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A B S T R A C T

The activation of deformation mechanisms in face-centered cubic materials is considered closely related with the
stacking fault energy. Experimentally determined stacking fault energy (SFE) values are exclusively positive.
However, results obtained by first principle methods predict that the intrinsic SFE of metastable face-centered
cubic metals and alloys is negative. It was previously shown that SFE values from the first principle methods
and experiments can be reconciled by accounting for the resolved shear stress for Shockley partial dislocations.
Determining this resolved shear stress for Shockley partial dislocations is experimentally challenging, making the
reconciliation of experimental and first-principles SFE values a laborious exercise. In the present contribution, we
demonstrate that the critical resolved shear stress for Shockley partial dislocations and SFE values can be
determined from a single in-situ neutron diffraction experiment, thus enabling more confident and efficient
reconciliation of experimental and theoretical SFE values.

1. Introduction

High- and medium-entropy alloys, HEAs and MEAs, respectively,
have attracted considerable research interest due to their promising
combination of ultimate tensile strength and ductility, even at cryogenic
temperatures [1–5]. It is commonly claimed that HEAs andMEAs exhibit
a higher intrinsic yield strength as compared to traditional structural
materials, such as, e.g., austenitic (stainless) steels, due to an increase in
average atomic misfit and associated type III lattice strains [6,7].
However, upon closer comparison of literature data this claim seems to
be questionable as the difference in yield strength between HEAs and
MEAs and austenitic (stainless) steel seems to be negligible [8–10]. In
contrast, the high ductility of HEAs and MEAs is associated with
twinning-induced plasticity (TWIP) and transformation induced plas-
ticity (TRIP) effects [3,11,12], which provide more pronounced work
hardening than dislocation slip and therefore delay the onset of necking.
The reason for the increase in the work hardening rate associated with

the TWIP and TRIP effect is considered to be the continuous refinement
of the microstructure due to the formation of twin boundaries and
martensite/austenite phase boundaries, which constitute obstacles for
dislocation movement by the dynamic Hall-Petch effect [13,14].

Whether a material deforms by a combination of dislocation slip and
TRIP/TWIP or by dislocation slip alone is thought to be governed by the
stacking fault energy (SFE) [15,16]. The SFE is the energy associated
with the presence of a stacking fault (SF) that forms in a face-centered
cubic (fcc) matrix and is terminated by a pair of Shockley partial dis-
locations. Thermodynamically, the SFE can be modelled as a two-atomic
layer thick ε–martensite embryo [17]. In the current paradigm, low
experimental SFE values (<20 mJ⋅m-2) favor TRIP, while intermediate
SFE values (20 – 40 mJ⋅m-2) lead to TWIP and materials with even
higher SFE values (>40 mJ⋅m-2) deform exclusively by dislocation slip
[15,18]. The SFE is commonly considered an intrinsic materials prop-
erty, irrespective of whether it is experimental or thermodynamic, and
depends on chemical composition, temperature and pressure [19–22].
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Following this paradigm, SFE can be used to tailor the combination of
prevalent deformation mechanisms and hence the mechanical proper-
ties of an alloy.

Recent advances in first principle calculations challenge the
assumption that plastic deformation of fccmetals and alloys is governed
alone by their respective intrinsic SFE [23,24]. Instead, it appears that
plastic deformation and the prevalence of certain deformation mecha-
nisms is governed by the generalized stacking fault energy (GSFE) sur-
face [23,24]. Theoretical (thermodynamic) SFE values from density
functional theory (DFT) are systematically lower than SFE values
determined by experiments and even become negative for metastable
materials. This contradicts with the positive experimental SFE values
[25–28]. Wei & Tasan [25] as well as Sun et al. [26] suggested that the
experimental SFE determination neglects the resistance against the
movement of Shockley partial dislocations, which effectively alters the
force balance if taken into account. Molecular dynamics simulations by
Shih et al. [29] confirmed that the solute drag experienced by Shockley
partial dislocations has an effect on the stacking fault width and,
therefore, on the experimentally determined SFE. Recently, it was
demonstrated by Werner et al. [27,28] that the systematic gap between
theoretical and experimental SFE values can be bridged by considering
the resistance against the movement of Shockley partials (τP) in the force
balance over a stacking fault. Pragmatically, this resistance was postu-
lated to be proportional to the critical resolved shear stress (CRSS) for
twinning (τTwin), since τP cannot be easily assessed. This approach yiel-
ded unprecedented quantitative agreement between theoretical and
experimental SFE values for both stable and metastable fcc materials
(including HEAs and MEAs). Thus, a method for the simultaneous
determination of τP (or τTwin) and SFE is sought for.

