Kagome 
atomic layers in a shear zone bounded by the slip planes of the com
posite dislocations [12,29]. Of interest to examine is whether the [001] 
dislocation gliding on {100} is also of the zonal-type or not. Fig. 5(a)-(c) 
show bright-field images of dislocations with the Burgers vector (b) of 
[001] observed in a thin foil cut nearly parallel to the (010) slip plane in 
a micropillar specimen with the B orientation taken with different 
diffraction vectors (g). Dislocations visible with g=002 (Fig 5(a)) are 
invisible with g=200 (Fig 5(b)) and g=410 (Fig 5(c)), confirming their 
Burgers vector of [001]. Many of dislocations imaged are all in near edge 
character. A weak-beam dark-field image of Fig. 5(d) indicates that these 
dislocations with b = [001] are not dissociated into partial dislocations 
on the (100) slip planes. 

Atomic-resolution (high-angle annular dark-field) HAADF-STEM 
imaging of a [001] dislocation introduced in a micropillar specimen 
with the B orientation was made to gain further information of the core 
structure of the [001] dislocation gliding on (010), as shown in Fig. 6. 
The thin foil was cut parallel to (100) so as to observe the [001] edge 
dislocation end-on. Burgers circuit construction around the dislocation 
confirms that the Burgers vector of the dislocation is b = [001]. By 
locating the extra-half planes parallel to (001), two partial dislocations 
with an identical Burgers vector of b = 1/2[001] are observed at posi
tions marked by symbols ⊥ on two (010) planes separated by a distance 
corresponding approximately to 1.5a (a: the a-axis lattice parameter). 
The atomic arrangements on both, the left- and right-hand sides of these 

partial dislocations are identical to those of the perfect crystal, con
firming that no stacking fault is formed on either side of each of the 
partial dislocations. These characteristics clearly deny the existence of 
the extended dislocation involving a planar fault of the high-energy type 
as proposed by Rodriguez et al. [13] but suggest that the observed [001] 
dislocation is also of the zonal-type, which we identified for {110}[001] 
slip in our previous study [29]. The [001] zonal dislocation identified in 
the present study also involves atomic shuffling in the shear zone 
bordered by the (010) glide planes for these two partial dislocations 
upon their motion. The details of atomic shuffling in the shear zone will 
be discussed in detail in section 4.2. 

Fig. 7(a) shows a weak-beam dark-field image of dislocations with b 
= [010] observed in a thin foil cut nearly parallel to the (100) slip plane 
in a micropillar specimen with the C orientation. All [010] dislocations 
are clearly dissociated into two partial dislocations (Fig. 7(a) and (b)). 
For this orientation, the (100)[010] slip system is identified by trace 
analysis of deformation markings on the micropillar specimen surfaces 
(Fig. 4(d)-(f)). The [010] dislocation responsible for (100)[010] slip 
cannot be of the zonal-type, as the [010] slip direction is contained in 
the (001) plane, on which complex atomic shuffling is thought to occur 
within each of (001) Kagome atomic layers [12,29]. All [010] disloca
tions imaged in Fig. 7(a) are clearly observed to dissociate into two 
collinear partial dislocations, as both partial dislocations seen in Fig. 7 
(b) (the frame area in Fig. 7(a)) imaged with g=022 are simultaneously 
invisible when imaged with g=004 (Fig. 7(c)) and with g=202 (Fig. 7 
(d)). The dissociation width of the dislocation in Fig. 7(b) (with the line 
vector approximately 78◦ from the Burgers vector) is very wide, about 
34 nm on the (100) slip plane. Possible dislocation dissociation schemes 
for [010] dislocations on {100} slip planes will be discussed in the 
section 4.3. 

