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Stacking fault energy and twinning stress are thought to be closely correlated. All currently available models
predict a monotonous decrease in twinning stress with decreasing stacking fault energy and depart from the
assumption that the intrinsic stacking fault energy has a positive value. Opposite to this prediction, for medium-
and high-entropy alloys the twinning stress was shown to increase with decreasing SFE. Additionally, for
metastable materials, first principles methods predict negative intrinsic stacking fault energy values, whilst

experimentally determined values are always positive. In the present communication, it is postulated that the
twinning stress scaled by the Burgers vector bridges the difference between intrinsic and experimentally
measured stacking fault energy. The assumption is tested for Cu-Al alloys, for pure metals and for medium- and
high-entropy alloys and, for the first time, provides a consistent quantitative interpretation of data for both alloys
with positive and negative stacking fault energy.

1. Introduction

The stacking fault energy (SFE) is the energy associated with a
stacking fault (SF) bound by a leading and a trailing Shockley partial
dislocation, that result from the dissociation of a full dislocation. In face-
centered cubic (fcc) alloys, SFE is assumed to determine the predominant
plastic deformation mechanism. In dependence on temperature and
pressure, the SFE of alloys can be tailored by changing the chemical
composition [1-4]. For increasing SFE, the prevalent deformation
mechanism changes from martensite formation to deformation twinning
to, exclusively, dislocation slip [5-7].

Experimentally, SFE values are assessed from transmission electron
microscopy (TEM) observations of Shockley partial dislocation config-
urations, e.g. in extended dislocation nodes [8], SF tetrahedra [9], and
from the separation between two Shockley partial dislocations, i.e. the
SF width, by strong beam [10] and weak beam dark-field imaging
(WBDF) [11]. Occasionally, high-resolution transmission electron mi-
croscopy (HRTEM) is applied [12]. Other frequently applied methods, e.
g. X-ray and neutron diffraction do not enable direct assessment of SFE
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values [13], but are calibrated relying on TEM results.

Following the correlation of SFE and prevalent deformation mech-
anisms in fcc materials, Egs. (1)-(4) in Table 1 were proposed to inter-
relate experimentally determined SFE values and the experimentally
determined critical resolved shear stress for twinning (zryin). Models
proposed by Narita and Takamura [14] and Byun [15] conceive the
experimentally determined SFE as an intrinsic materials property and
predict a monotonous decrease of 77y, with decreasing SFE. The ten-
dency of a material to undergo deformation twinning is also influenced
by the microstructure. Smaller grains require a higher critical resolved
shear stress to form deformation twins [16,17], while in ultra-fine grains
twinning is fully suppressed [18]. Accordingly, Gutierrez-Urrutia et al.
[19] and Meyers et al. [20] extended Byuns work to include the influ-
ence of grain size (Egs. (3) and (4) in Table 1).

Saka et al. and Lee and Choi previously pointed out that experi-
mentally determined SFE values should be considered “apparent” as
they may be affected by other factors than chemical composition
[21-23]. Miillner and Ferreira [24] ascribed the differences between
experimentally determined and intrinsic (as modelled based on
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Table 1
Models describing the relation of the critical resolved shear stress for twinning
with the SFE obtained via experiments.
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Table 2
DFT calculated SFE values for pure Ag, Au, Cu, Al and Ni in comparison with
calculated literature values [38-43].

Reference Critical resolved shear stress for twinning, 7ryin

Grain size independent models
Narita and Takamura [14] yg
Trwin = 5, - (1)
2b,
Byun [15] 2y§
TIwin =
»

)

Grain size dependent models

Gutierrez-Urrutia et al. [19] fond b
hn =+ 52 @)
p
Meyers et al. [20] 72? Kifin )
TTwin = 7+
b, vD

composition) SFE values to strain energy from a difference in specific
volume between fcc and the double-layer hcp, accounting to 1-4
mJ-m~2 However, results by Pierce et al. [25] show that strain energy
alone cannot account for the observed discrepancy. Also Sun et al. [26]
observed that the strain energy contribution is negligible compared to
the observed discrepancies and suggested that these originate from a
frictional force experienced by moving Shockley partial dislocations,
thereby effectively altering the force balance over the stacking fault
during its formation. Molecular dynamics simulations by Shih et al. [27]
confirmed that solute-dislocation interactions result in a frictional force
that is contained in experimental SFE values but is not accounted for in
SFE values determined by applying Density Functional Theory (DFT).
We recently demonstrated for metastable fcc alloys, that satisfactory
consistency is obtained between theoretical intrinsic and experimentally
determined SFE values after proper correction [28]. Experimental SFE
values do not represent an intrinsic materials property, as presupposed
by the models in Table 1; the established theories thus need
re-evaluation. In the present communication, it is postulated that the
difference between experimental SFE values, yg’}p, and SFE values pre-

dicted with DFT, y2fT, is proportional to ryn. Accordingly, the resis-

tance experienced by moving Shockley partials that is omitted in a
theoretical evaluation, is pragmatically accounted for.