Transmission electron microscopy (TEM) is commonly used to
determine τTwin by observing the onset of deformation twinning ex-situ
or in-situ [4,11]. However, the experimental work associated with
determining τTwin after ex-situ loading is laborious and the accuracy of
the determined values for τTwin is directly related to the chosen stress/-
strain intervals. On the other hand, in-situ TEM provides the opportunity
to observe the motion of isolated Shockley partial dislocations and
therefore the determination of τTwin/τP. However, investigating a vast
compositional space with in-situ TEM is certainly not possible and
findings indicate that the mechanical behavior of a thin foil cannot be
translated easily to that of a bulk material [30]. Wang et al. [31] pointed
out an alternative to determine τP, by probing the stacking fault prob-
ability (SFP) in-situ with X-ray or neutron diffraction during plastic
deformation and infer τP from the relation between SFP and true stress.

This work aims to validate a previously proposed hypothesis, which
demonstrates that the discrepancy between experimental and theoret-
ical SFE values is due to the resistance to the motion of Shockley partial
dislocations. Although the hypothesis showed unprecedented agreement
between experimental and theoretical SFE values, it relies on experi-
mental data, which is usually obtained from separate experiments. This
does not only require a significant experimental workload, but also in-
creases the uncertainty of the hypothesis results. In an attempt to reduce
the experimental effort needed and increase the reliability of the hy-
pothesis, it is shown for the example of FeCoCrNi, deformed in tension at
different temperatures, that all necessary experimental data can be
derived from a single in-situ neutron diffraction experiment. The cor-
relation of experimental data and results obtained from DFT, demon-
strates that the suggested approach enables for sub-zero temperatures a
reconciliation of experimental and theoretical SFE values with a
considerably reduced workload.

2. Experimental methods

2.1. Material

The FeCoCrNi samples were prepared from pure metals by arc-
melting. To ensure chemical homogeneity, the materials were re-

melted several times and subsequently cast into Cu-molds. Homogeni-
zation was performed in an argon atmosphere for 24 h at 1200 ◦C with
subsequent quenching into water. The samples were cold-rolled to a
thickness reduction of ~80% and afterwards annealed at 800 ◦C for 1 h
to achieve full recrystallization, which resulted in an average grain size
of approximately 5 μm. Tensile specimens with gauge dimensions of 25
mm × 4 mm × 3 mm were machined by wire electrical discharge
machining from the as-recrystallized material.

2.2. Neutron diffraction and analysis of diffraction data

The in-situ neutron diffraction (ND) experiments were performed at
the TAKUMI Engineering Materials Diffractometer, beamline-19 of the
Materials and Life Science Experimental Facility at the Japan Proton
Accelerator Research Complex. Low-temperature experiments were
carried out with the cryogenic loading machine [32]. The tensile di-
rection was inclined 45 ◦ relative to the incident neutron beam. Dif-
fractograms were thus acquired with scattering vectors parallel to and
normal to the tensile direction on the two detector banks, which are
installed at –90 ◦ and +90 ◦ with respect to the incident neutron beam.
Thus, during the in-situ tensile tests, the data was acquired along both
loading and transverse directions. Temperatures were monitored with a
Chromel/AuFe0.07% thermocouple that was fixed to the gauge part of
samples. Prior to loading, the samples were cooled and held for ~1 h at
low temperatures (25 K, 40 K and 140 K). Tensile loading was applied at
a strain rate of 2.67 × 10 –5 s –1.

Rietveld refinement of the diffractograms was performed with the Z-
Rietveld software [33]. The lattice strain for individual lattice planes εhkl
was obtained from:

εhkl =
(
dhkl − d0hkl

)

d0hkl
(1)

where dhkl is the lattice spacing of the {hkl} family of lattice planes upon
loading and d0hkl is the strain-free lattice spacing. The SFP was deter-
mined using first and second order {hhh} reflections applying Warren’s
method [34]:

SFP =
32π
3

̅̅̅
3

√ (ε222 − ε111) (2)

with ε111 and ε222 the lattice strains for {111} and {222} parallel to the
loading direction, respectively.

Experimental stacking fault energies (γExpisf ) were calculated with the
equation proposed by Reed and Schramm [35]:

γExpisf =
6.6a0G111

π
̅̅̅
3

√

〈
ε2111

〉

SFP
A− 0.37 (3)

where G111 is the shear modulus in the {111} plane, a0 is the lattice
parameter, A is the Zener anisotropy, and

〈
ε2
〉

111 is the mean-square
strain in the [111] direction.