Fig. 3. Selected stress-strain curves obtained for micropillar specimens with (a) B ([1 11 28]), (b) C ([892]) and (c) D ([13 28 7]) orientations, respectively. Arrows 
indicate the yield points deduced either as the elastic limit or as the stress at which the first strain bust occurs. 
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Fig. 8(a) shows a bright-field image of dislocations with b = [011] 
observed in a thin foil cut nearly parallel to the (111) slip plane in a 
micropillar specimen with the D orientation. For this orientation, the 
(111)[011] slip system is identified by trace analysis of deformation 
markings on the micropillar specimen surfaces (Fig. 4(g)-(i)). [011] 
dislocations are observed to dissociate into three partials as clearly seen 
in a weak-beam image of Fig. 8(b). Because all partial dislocations are 
invisible simultaneously when imaged with g = [411] (Fig. 8(c)), [011] 
dislocations are likely to dissociate into three partials with collinear 
Burgers vectors parallel to [011]. Possible dislocation dissociation 
schemes for <011> dislocations on {111} slip planes will also be dis
cussed in section 4.3. 

3.4. Fracture toughness 

Load-displacement curves obtained in three-point bend tests for 
chevron-notched micro-beam specimens with a notch plane parallel to 
(100) and (001) are shown in Fig. 9(a). The fracture surfaces observed 
for the corresponding specimens are shown in Fig. 9(b) and (c). The 
fracture surfaces for both cases are fairly flat, suggesting the occurrence 
of cleavage fracture. The values of fracture toughness evaluated with 
Eqs. (1) and (2) are 1.8 ± 0.22 and 1.6 ± 0.16 MPa⋅m1/2 respectively for 
a notch plane parallel to (100) and (001). These values of fracture 
toughness of FeCr are very low as comparable to those for some typical 
ceramics such as SiC (1.4~1.6 MPa⋅m1/2) [23], indicative of significant 

brittleness of the sigma phase compound. 

4. Discussion 

4.1. Operative slip systems 

The slip systems identified in our previous [29] and present studies 
to operate in the sigma-phase compound FeCr at room temperature in 
the micropillar form are {110}[001], {100}[001], {100}<010> and 
{111}<011>. Since there is no previous study to identify the slip sys
tems in any sigma-phase compound, the present study is the first to 
identify the operative slip systems in sigma-phase compounds. Here, we 
compare these slip systems identified to operate in FeCr with those 
predicted and identified to operate in isostructural β-uranium [11–13]. 
Holden [11] predicted four slip systems ({110}[001], (001)<110>, 
{140}[001] and (001) <140>) to operate in β-uranium. Of the four 
systems, he himself [11] and later Rodriguez et al. [13] identified only 
{110}[001] slip to operate. We also did not observe the other three 
systems to be active in FeCr. Rodriguez et al. [13] identified the oper
ation of {100}[001] slip in β-uranium. We also indeed observed this slip 
system to operate in FeCr. While the [001] zonal dislocation responsible 
for {110}[001] slip predicted by Kronberg [12] for β-uranium was 
proven to exist in FeCr [29], the [001] extended dislocation involving a 
planar fault of the high-energy type proposed for {100}[001] slip in 
β-uranium by Rodriguez et al. [13] was not observed in FeCr. Instead, 
the zonal dislocation similar to that responsible for {110}[001] slip was 

Fig. 4. Deformation markings observed on two orthogonal surfaces of FeCr single crystalline micropillars with (a)-(c) B (L = 5.4 μm), (d)-(f) C (L = 6.2 μm) and (g)- 
(i) D (L = 3.6 μm) orientations. 
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experimentally proven to exist in the present study. The details of atomic 
shuffling in the shear zone associated with the [001] zonal dislocation 
responsible for {100}[001] slip will be discussed in the next section. 

