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ABSTRACT

Stacking fault energy (SFE) is considered an important parameter to predict the prevalent plastic deformation mechanism in face-centered
cubic (fcc) alloys. Experimental methods for determining SFE presuppose that SFE is positive. Density functional theory (DFT) is a promising
tool to predict alloy compositions with low SFEs and desirable mechanical properties. For metastable fcc alloys, DFT predicts negative SFE
values, which cannot be validated by the existing experimental procedures. In this contribution, it is demonstrated that experimental proce-
dures to assess SFE values only provide an apparent value that needs correction. The suggested correction relies on the critical resolved shear
stress for twinning, which is grain size-dependent, just like the apparent SFE. The correction provides SFE values that are independent of
grain size. Accordingly, negative SFEs predicted by DFT can be experimentally validated.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0063761

Metastable face-centered cubic (fcc) metals and alloys, such as
Fe-Cr-Ni and Fe-Mn-C austenitic steels, high-entropy alloys (HEAs),
and medium-entropy alloys (MEAs), are characterized by an fcc struc-
ture that is not in thermodynamic equilibrium at room temperature.
Under the influence of externally applied forces, these metastable
alloys can develop deformation-induced martensite and deformation-
induced twins. These deformation mechanisms are commonly
referred to as transformation-induced plasticity (TRIP) and twinning-
induced plasticity (TWIP), respectively. Deformation-induced mar-
tensite and deformation-induced twins can provide additional ductility
and strength. As compared to classical dislocation slip, deformation-
induced martensite and deformation-induced twins play a pivotal role
in attempting to overcome the well-known strength-ductility trade-off
in structural materials.1,2

The current paradigm for tailoring the (combination of) defor-
mation mechanisms in fccmetals is tailoring the intrinsic stacking fault
energy (SFE),3,4 which is the excess energy associated with a stacking
fault suspended between the leading and trailing Shockley partial dis-
locations that result from the dissociation of a full dislocation. The
SFE depends on the materials’ chemical composition at given

temperature and pressure.5–8 It is considered common knowledge
that, with the increase in SFE, the prevalent deformation mechanism
changes from TRIP to TWIP to slip.4,9,10 For example, austenitic steels
with an experimental SFE< 20mJm�2 are expected to transform into
either hexagonal-close packed (hcp) e-, or body-centered cubic (bcc)
a’-martensite (TRIP).9,11 For experimental SFEs in the range
�20� 45mJm�2, deformation twinning (TWIP) is preferred.9 For
SFEs> 45mJm�2, austenitic steels are expected to deform by slip.11

Density functional theory (DFT) is a popular tool to map
uncharted composition spaces and identify the composition range of
materials with superior properties.12 For thermodynamically stable fcc
metals and alloys, DFT calculations can provide values for the SFE
that are in good agreement with experimentally determined values,
without the use of fitting parameters.13,14 Conversely, for metastable
fcc materials, Sun et al. recently pointed out a severe discrepancy
between experimentally determined and DFT-predicted SFE values.15

They identified an incomplete definition of SFE in the currently
applied experimental approaches as the origin of the discrepancy.
Specifically, experimental methods for SFE determination presuppose
positive SFE values, while DFT provides negative SFE values for
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metastable alloys, consistent with the thermodynamic definition of a
metastable system.15 The work of Sun et al. implies that theoretical
SFE values for metastable materials cannot be validated and reconciled
with the present consensus on experimental SFE determination.15

Furthermore, their work would suggest that tailoring the deformation
mechanisms in metastable fcc materials by compositionally adjusting
the experimental SFE, i.e., alloy optimization by tailoring of the experi-
mental SFE, is a questionable paradigm.

In addition to the invalidating implications of the work by Sun
et al., it is noted that tailoring the deformation mechanism via the
composition-dependent SFE appears an incomplete concept, because
the microstructural features, in particular the grain size, are well
known to influence a material’s propensity for TRIP and TWIP.16–18

Fine-grained materials exhibit less pronounced TRIP or TWIP than
coarse-grained materials with identical chemical composition.19–21

Moreover, grain refinement was demonstrated to possibly fully sup-
press deformation-induced twinning.22

In the present communication, the shortcomings of experimental
SFE determination are addressed and a route for experimental evalua-
tion of positive and negative SFE values is proposed. This method can
also account for the effect of grain size on the observed deformation
mechanism. It is demonstrated that experimentally determined SFE
values are apparent values that are not only determined by the compo-
sition, but also by the material’s microstructure.