2.3. Materials characterization

The microstructure was investigated on the tested (until fracture)
specimens on a JEOL JEM-2100F transmission electron microscope
(TEM). Samples were prepared by focused ion beam (FIB) milling, using
an FEI Scios DualBeam SEM/FIB system. To prevent beam damage the
FIB lamellae were capped with a protective platinum (Pt) deposit. Gal-
lium (Ga+) ion beams of 5 nA at 30 kV and 0.1 nA at 30 kV were used for
sample-cutting and early-stage milling, respectively. Finally, Ga+-ion
beams of 23 pA at 16 kV and 4.3 pA at 2 kV were used as to minimize the
introduction of artefacts in the final preparation step.

K.V. Werner et al.
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3. Computational methods

The SFE values for the FeCoCrNi alloy at the four test temperatures
were calculated using Density Functional Theory (DFT) modeling and
the Coherent Potential Approximation (CPA) [36,37] as implemented in
the exact muffin-tin orbitals (EMTO) package [37,38]. The para-
magnetic state of the alloys was accounted for using the disordered local
magnetic moment (DLM) method [39]. The fcc lattice was modelled
using nine (111) planes consisting of one atom each and stacked in the
standard sequence ABCABCABC. The lattice vectors of the fcc cell were
a1 = a0〈101〉/2, a2 = a0〈011〉/2 and a3 = a0 √3〈111〉/3, where a0 is
the fcc lattice parameter. Shifting a3 by a0 〈112〉/6 introduces an
intrinsic stacking fault via the periodic boundary condition to produce
the new stacking sequence ABCABCABC | BCABC …. The stacking fault
energy was then obtained from:

γDFTisf =
(
FSF − Ffcc

)/
A (4)

with Ffcc and FSF the Helmholtz energies of the supercells, respectively
before and after introducing a stacking fault of area A. The Helmholtz
energies consisted of the DFT total energy and the magnetic entropy
contribution as applied in Ref. [40]. First-principles calculations were
conducted at the atomic volumes derived from the experimental lattice
parameters at the test temperatures to partially account for the effect of
a finite temperature. The exchange-correlation functional was approxi-
mated using the Perdew, Burke, and Ernzerhof (PBE) generalized
gradient approximation [41]. The resolution of the k-point mesh was
tested for energy convergence and consisted of 10,556 uniformly
distributed points with an error of < 0.1 mJ⋅m-2 in SFE.

4. Results

4.1. Mechanical properties

The mechanical properties of the FeCoCrNi HEA tested at four
different temperatures were reported and evaluated in detail elsewhere
[42]. Key mechanical parameters as well as the lattice parameter of the
undeformed HEA are given in Table 1.

It is apparent that lowering the deformation temperature enhances
the mechanical properties of the FeCoCrNi HEA significantly; yield
strength (σy) and ultimate tensile strength (σUTS) increase by a factor of 2
and 2.4, respectively, on reducing the deformation temperature from
295 K to 25 K. In addition, the strain at failure (εf ) increases from 45.0%
at 295 K to 58.7% at 140 K and appears to remain unchanged for
deformation temperatures below 140 K. The observed improvement in
mechanical properties of the FeCoCrNi HEA at cryogenic temperatures
agrees with the correlation of deformation temperature and mechanical
properties of HEAs reported in the literature [3,4]. Lowering the
deformation temperature is considered to result in a drastically higher
thermal contribution to the Peierls stress, hence rendering solid solution
strengthening more potent at low temperatures [42]. Below room tem-
perature, the Hall-Petch coefficient depends only weakly on tempera-
ture, such that its contribution is negligible as compared to the Peierls
stress contribution [43]. The improved ductility of HEAs and MEAs at

low temperatures is attributed to a larger contribution of the TWIP effect
[8], which increases the work hardening rate as a result of the dynamic
Hall-Petch effect [11,44].

4.2. Microstructural evolution upon plastic deformation

Diffractograms of the HEA in undeformed condition and at σUTS for
the four investigated temperatures are given in Fig. 1a–d. In undeformed
condition the HEA diffractograms only reveal an fcc structure with sharp
peaks, irrespective of temperature.