4.2. [001] zonal dislocation responsible for {100}[001] slip 

Within the crystal structure of the tetragonal D8b-type, Atomic layers 
A (at z = 0) and B (at z = 1/2) both having the identical Kagome-type 
atomic arrangement are related to each other with the 90◦-rotation 
relationship about the c-axis (Fig. 1). As in the atomic shuffling model 
that we proposed for the [001] zonal dislocation responsible for {110} 
[001] slip [29], atoms in atomic layers A and B are considered to shuffle 
cooperatively so that the atomic arrangement of atomic layer A gradu
ally turns into that of Atomic layer B and vice versa within the shear 
zone (i.e., the core region) of the [001] dislocation gliding on (100). 
Fig. 10 shows a plausible atomic shuffling model for the [001] zonal 
edge dislocation on (100), which is constructed assuming that the 
boundaries defining the shear zone are located at positions indicated 
with dashed lines in Fig. 10. Similarly to our atomic shuffling model for 
the [001] zonal edge dislocation on {110}, all atomic shuffles are suc
cessfully selected so as to occur within each of (001) Kagome atomic 
layers without incorporating any translayer-type atomic shuffles that 
were involved in the original model for the (001) zonal dislocation on 
{110} by Kronberg [12]. 

The proposed model is constructed based on the assumption that all 
atoms in each of Kagome atomic layers shuffle so as to maintain the in- 
plane translation symmetry of the Kagome atomic layer at any step of 
shuffling. The assumption makes the model of atom shuffling the 
simplest with the smallest number of different atomic shuffle motions. 
With this assumption, the height of the shear zone is expected to simply 
be na, integer (n) multiples of the a-axis lattice parameter. Of signifi
cance to notice, however, is that if atomic layers A and B are not 
distinguished, the atomic arrangement similar to that observed at the 
shear zone boundary #Z1 appears periodically at an interval of a/2 (as 
indicated by arrows in Fig. 10(c)). This indicates that the height of the 
shear zone can be na/2, integer multiples of half the a-axis lattice 

Fig. 5. Bright-field images of [001] dislocations on (010) introduced in a micropillar specimen with the B orientation taken with (a) g=002, (b) g=200 and (c) 
g=410. Weak-beam image of the same area taken with g=002is shown in (d). 

Fig. 6. Atomic-resolution HAADF-STEM image of a core structure of a [001] 
edge dislocation on (010) slip plane introduced in a micropillar specimen with 
the B orientation. Burgers circuit construction around the dislocation confirms 
that the Burgers vector of the dislocation is b = [001]. Two partial dislocations 
with an identical Burgers vector of b = 1/2[001] are at positions marked by 
symbols ⊥ on two (010) planes separated by a distance corresponding to 1.5a. 
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parameter. If the shear zone height is selected so as to minimize the 
number of atoms to shuffle, the height must be the smallest one, i.e., a/2. 
But, the shear zone height actually observed by experiment is 3a/2 
(1.5a) (Fig. 6). We believe that elastic interaction between two com
posite partial dislocations with an identical Burgers vector of b = 1/2 
[001] aligned nearly perpendicular to the {100} slip plane plays an 
important role in determining the shear zone height. Fig. 11 plots the 
force acting between two vertically-aligned parallel edge dislocations 
both with b = 1/2[001] as a function of the height of the shear zone. The 
force at the height of 1.5a is calculated to be only one third of that at 
0.5a, as the force is inversely proportional to the separation distance. 
Interestingly, the force at the height of 1.5a for the [001] zonal dislo
cation responsible for {100}[001] slip is comparable to that for the 
[001] zonal dislocation responsible for {110}[001] at the actually 

observed height of 
̅̅̅
2

√
a [29]. This further supports the importance of 

elastic interaction between two composite partial dislocations in 
determining the shear zone height. 