2. Methodology

SFE values for fcc metals and Cujgo_xAl binary alloys were calcu-
lated at room temperature with DFT [29,30] using the coherent poten-
tial approximation [31,32] as implemented in the exact muffin-tin
orbitals package (EMTO) [32,33]. The fcc lattice was modelled using
nine (111) layers containing one atom each and stacked in the standard
sequence ABCABCABC. The lattice vectors of the fcc cell were a; =
ao(101)/2, ay = ap(011)/2 and a3 = aov/3(111)/3, where ay is the fcc
lattice parameter. Shifting az by ag(112)/6 introduced an intrinsic
stacking fault via the periodic boundary condition, resulting in the new
stacking sequence ABCABCABC | BCABC ... [34]. The interplanar dis-
tance at the stacking fault interface was relaxed along a3. The stacking
fault energy was obtained from:

7T = (Fsr = Fre) [A )

where Ff. and Fsr are the Helmholtz energies of the supercells before
and after introducing a SF of area A. The Helmholtz energies at room
temperature were approximated by the total energies from first-
principles calculations for atomic volumes derived from the experi-
mental lattice parameters at room temperature. Unit cell volumes of the
Cuyo0-xAly binary alloys were determined using Végard’s law [35]. For
Ni, spin-polarized calculations were performed [36]. The
exchange-correlation functional was approximated using the Perdew,
Burke, and Ernzerhof generalized gradient approximation [37]. The
resolution of the k-point mesh was tested for energy convergence and

Reference rof" mJ-m 2
Ag Au Cu Al Ni
This work 25.0 40.0 48.8 116.5 155.7
Li et al. [38] 17.3 32.7 47.5 117.5 153.6
Zhang et al. - - 38 110 110
[39]
Li et al. [40] 17 31 47 107 153
Kibey et al. 18 33 41 130 110
[41]
Liu et al. [42] - - 38 134 120
Jin et al. [43] 16 25 36 112 133
Mean value 18.7 + 323+ 42.3 + 118.1 + 133.6 +
3.6 5.4 5.3 10.2 20.7
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Fig. 1. Experimental SFE values, y‘;}p averaged over the respective techniques
for pure Ag [10,44-46,56-62], Au [9,10,59,61] Cu [10,44,48,49,59,61,66], Al
[12,59], Ni [10,54,55], in comparison with the mean DFT based SFE values
[38-43], # )fT, and the SFE values, y;, calculated according to Eq. (8). Pre-

5]
sentation in order of atomic number.

consisted of 10,556 uniformly distributed points with an error of < 0.1
mJ-m~2 in SFE. DFT does not account for the strain fields associated with
the Shockley partials.

3. Results and discussion

SFE values for pure Ag, Au, Cu, Al, and Ni at 293 K as calculated with
DFT (;/gf” ) are given in Table 2 and are compared to calculated values
reported in literature [38-43]. Only for Ni, a significant variation is
observed among the calculated values, depending on how (well) ferro-
magnetism is accounted for.

Fig. 1 shows that experimentally determined SFE values, (y.fs’}p) [9,10,
12,44-62] are systematically higher than DFT predicted values, with
exception of the values determined by WBDF imaging for Cu [44] and Ni
[47]. In these cases, good agreement is observed, despite the depen-
dence of yg}p values derived from WBDF images on the description of the
dislocation core [44]. In particular for high-SFE materials such as Cu and
Ni, where the separation distance between the two Shockley partial
dislocations is small, SFE values derived from WBDF images are subject
to systematic errors [44,63-65]. The results in Fig. 1 suggest that the
applicability of WBDF imaging for SFE determination, is sensitive to the
materials SFE itself.