The diffractograms of the HEA specimens at σUTS do not reveal
additional peaks, indicating that the FeCoCrNi HEA is thermodynami-
cally stable under deformation and does not form martensite. This is in
line with previous investigations that confirm the absence of
deformation-induced martensite in FeCoCrNi deformed at cryogenic
temperatures [31,42]. The bright-field TEM images in Fig. 2 confirm
that FeCoCrNi remains fcc at cryogenic temperature and that deforma-
tion twins develop. In contrast to the findings by Wang et al. [31], the
sample deformed at 295 K did not show indications of deformation
twinning. Absence of twinning at 295 K is attributed to the relatively
small grain size of the FeCoCrNi HEA in this work as compared to the
FeCoCrNi samples investigated by Wang et al. [31]. A small grain size
has been demonstrated to reduce the propensity for, and eventually fully
suppresses, twinning [45–49], because the CRSS for twinning is
inversely proportional to grain size [45,50].

4.3. Evolution of the stacking fault probability with true stress

The evolution of the stacking fault probability for the four test
temperatures, determined according to Eqs. (1),(2) is given in Fig. 3a –
d as a function of the true stress. Comparing the SFP vs. true stress
curves, reveals three distinctive aspects: i) the achievable magnitude of
the SFP is temperature dependent, such that a lower deformation tem-
perature results in a higher SFP, ii) initially the SFP remains approxi-
mately zero, but starts to increase beyond a threshold stress, iii) the rate
at which SFP increases with true stress depends on temperature.

In line with the trends reported in the literature [31,51,52], the SFP
attained at fracture decreases with increasing temperature from approx.
45⋅10− 3 at 25 K and 40 K to 5⋅10− 3 at 295 K. Evidently, lowering the
deformation temperature eases stacking fault and twin formation, as
corroborated by TEM (cf. Fig. 2) and thus augments their contributions
to strain hardening [42,51]. Intriguingly, in the temperature range 25 K
to 140 K the SFP increases at 0.028 MPa-1 with true stress at virtually the
same rate, while at 295 K it is only one third of this rate: 0.009 MPa-1.
Certainly, this indicates that SF formation is promoted by a lower
deformation temperature.

The threshold stress beyond which SFP increases was determined
from Fig. 3 by fitting the data points with a piecewise linear function and
is taken as the critical stress for widening of the SFs (σP). The determined
values for σP are compared with the yield stress σy in Fig. 4. Clearly, the
difference between σy and σP becomes smaller with decreasing tem-
perature, in agreement with findings by Kireeva et al. [53–56] and
Abuzaid & Sehitoglu [57], who stated that lowering the deformation
temperature shifts the onset of twinning to lower plastic strains and
higher stresses.

4.4. Stacking fault energy as a function of temperature

For increasing true stress, the determined SFE value asymptotically
approaches a certain value (Fig. 5a–d). A similar dependence of γExpisf on
the true stress has been reported previously for HEAs/MEAs and for
stainless steels [31,51,52]. In line with literature, the average values for
these steady state regimes are taken as the experimental SFE values (see
the horizontal dashed lines in Fig. 5 [31,51,52]). Evidently, at 295 K the
steady state regime is not yet reached (Fig. 5d). Therefore, pragmatically

Table 1
Mechanical properties of the FeCoCrNi alloy for the four test temperatures 25 K,
40 K, 140 K, and 295 K. Yield strength

(
σy
)
, ultimate tensile strength (σUTS),

strain at failure
(
εf
)
, contribution of work hardening (θ), and the strain-free

lattice parameter (a0) [42].

Temperature [K] σy [MPa] σUTS [MPA] εf [%] θ [MPa] a0 [Å]

295 331 1009 45.0 678 3.5723
140 502 1886 58.7 1384 3.5644
40 637 2377 58.9 1740 3.5637
25 676 2396 58.4 1720 3.5636

K.V. Werner et al.
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the lowest SFE value is taken as the experimental SFE. It is reasoned that
the absence of a plateau for 295 K is consistent with the limited strain
hardening at this temperature, which prevents wide stacking faults from
forming.

The experimental SFE values in Fig. 6 show a non-linear dependence
on temperature and approach a constant value, for temperatures up to
(at least) 140 K. This behavior resembles the experimental SFE values of
Cu-Al alloys that exhibit an asymptotic trend towards a constant, posi-
tive value for increasing Al-content. This asymptotic behavior was
demonstrated to be a consequence of the aforementioned, incomplete
force balance over a stacking fault that biases positive experimental SFE
values [26,28]. SFE values for the FeCoCrNi have not been reported
before for temperatures as low as 25 K and 40 K. The SFE value of 36
mJ⋅m-2 at 295 K (c.f. Table 2) is slightly higher than the values reported
earlier in the literature, which are in the range 27 – 32.5 mJ⋅m-2 [31,58,
59]. A slightly higher SFE value may originate from the small grain size
in the investigated samples. Experimentally determined (apparent) SFE
values depend on the grain size by a Hall-Petch type dependence, so
smaller grains have a higher experimental SFE value [27,49,60]. The
error bar for the 295 K specimen in Fig. 6 reflects the estimated error as a