4.3. Dislocation dissociation 

We now discuss how the identified slip systems are selected on the 
basis of the atomic arrangement in the crystal structure of FeCr, in 
particular for {100}<010> and {111}<011> slip, in which the relevant 
dislocations are identified not to be of the zonal type. This is particularly 
important when dislocations dissociate into partial dislocations. We now 
examine the energetic barrier along some possible slip directions on the 
observed slip planes by calculating the generalized stacking-fault energy 
(GSFE) or the overlapped atomic volumes involved in the dislocation 
glide process [40,41]. Because all crystallographic sites in the 
sigma-phase compounds are of the mixed occupancy of the constituent 
atoms, generalized stacking-fault energy (GSFE) calculations by 
first-principles density functional theory (DFT) as well as the overlapped 
atomic volume (OLAV) calculations were difficult to make. In the GSFE 
calculations, the hypothetical ordered structure used for calculating the 
elastic constants in section 3.1 was employed (see the detailed calcula
tion method in Supplementary) to calculate those on the {100} plane 
with the smallest in-plane unit-cell. In the OLAV calculations, all sites in 
the crystal structure are assumed to be occupied exclusively by Fe atoms. 
This may not cause a significant problem since the Goldschmidt metallic 
radii for Fe (0.126 nm) and Cr (0.128 nm) atoms are very close to each 
other. 

The GSFE on the {100} plane and the OLAVs on the {100} and {111} 
planes are depicted respectively in Fig. 12(a)-(c) as a function of 
displacement parallel to the respective Burgers vector (<010> and 
<011> for the {100} and {111} planes). Since the observed dissociation 
schemes for <010> and <011> dislocations are both of the collinear- 
type, we only consider the displacement parallel to their Burgers vec
tors. We considered seven and three crystallographically non-equivalent 
planes for the {100} and {111} planes (Fig. 12(d),(e)). For {100}<010>
slip, characteristic features of GSFE (Fig. 12(a)) and OLAVs (Fig. 12(b)) 
are very similar to each other, indicating that the results of OLAV cal
culations can be used to predict plastic behaviors of the sigma-phase 
compounds such as possible slip systems, actual slip planes and dislo
cation dissociation as a first approximation. For (100)[010] slip, the 
GSFE and OLAV calculation both commonly indicate that the [010] 
dislocation dissociates into three colinear partial dislocations on many 
different {100} slip planes, as approximately described by 

[010]→7/24[010] + 5/12[010] + 7/24[010] (3) 

Fig. 7. (a) Weak-beam dark-field image of dislocations with b = [010] observed in a thin foil cut nearly parallel to the (100) slip plane in a micropillar specimen with 
the C orientation taken with g = 022. (b-c) Contrast analysis of dislocations in the marked area in (a) taken with (b) g = 022, (c) g = 004 and (d) g =202. 

Fig. 8. (a) Bright-field and (b,c) weak-beam dark-field images of dislocations 
with b = [011] observed in a thin foil cut nearly parallel to the (111) slip plane 
in a micropillar specimen with the D orientation taken with (a,b) g = 330 and 
(c) g = 411. 
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This is somewhat different from what is observed by TEM (Fig. 7). 
Weak-beam TEM imaging revealed two-fold (instead of three-fold) 
dissociation with a relatively wide separation distance of about 34 nm 
for the 78◦-mixed dislocation. The energy of stacking fault formed by the 
first leading partial dislocation with b = 7/24[010] is estimated to be 

about 187 mJ/m2 using the isotropic elastic constants of G = 124.2 GPa 
and ν = 0.2997 for 0 K. This stacking fault energy is by far smaller than 
that (~ 2500 mJ/m2 on {100}e for 0 K) deduced by the DFT calculation. 
The reasons for these discrepancies regarding dislocation dissociation 
and stacking fault energy have yet to be clarified. From a theoretical 
perspective, temperature, spin polarization, ordered structure forma
tion, and in-plane atomic relaxations are possible factors that should be 
further considered in calculating theoretical SFE values. From the 
experimental side, a closer investigation of the core structure of the 
[010] dislocation, gliding on (100) planes, is currently ongoing in our 
research group, to see if atomic shuffle motion is involved in addition to 
standard shear. 