The difference between DFT and experimental SFE values was
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Fig. 2. a.) Experimental SFE values as a function of the Al-content in Cu-Al alloys determined from nodes [49,50,66,68-71], tetrahedra [9,59,61], WBDF [11,47] and
strong beam [10] imaging, b.) Experimental critical resolved shear stresses for twinning [72-75] compared with 77, predicted by the models by Narita and
Takamura (Eq. (1)) and Byun (Eq. (2)). Note that the experimental 77y, values are, apart from the value by Tian et al. [74], determined on single crystalline alloys.

previously addressed for metastable fcc materials and ascribed to an
incomplete definition of the force balance over a SF, as it assumes that
Shockley partial dislocations can move freely in their glide plane [26,28,
67]. The results presented in Fig. 1 suggest that the incomplete defini-
tion of the force balance also applies for stable fcc materials.
Experimental SFE values, yi;,p, for a series of Cu-Al alloys are

collected in Fig. 2a. For the compositional range considered, the alloy
stability ranges from stable to metastable. Up to approximately 8 at.% Al,
yi’}” decreases almost linearly with Al-content and, eventually, asymp-

totically approaches 5 mJ-m~2. For relatively low Al-contents, SFE
values from WBDF are systematically lower than experimental SFE
values from other techniques, analogous to pure metals. For higher Al-
contents, experimental SFE values determined with WBDF coincide
with SFE values determined from SF nodes and tetrahedra.

The critical resolved shear stress for twinning, 71, was calculated
in dependence of the Al-content with the models in Egs. (1) and (2) and
is compared with experimental values from Refs. [72-75] in Fig. 2b.!
Neither Eq. (1) nor Eq. (2) can accurately describe the dependence of
experimental 77, data on Al-content, indicating that yi"“;p alone is
insufficient to describe the critical resolved shear stress for twinning
TTwin-

As recently demonstrated, experimentally determined SFE values
consist of a material’s intrinsic SFE, y;y, and an excess term, y*, which

1 Note that the reported values for 7y, in Fig. 2b differ from the values re-
ported by Venables (cf. Table 1 in Ref. [72]) due to the following reasons. At
first, Venables established the observation of twins in TEM micrographs as a
criterion to determine the twinning stress and calculated 77, as the average of
the lowest stress at which twins could be observed and the highest stress at
which twins were still absent. For the Cu-Al alloy with 4.7 at. % Venables
calculated 7ryin as the average of data points showing small amounts of twins
and twinning with load drops, whereas for alloys with 8.9 and 14.9 at. % Al
Venables calculated 77y, as the average stress of the lowest stress at which
stacking faults could be observed and the highest stress at which no stacking
faults were observed. However, Tian et al. [74] have shown that in a Cu-15Al
alloy stacking faults could already be observed at a plastic strain of 2 %, while
twins were first discernable in TEM micrographs at significantly higher
strains/stresses. This illustrates that at least in the case of Cu-Al alloys of low
SFE, the twinning stress should not be determined based on the observation of
stacking faults. Instead, as done in this work, the actual necessary shear stress
for the formation of twins should be approximated by taking the mean value of
the lowest stress values in Fig. 3 in Ref. [72] for which twinning is observed.
Accordingly determined twinning stresses coincide with results from Szczerba
& Szczerba [73] and Mori et al. [75] (cf. Fig. 3).

accounts for the resistance experienced by moving Shockley partials in
their common glide plane [28]:

Vig =Yg +7° (6
y* was previously introduced by Sun et al. [26] to represent the
discrepancy between the SFE determined by DFT, y2(", and yg’}p, sug-
gesting that y,, directly corresponds to yng within computational ac-
curacy. Including y* in the energy balance over a SF reconciles
experimental SFE values, yg}”, for metastable alloys with negative SFE
values from DFT [28]. Recognizing that an array of Shockley partials in
fcc is equivalent to a coherent twin boundary, the resistance experienced
by moving Shockley partial dislocations was pragmatically postulated to

be proportional to the critical resolved shear stress for twinning, 7y
[28]:

Y = byTrin )

with b, the length of the Burgers vector of the partial dislocations.
Rearranging Egs. (6) and (7), Trwin relates to the SFE as:

exp
Y _VYig —Vig

nooh ©

TTwin =

Evidently, instead of just proportional to y;f as in Egs. (1)-(4) in
Table 1, it is argued that 71, is proportional to the excess term y*, which
also accounts for grain size dependence [19]. Experimental SFE values
of Cu-Al alloys (Fig. 2a) are compared with DFT values in Fig. 3a. Instead
of the asymptotic approach to 5 mJ-m~2 observed for the experimental
values, DFT predicts a continuous reduction in SFE with Al-content,
from a positive to a negative value, in agreement with Ref. [40].
Accordingly, the observed asymptotic behavior of y;{ is interpreted as
caused by the bias that experimental SFE values are always positive,
owing to an incomplete definition of the energy balance over a SF [26,
28,67]. Applying Eq. (8) and assuming y,; = yi', the difference be-
tween the fitted (dashed) lines, as marked by the shaded area in Fig. 3a,
divided by the Burgers vector b, = 0.149 nm yields 7y, in dependence
of Al-content. The critical resolved shear stress for twinning calculated
with Eq. (8) is compared with experimental data for the twinning shear
stress in Fig. 3b. Evidently, the calculated values for 77, describe the
dependence of independent experimental values for 77,;; on Al-content
with unprecedented quantitative accuracy. The systematic underesti-
mate of 77,4, could be as a result of a slight overestimation of yﬁfFT in this

work. In this respect, it is noted that yng values for Cu-Al alloys reported

by Li et al. [40] are systematically 3-5 mJ-m~2 lower, which
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corresponds, according to Eq. (8), to a difference of 20-30 MPa in the
twinning stress. The calculated ygf” values in Fig. 3a provide an expla-
nation as to why Eq. (1) provides reasonable 7y, values for Al-contents
in the range 8-10 at.% (see Fig. 2b). For y;y = 0 mJ-m~2, the experi-
mental SFE value yfs’}" becomes equal to y* (see Eq. (7)). Accordingly, for
materials with a small, positive or negative y,; it may appear that 77y
correlates with y5f.

The trends in Fig. 3b are confirmed by the results of Tranchant et al.
[76], who reported that the dependence of 77, on Al-content can be
divided into two subranges: i) for y;’}p >17 mJm 2 ie < 9 at.% Al
T1win decreases with decreasing y;’}p; ii) for y;’)‘cp >17mJm~2 i.e. > 9at.
% Al, 7y, increases with decreasing SFE. The non-monotonic depen-
dence of 77y on yg}p is explained from the transition from
nucleation-controlled twinning for yg’}p >17 mJ-m 2 to propagation
controlled twinning for yg}p <17 mJ-m 2 Twinning controlled by
nucleation and growth/propagation is consistent with the current
opinion on deformation twinning [20,77]. In the Cu-Al system the
transition coincides with a change from positive to negative yif" values,
i.e. transition from stable to metastable fcc. From a thermodynamics point
of view the transition is logical. For a positive SFE, additional driving
force by mechanical work must be introduced to nucleate twins in the
stable fcc matrix. Once formed, these twins can easily extend by the
propagation of Shockley partial dislocations. For negative SFE, the
nucleation of SFs and twins in the metastable fcc matrix is thermody-
namically favorable. Nevertheless, twins and wide SFs are first observed
above 7p,in, indicating that the propagation of Shockley partial dislo-
cations is hindered. If twinning or SF formation would be
nucleation-controlled, metastable fcc materials would readily twin or
transform into martensite and thus be unstable, which, inherent to their
metastability, is not observed.

In Fig. 4, Eq. (8) is applied to various stable and metastable fcc alloys
to test general applicability. Convincingly, a linear relationship between
Trwin and excess SFE y* is obtained over a wide range of 7, values,
consistent with Eq. (8). Li et al. [78] previously observed that the
established models in Table 1 cannot be used to predict the trend of 77y,
for fcc medium- (MEAs) and high-entropy alloys (HEAs). Notably, Eq.
(8) consistently predicts that 77, decreases in the order CoCrNi,
CoCrFeNi to CoCrFeMnNi with increasing yf;}p, whilst Egs. (1)-(4) pre-
dict the opposite order.

In the presented framework, Eq. (8) enables calculation of the

twinning stress from y* which requires that values for vy and y2fT are
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available. Alternatively, the experimental SFE value can be calculated if
trwin and yRET are known. Thus, based on the average yPfT
Table 1 and the twinning stress values in Table 3, the “experimental”
SFE values of pure metals were calculated with Eq. (8) and are given in

Table 3. These predicted SFE values are also given in Fig. 1 and are in

values in

excellent agreement with the average experimentally determined y{;"
data. The consistency between predicted and experimental y;f values
strongly supports the applicability of the postulate formulated in Eq. (8).