consequence of the procedure to determine γExpisf in Fig. 5d.
In contrast to the positive experimental values, the theoretical DFT

values are negative and increase linearly with temperature at 0.025
mJ⋅m-2.K-1. This value is commensurate with the temperature depen-
dence of SFE reported for stainless steels and HEAs [61,62]. The nega-
tive SFE values obtained from DFT illustrate that experimental
validation of DFT simulations is not straightforward. It is noted that DFT
values calculated for the SFE at 25 K and 40 K are higher than the typical
values reported in the literature for 0 K [26]. Generally, DFT SFE values
at 0 K are derived from the DFT ground-state volume, which yields an
underestimate of the actual lattice parameter [26,63]. By means of
example, for the room temperature sample investigated here, taking the
lattice parameter as 3.577 Å (experimental value used in Ref. [26])
instead of 3.5723 Å (experimental value in the current work), changes
γDFTisf from − 7.5 mJ⋅m-2 to − 1 mJ⋅m-2, corresponding to the SFE value for
FeCoCrNi reported by Xun et al. [26]. Analogously, results by Niessen
et al. [64] demonstrated that the lattice parameter has a significant in-
fluence on the SFE values calculated with DFT. On comparing experi-
mental and theoretical SFE values, it is essential that the experimental
lattice parameter is used for both values.

Fig. 1. Normalized diffractograms of the FeCoCrNi HEA in the undeformed state, and upon reaching the ultimate tensile strength – a. 25 K, b. 40 K, c. 140 K and d.
295 K.

K.V. Werner et al.
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Fig. 2. Bright field images obtained by transmission electron microscopy of the as-fractured FeCoCrNi HEA samples tested at – a. 25 K, c. 140 K and e. 295 K. Dark
field images and the corresponding selected area diffraction patterns are given in – b. 25 K and d. 140 K. Images were taken very close to the fracture.

K.V. Werner et al.
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5. Discussion

5.1. Critical resolved shear stress for twinning as a function of
temperature

In their review on the mechanical properties of HEAs and MEAs,
George et al. [65] thoroughly addressed the effect of temperature on the
twinning stress. The literature on this topic reports two irreconcilable
observations. Certain investigations claim an increase in twinning stress
with decreasing deformation temperature [53–57], while others report
that the twinning stress is insensitive to temperature, or even decreases
with decreasing deformation temperature [4,11,31,44,52].

The observations of insensitivity or decreasing twinning stress upon
lowering the deformation temperature in HEAs and MEAs commonly
rely on ex-situ TEM investigations of polycrystallinematerials [4,11,44].
This approach has two sources of uncertainty. Firstly, the accuracy with
which the onset of twinning can be detected with this method depends
on the stress/strain intervals at which the ex-situ TEM characterization
is performed. This becomes especially critical when the work hardening
rate increases at a lower deformation temperature. Consequently, the
stress/strain intervals should be selected along with the deformation
temperature, meaning that for a lower temperature the interval between

successive measurements should be reduced to guarantee an accurate
critical twinning stress. Secondly, since deformation twinning is orien-
tation dependent, the Schmid factor of the active/observed twin system
is required to determine the twinning stress unambiguously. In ex-situ
TEM, relating the crystal orientation under investigation to the
loading direction is challenging. Therefore, the CRSS is often obtained
from dividing the applied stress by the Taylor factor [4,11,44]. This may
contribute to uncertainty in the determined twinning stress, despite
preparation of TEM foils with a surface normal inclined 45 ◦ relative to
the loading direction as by Laplanche et al. [4].

Claims of an increasing twinning stress upon lowering the defor-
mation temperature are often derived from ex-situ TEM observations of
twinning in single crystals [53–57]. For single crystals the orientation
dependence of twinning can be properly accounted for, but the selected
stress/strain intervals in relation to temperature are still a source of
uncertainty.

As noted by George et al. [65], in addition to the conflicting groups of
experimental results, none of the models presented to date correctly
describes the twinning stress for a wide range of different fcc materials.
The only hypothesis that seems to yield reliable predictions for the
twinning across a wide range of different alloys, [27,28], assumes that
the twinning stress multiplied by the Burgers vector of Shockley partial

Fig. 3. Stacking fault probability (SFP) determined according to Eq. (2) as a function of the true stress for the four different deformation temperatures – a. 25 K, b. 40
K, c. 140 K and d. 295 K.