For (111)[011] slip, two local minima in the overlapped atomic 
volume are found for displacement along [011] when the [011] dislo
cation glides on the (111)b slip plane (Fig. 12(c)). This indicates that the 
[011] dislocation can dissociate into three colinear partial dislocations, 
as approximately described by 

[011]→19 / 50[011] + 27/100[011] + 7/20[011]. (4) 

This is consistent with the results of the TEM observations (Fig. 8). 
The energies of the stacking faults formed by the first leading partial 
dislocation with b = 19/50[011] and the second partial dislocation with 
b = 27/100[011] are estimated, respectively, to be about 690 and 460 
mJ/m2, based on the separation distances of about 5.6 nm (between the 
first and second partials) and 10.2 nm (between the second and third 

Fig. 9. (a) Load-displacement curves obtained in three-point bend tests for chevron-notched micro-beam specimens with a notch plane parallel to (100) and (001) 
and (b), (c) SEM secondary electron images of fracture surface of the corresponding specimens. 

Fig. 10. Atomic shuffling model in atomic layers (a) A and (b) B of a (100)[001] zonal dislocation. Blue arrows indicate the shuffling directions and magnitudes for 
atoms so that atomic arrangement of Atomic layer A gradually turns into that of Atomic layer B and vice versa within the shear zone. Dashed lines #Z1-#Z2 indicate 
the pairs of glide planes defining the shear zones. (c,d) [010] projected views of sigma FeCr (c) before and (d) after one dislocation passage. 

Fig. 11. Interaction force between two vertically-aligned parallel edge dislo
cations with an identical Burgers vector of b = 1/2[001] plotted as a function of 
the height of the shear zone. 
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partials) for the 60◦-mixed dislocation (Fig. 8(b)). 

4.4. Critical resolved shear stress 

CRSS values for the four identified slip systems calculated with the 
yield stress values and the corresponding Schmid factors (Table 1) are 
plotted in Fig. 13 as a function of specimen size. While the CRSS values 
are essentially independent of specimen size for {110}[001] slip, an 
inverse power-law scaling is valid for {100}[001], {100}<010> and 
{111}<011> slip in sigma FeCr with an exponent of 0.05, 0.1 and 0.1, 
all of which are much smaller than those usually reported for single 
crystals of FCC (face-centered cubic) (0.5~1.0) and BCC (body-centered 
cubic) (0.3~0.5) metals [20,42,43]. This may be closely related to the 
very high values of the Peierls stress (frictional stress) for these slip 
systems in FeCr. 

Although the relation between the inverse power-law scaling for the 
specimen-size dependent CRSS and bulk CRSS value has often been 

discussed along different argumentation chains [22,44,45], the CRSS 
value obtained for micropillar specimens of FCC and BCC metals is 
known to usually approach the corresponding bulk value as the spec
imen size increases and the CRSS value can be regarded as the bulk one 
when the specimen size reaches 20~30μm [43]. On this basis, we can 
estimate the bulk CRSS values at room temperature to be 1.58, 1.45, 
1.33 and 1.55 GPa for {110}[001], {100}[001], {100}<010> and 
{111}<011> slip in FeCr. Since these four slip systems have the CRSS 
values not so different from each other (in the range of 1.33~1.58 GPa), 
there may be sufficient numbers of independent slip systems to ensure 
the general deformation of polycrystalline FeCr. The occurrence of 
premature failure in the sigma phase compound in the bulk form may 
then be ascribed to the very high CRSS values for these four slip systems 
combined with the very low fracture toughness (1.6~1.8 MPa⋅m1/2). 
According to Ashby and coworkers [46–48], premature fracture of 
brittle materials occurs by cracks nucleated and propagated in a direc
tion parallel to the compression axis originating from pre-existing flaws. 