Finally, for most alloy systems, y;’}" is reported to be temperature-
dependent and decreases with decreasing temperature [87,88]. Conse-
quently, Egs. (1)-(4) would predict that 77, decreases with decreasing
temperature [89], which is in disagreement with experimental obser-
vations of a nearly temperature-independent 77y, [14,20,80,85,86,89].
Neding et al. [90] demonstrated that y;’}pand ygjfT have the same tem-
perature dependence within experimental and computational accuracy.
Hence, the difference between experimental and theoretical SFE values,
y*, is in this case constant. Thus, 77, calculated according to Eq. (8) is

temperature independent, in agreement with experimental
O Cu-Al ,
300 - O Cuzn ;
L CoCrNi L7
CoCrFeNi Y
© 250 - CoCrFeMnNi| ~
7
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Fig. 4. Twinning stress values calculated according to Eq. (8) from apparent
SFE values and SFE values predicted by DFT for Cu-Al (inferred from Fig. 3a),
Cu-Zn [40,66], CoCrNi [26,79,80], CoCrFeNi [26,79,81] and CoCrFeMnNi [26,
79,82] alloys as a function of the experimental twinning stress (z7yin) Cu-Al
[72-75], Cu-Zn [83,84], CoCrNi [80], CoCrFeNi [81] and CoCrFeMnNi [85].
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Fig. 3. a.) Experimental SFE values (y?) [9-11,47,49,50,59,61,66,68-71], and SFE values predicted by DFT (y27) as a function of the Al-content in Cu-Al alloys, b.)

isf

Experimentally determined critical resolved shear stresses for twinning [72-75] and the predicted trend of 77y, in Cu-Al alloys according to Eq. (8). Note that the
experimental 77y, values are, apart from the value by Tian et al. [74], determined on single crystalline alloys.



K.V. Werner et al.

Table 3

Twinning stress 77, of pure Ag, Au, Cu, Al and Ni together with apparent
experimental SFE values predicted based on the average DFT values in Table 1
according to Eq. (8).

Metal
Ag Au Cu Al Ni
Trwin [MPa] 54.5 + 92.5 + 147 + 220 [41] 250 [41]
16.5 [86] 7.5 [86] 23.5[72]
yf:;" [mJm2] 27.8+36 476+ 64.0 +5.3 154.4 + 169.6 +
5.4 10.2 20.7

observations.

Recently, a systematic discrepancy of -42 mJ-m™2 (yf;?’ =35 +7
mJ-m~2 and rof =
mental and DFT assessed SFE values for the equiatomic CrMn-FeCoNi
HEA [91]. Applying Eq. (8), using i = 235 + 20 MPa [85] and b, =
1.47 nm [91], shows that y* = 3542 mJ-m~2. Following the sum rule
of uncertainties, Eq. (8) yields y;y =0 £9 mJ .m 2, exemplifying that
experimental and DFT assessed SFE values can be reconciled within
experimental and computational accuracy. Further improvement of the
agreement between experimental and theoretical SFE values could be
achieved if, as suggested by Wagner et al. [91], vibrational, electronic,
and magnetic excitations as well as atomic relaxations, were included in
the calculations. Nevertheless, the discrepancy between experimental
and theoretical SFE values appears to be largely bridged by the resis-
tance experienced by moving Shockley partial dislocations 7* = b, 71win.

— 7 mJ-m~2) was reported between the experi-

4. Conclusions

The discrepancy between DFT and experimental SFE values for pure
metals as well as stable and metastable fcc alloys is reconciled by ac-
counting for the critical resolved shear stress for twinning:

exp FT
y[sf — lisf +prTwin

The equation expresses that experimentally determined SFE values
are not an intrinsic materials property but depend on the path followed
to introduce the stacking fault before observation. This path involves the
movement of partial dislocations under the influence of a resolved shear
stress and adds to the thermodynamically defined intrinsic stacking fault
energy as calculated with DFT.

Applying the postulated equation to calculate the twinning stress for
fcc metals as well as for stable and metastable fcc alloy systems from
experimental and DFT SFE values, unprecedented quantitative agree-
ment with experimentally determined twinning stresses is obtained.
Furthermore, the calculated twinning stress is independent of temper-
ature, consistent with experimental twinning stresses.
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