K.V. Werner et al.
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dislocations reconciles experimental and theoretical SFE values:

γExpisf = γDFTisf + bpτTwin (5)

Eq. (5) can then be rearranged to:

τTwin =
γExpisf − γDFTisf

bp
(6)

The hypothesis presumes pragmatically that the twinning stress
equals the stress required to separate two Shockley partial dislocations.
According to Eq. (6), τTwin can be calculated from γExpisf and γDFTisf . Using the
values in Table 2, τTwin decreases with decreasing temperature, as shown
in Fig. 7a. This would be in disagreement with an increase of σP for
decreasing temperature, cf. Fig. 4. However, as discussed by Kubilay &
Curtin [66] τP, and hence also σP, comprise terms related to both the
propagation of SFs and their nucleation. Hence, the apparent contra-
diction between the temperature-trends of σP (Fig. 4) obtained from
experiments and τTwin (Fig. 7a) derived from Eq. (6), may result from the
fact that experimental values for σP comprise both nucleation and
propagation barriers.

Steinmetz et al. [67] presented a model for the critical resolved shear
stress for deformation twinning that assumes propagation control:

τTwin =
γExpisf

3bp
+
3Gbp
L

(7)

where L is the twin embryo length. Assuming a value of L = 260 nm, the
values determined for τTwin (orange circles in Fig. 7a) agree excellently
with the values determined according to Eq. (6) in the temperature
range up to (at least) 140 K. This agreement strongly supports the sug-
gestion that the difference between γDFTisf and γExpisf arises from the prop-
agation barrier for wide stacking fault / twin formation [27,28].
Furthermore, the results suggest that twinning in the FeCoCrNi MEA is
propagation controlled at sub-zero temperatures where γDFTisf becomes
more negative. This suggestion concurs with observations in Cu-Al al-
loys reported by Tranchant et al. [68], where the rate controlling step for
twinning changes from nucleation to propagation for an Al-content of
approximately 8 – 10 at.%. Notably, in this composition interval γDFTisf

changes from a positive (for lower Al contents) to a negative value [28].
The question remains, whether the experimentally determined

values for σP, and therefore τP, can be reconciled with the values for τTwin
by distinguishing between the propagation and nucleation barriers.
According to Kubilay & Curtin [66] as well as Kireeva et al. [55], τP is
given by:

τP = τNuc + τSSP (T, ε̇̇) (8)

with τNuc =
γExpisf
bp [66]:

τP =
γExpisf

bp
+ τSSP (T, ε̇̇) (9)

where τSSP (T, ε̇̇) is the propagation barrier of Shockley partial disloca-
tions arising from solid solution strengthening and thus depends on
deformation temperature (T) and strain rate (ε̇̇). Hence, the propagation
barrier of Shockley partials can, according to Eq. (8), be obtained by
multiplying the values of σP with the respective Schmid factor for the
leading Shockley partial (mL) and subsequent subtraction of the nucle-
ation term:

τSSP (T, ε̇̇) = mLσP −
γExpisf

bp
(10)

The Schmid factor values for leading and trailing (mT) Shockley
partial dislocations as well as dislocation glide (m) are given in Table 3
as a function of the crystal orientation parallel to the loading direction.

The values for τSSP obtained from Eq. (10) are given in Fig. 7b together
with the critical resolved shear stress of the Shockley partials (τP) and
τTwin obtained from Eq. (6). For the deformation temperatures 25 K, 40
K, and 140 K, the values for τSSP are in good agreement with the predicted
values from Eq. (6). This indicates that for materials that form wide SFs
and/or deformation twins during deformation, in-situ ND or XRD ex-
periments can yield reliable values for the SFE as well as the critical
resolved shear stress for SF-formation. For the 295 K specimen, τP =175

± 15 MPa, which is not only significantly lower than the value for τTwin
obtained from Eq. (6), but also lower than experimentally determined
room-temperature values for τTwin for HEAs and MEAs with similar SFE
and grain size. Concerning the latter, Wagner & Laplanche [69] deter-
mined τTwin = 260 ± 18░MPa for the classical Cantor alloy with a
grain size of 6 μm. This value corresponds well to the value obtained
from Eq. (6): τTwin = 295± 42░MPa. Given the significant difference
between the experimental values for τP and the results from Eq. (6), it
appears plausible that, at least for the 295 K specimen, the apparent
threshold stress in Fig. 1 does not correspond to the formation of wide
SFs. This is further corroborated by the significantly lower slope of the
SFP vs. true stress curve and absence of deformation twins (Fig. 2e).