Fig. 12. (a) Generalized stacking fault energy (GSFE) and (b) overlap atomic volume (OLAV) curves together with their derivatives calculated for {100}<010> slip. 
(c) OLAV curves calculated for {111}<011> slip. (d,e) Possible slip planes that are crystallographically non-equivalent for slip systems of (d) {100}<010> and (e) 
{111}<011>. The plane indices with subscripts indicated in each of the figures correspond to the atomic planes on which the GSFE calculations and/or OLAV 
calculations were made. 
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The critical axial stress σC for crack initiation was estimated to be 
CKIc/(πa)1/2, where a represents the size of a pre-existing flaw and C is a 
constant of the order of 1 depending on material, geometrical configu
ration of the pre-existing flaw and the number density of the flaws 
[46–48]. We can deduce a critical size of a pre-existing flaw to achieve 
very high axial stress in micropillar compression (≥ 2.5~5 GPa) to be of 
the order of several tens to hundreds of nanometers in FeCr with the low 
fracture toughness values. Consideration of such small flaws can be 
avoided in many cases in micropillar specimens of the micron-meter 
size, whereas they are inevitably occurring within bulk-sized speci
mens. This may be one of the reasons why plastic flow is not observed in 
specimens of bulk size. 

Fig. 14 illustrates the orientation dependence of expected operative 
slip systems under uniaxial loading calculated based on the estimated 
bulk CRSS values for these four slip systems. In spite of the fact that 
{110}[001] slip has been observed to operate at room temperature as 
the primary slip system in β-uranium [11,13], the orientation range 
where {110}[001] slip operates is predicted not to be so wide in FeCr 
because of the high estimated bulk CRSS value. Instead, {100}[001] slip 
is expected to operate in a rather wide orientation range. These two slip 
systems are expected to operate in a wide orientation range in the 
middle of the standard triangle in the stereographic projection. Plastic 
flow was proven to be carried by zonal dislocations for both {110}[001] 
and {100}[001] slip. Since complex atomic shuffling in the shear zone is 
needed for the motion of these zonal dislocations, their mobility is ex
pected not so high in particular at ambient temperature. This may also 
be one of the reasons why plastic flow is not observed in specimens of 
the bulk size. 

5. Conclusions 

The results of micropillar compression tests on single crystals of the 
sigma-phase compound FeCr made at room temperature as a function of 
the loading axis orientation and specimen size are summarized as fol
lows.  

1. Three slip systems, {100}[001], {100}<010> and {111}<011> are 
identified to be operative in sigma FeCr at room temperature, in 
addition to {110}[001] we previously identified. The CRSS values 
for {100}[001], {100}<010> and {111}<011> slip are very high, 
all exceeding 1.3 GPa. The CRSS value increases with the decrease in 
the specimen size following the inverse power-law relationship with 
an exponent of 0.05, 0.1 and 0.1, respectively. The bulk CRSS values 

are deduced to be 1.45, 1.33 and 1.55 GPa respectively for these 
three slip systems.  

2. Atomic-resolution STEM imaging of the core structure of a [001] 
dislocation in edge character confirms that the [001] dislocation 
gliding on the (100) plane is of the zonal-type, as in the case of the 
[001] dislocation gliding on the (110) plane. A plausible atomic 
shuffling model for the {100}[001] zonal dislocation is proposed.  

3. Both <010> dislocations responsible for {100}<010> slip and 
<011> dislocations responsible for {111}<011> slip are confirmed 
not to be of the zonal-type and to dissociate into two and three partial 
dislocations with collinear Burgers vectors, respectively.  

4. Elastic constants for a hypothetical ordered structure with a chemical 
composition of Fe - 53.3at.% Cr are calculated to be C11 = 452.3 GPa, 
C33 = 495.6 GPa, C44 = 110.0 GPa, C66 = 111.8 GPa, C12 = 194.2 
GPa, C13 = 157.0 GPa by the first-principles DFT calculation 
assuming a non-polarized state.  

5. The fracture toughness values are evaluated to be 1.8 ± 0.22 and 1.6 
± 0.16 MPa⋅m1/2 respectively for a notch plane parallel to (100) and 
(001) by micro-cantilever bend tests for chevron-notched micro- 
beam specimens. These low fracture toughness values indicate sig
nificant brittleness of sigma FeCr. 
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