Based on the experimental data it is not possible to unambiguously
assess a clear relation between stacking fault energy and the twinning
propensity/stress. This is mostly related to the 295 K value for σP, which
is 563 ± 50 MPa. Based on the sub-zero temperature values for σP, one
might conclude that the twinning stress is athermal. On the other hand,
taking the 295 K value into account, the data points towards thermally
activated stacking fault formation, at least partially, and hence ther-
mally activated twinning. These observations related to temperature
dependence of the twinning stress can be discussed speculatively, as
follows.

Assuming that the critical stress for twinning can be described by Eq.
(8), it comprises a component related to the nucleation barrier of a
stacking fault and the propagation barrier term. The propagation barrier
expresses how difficult it is for the Shockley partial dislocations to move.
The nucleation term expresses how easy it is to form a stacking fault,
which is thought to be dominated by the thermodynamics of the system.
This means that the more metastable an fcc material is, the higher is its
driving force for stacking fault formation, while the propagation term
stands for the kinetics of stacking fault formation. At lower

Fig. 4. Yield strength
(
σy
)
and critical stress for widening of stacking faults

(σP) as a function of the deformation temperature. The dashed lines are given to
guide the eye.
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temperatures, the driving force for stacking fault formation in meta-
stable systems should increase because the difference in Gibbs energy
between fcc austenite and hcp ε − martensite increases. This would
imply a proportional relationship between twinning stress and SFE.
However, the resistance against the movement of the Shockley partial
dislocations should, as it does for perfect dislocations, increase with
decreasing temperature, which in turn would hint towards an increase in
twinning stress at lower temperatures. As mentioned, the critical twin-
ning stress comprises both nucleation and propagation terms. Hence, it
can be speculated that pseudo-athermal behavior is observed if the
temperature dependent contributions to nucleation and propagation
terms cancel each other. The available data cannot prove this hypoth-
esis. Nevertheless, conceiving deformation twinning and formation of
deformation-induced martensite in terms of temperature dependent
contributions of the thermodynamics and the kinetics of stacking fault
formation, may contribute to improved understanding of these mecha-
nisms and may pave the road towards designing materials with
competitive combinations of strength and ductility.

Further explanations for the lack of agreement between the three
independent methods for the room temperature specimen (cf. Fig. 7b)
are the following. Firstly, the γExpisf versus true stress curve displayed in

Fig. 6d did not yet reach a plateau value, so the actual value for γExpisf

might be lower than the estimated 36 mJ⋅m-2. By means of example,
using Eq. (6) a discrepancy of 6 mJ⋅m-2 in γExpisf corresponds to a variation
of 42 MPa in τTwin. Secondly, the uncertainty of σP, as established from
the piecewise linear fit, is greater for the 295 K specimen than for the
specimens tested at cryogenic temperatures (cf. Fig. 4). Thirdly, the DFT
calculations are expected to have a higher level of uncertainty for
elevated temperatures than for temperatures close to 0 K.

5.2. Assessment of SFE by in-situ diffraction techniques

In-situ ND and/or XRD experiments represent a robust methodology
for investigating the deformation mechanisms in metallic materials,
facilitating the determination of the SFE utilizing the Reed & Schramm
method [35]. Nevertheless, it is imperative to exercise caution inter-
preting the findings, as exemplified by the outcomes of this
investigation.

Firstly, the specimen deformed at 295 K does not (yet) reach a
plateau in the SFE versus true stress relationship, while specimens tested
at sub-zero Celsius temperatures did reach a steady-state at a true stress

Fig. 5. Stacking fault energy (γExpisf ) determined according to Eq. (3) as a function of the true stress for the four different deformation temperatures – a. 25 K, b. 40 K,
c. 140 K and d. 295 K.
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roughly twice that of σP (cf. Figs. 3 and 5). This observation underscores
the necessity for sufficient strain hardening to enable the development
of wide stacking faults within the probed crystallites. This precondition
is aligned with Warren’s theory [34] that forms the basis of the Reed &
Schrammmethod in Eq. (3) [35]. Not meeting this criterion can result in
experimental SFE values obtained via ND and/or XRD that deviate from
those acquired by TEM analysis.

Furthermore, the determination of stacking fault probabilities relies
on analyzing the peak shifts associated with specific crystallographic
planes, such as {111} and {222} (see Eq. (2)), or {111} and {200} planes
[70], respectively. However, the selection of these crystallographic
planes is of paramount importance.

In the case of {111} and {222} planes, the Schmid factors for the
Shockley partial dislocations are identical, both for leading and the
trailing partials. Thus, the alignment of the probed planes relative to the
tensile axis implies an expansion of stacking faults. Conversely, on
investigating {111} and {200} planes, cf. Table 3, the dynamics is
different. Stacking faults in crystallites oriented along 〈200〉 parallel to
the tensile axis undergo contraction under applied stress. Consequently,
the stacking fault probabilities in crystallites oriented along 〈111〉 and
〈200〉 will diverge. This phenomenon is inconsistent with Warren’s
method, which assumes uniform fault densities across all crystallites
[34,71]. Given these considerations, it is advisable to consider how the
selection of crystallographic planes impacts experimental stacking fault
energy values.

5.3. Correlation between stacking fault energy and prevailing deformation
mechanism(s)

According to the DFT calculations, fcc FeCoCrNi is metastable
(γDFTisf < 0) for all investigated deformation temperatures and should
thus, according to Olson & Cohen [17], have a driving force to form
martensite on deformation. However, the diffractograms in Fig. 1 show
that the specimens retain their fcc lattice during deformation, irre-
spective of the deformation temperature. The absence of a
strain-induced martensitic transformation was earlier observed in other
metastable HEAs and MEAs, such as CoCrFeMnNi [5] and

Fig. 6. Experimental (γExpisf ) and theoretical stacking fault energy (γDFTisf ) of the
FeCoCrNi samples as a function of temperature.

Table 2
Stacking fault energy values of the FeCoCrNi specimens determined by DFT
(γDFTisf ) and neutron diffraction (γExpisf ).

Temperature [K]

295 140 40 25

γDFTisf [mJ⋅m-2] − 7.5 − 12.6 − 13.9 − 14

γExpisf [mJ⋅m-2] 36 12.5 10.5 10.8

Fig. 7. a.) Critical resolved shear stress for twinning (τTwin) determined from Eqs. (6),(7) b.) τSSP determined according to Eq. (10) in addition to τTwin determined from
Eqs. (6),(7).

Table 3
Schmid factor values for leading (mL) and trailing (mT) Shockley partial dislo-
cations as well as dislocation glide (m) depending on the crystallographic
orientation of the tensile axis.

Crystal orientation Schmid factor

m mL mT

<111> 0.27 0.31 0.16
<110> 0.41 0.47 0.23
<100> 0.41 0.24 0.47
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Fe40Mn40Co10Cr10 [72]. The presented results indicate that the pre-
dominant deformation mechanism in metastable fcc materials may not
be described solely on the basis of the intrinsic SFE.

Recently, Lu et al. [73] pointed out that for slightly negative γDFTisf

values, fcc materials may deform by transformation-mediated twinning
(TMT). In TMT, first wide SFs and fine ε − martensite platelets form
during deformation. On continued deformation, SFs start to form on the
basal plane of ε − martensite, causing a reversion to fcc austenite, that is
twin related with the initial austenite. Such formation of SFs in ε −

martensite on deformation has been corroborated for a metastable
FeMnC steel by Pramanik et al. [74]. Moreover, Wei et al. [75]
confirmed for a FeMnCo MEA via in-situ SEM/EBSD experiments that ε
− martensite reverts to austenite via the formation of basal stacking
faults. Since the γDFTisf values of the FeCoCrNi HEA investigated in the
present work fall within the γDFTisf − range where TMT can occur (cf.
Fig. 4a in Ref. [73]), it is likely that the apparent stability of fcc during
deformation is related to the occurrence of TMT.

6. Conclusions

The present study investigated the relation between deformation
temperature, experimental as well as theoretical SFE values, and the
occurrence of deformation twinning in an fcc FeCoCrNi HEA by neutron
diffraction, transmission electron microscopy and DFT modeling. The
conclusions are:

• Experimentally determined SFE values are positive and decrease
with the deformation temperature. On the other hand, SFE values
determined from DFT are negative and exhibit a linear dependence
on temperature.

• The critical resolved shear stress for Shockley partial dislocations can
be inferred from considering the dependence of stacking fault
probability on true stress. This critical stress increases with
decreasing deformation temperature.

• Contributions of nucleation and propagation to the critical resolved
shear stress for Shockley partial dislocations can be identified based
on the ratio of experimental and theoretical SFE values. At sub-zero
temperatures, propagation, rather than nucleation, of SFs becomes
rate determining for continued deformation.

• Correcting experimental SFE values for the contribution of nucle-
ation to the critical resolved shear stress for Shockley partial dislo-
cations yields negative SFE values, which coincide with values
predicted by DFT for sub-zero temperatures.
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