Currently, experimental stacking fault energies are assessed by
transmission electron microscopy (TEM) or by x-ray (XRD) and neu-
tron diffraction (ND). In TEM, the intrinsic SFE, hereby labeled
apparent/experimental (cappisf ), is determined from the separation dis-
tance (d) of isolated corresponding pairs of leading and trailing partial
dislocations. The approach assumes a balance of the excess energy
stored in the stacking fault and the elastic strain energy responsible for
mutual repulsion of leading and trailing partials:23–25

cappisf ¼
lb2p
8pd

2� �
1� � 1� 2�cos2b

2� �

� �
; (1)

where bp is the Burgers vector of the partial dislocation, l is the shear
modulus, � is Poisson’s ratio, and b is the angle between the direction
of the full dislocation and its Burgers vector. It is essential to point out
that this approach implicitly assumes that the partial dislocations can
glide freely in their glide plane and that the only force counteracting
the mutual repulsion of the partial dislocations is the obtained SFE
value. SFE determination by XRD and ND is based on the shift and
broadening of the Bragg peak and commonly employs the method by
Reed & Schramm,5,26 which is based on work by Otte et al. and Adler
& Otte,27–29 and adopts the relation between stacking fault probability
(a), dislocation density (q), and cappisf as identified by Smallmann &
Westmacott:30

cappisf ¼
K111x0l111a0ffiffiffi

3
p

p
A�0:37

e2111
� �

a
; (2)

where e2hkl
� �

is the root mean square microstrain, Khklx0 is a positive
proportionality constant with value 6.6, and A is the Zener anisotropy
(A ¼ 2c44= c11 � c22ð ÞÞ. Additionally, Rafaja et al.31 recently presented
a method, based on the work by Byun,32 which assesses the SFE by
determining the critical resolved shear stress required to create stack-
ing faults (SFs) with an infinitely large separation distance between the

leading and trailing partial dislocations. Despite being essentially dif-
ferent, both experimental approaches have in common that they pre-
suppose a positive SFE value [cf. Eqs. (1) and (2)].

A single SF is commonly modeled as an inclusion of e-martensite
(hcp) with a thickness of two dense-packed atomic planes:15,33

cisf ¼ 2qA DGc!e þ Estrð Þ þ 2rc=e; (3)

where qA is the molar density in the close packed 111f g planes,
DGc!e is the chemical driving force of the c to e transformation, Estr is
the strain energy per mole, and rc=e is the energy associated with a
coherent interface between austenite and e-martensite. Estr accounts
for the lattice mismatch, i.e., coherency strains, between fcc and hcp,
and has a magnitude in the range 1� 4mJm�2.33 The interfacial
energy cannot be directly assessed experimentally and is generally
determined by subtracting 2qADGc!e from the measured SFE
and dividing by a factor two, as suggested by Olson & Cohen.33

The interfacial energies, thus, determined are typically in the range
�10� 15mJm�2 for common austenitic steels.34,35 Sun et al.
highlighted that the term 2qADGc!e in Eq. (3) is equivalent to the
intrinsic SFE from DFT, which is defined as the energy difference
between two fcc supercells with and without a stacking fault,15 respec-
tively. It is apparent that, for an increasingly negative chemical driving
force, DGc!e (as for metastable fccmaterials), Eq. (3) can yield a nega-
tive SFE value, even when strain and interfacial energies give a positive
contribution. This, in turn, is synonymous with the fact that, in meta-
stable fcc materials, Shockley partial dislocations must experience an
additional excess force (F� in Fig. 1) that restrains their free movement
within the glide plane to prevent the spontaneous transformation of
metastable austenite into e-martensite. References 15 and 36 refer to
this term as “friction force” and state that it must counterbalance the
repulsive character of the elastic interaction between the two partial
dislocations (Fint) and the SFE itself. Otherwise, experimental

FIG. 1. Schematic illustration of the force balance of a metastable fcc material with
negative SFE. An additional excess force (F�) balances the repulsive character of
the elastic interaction of the two partial dislocations and the force experienced by
the negative SFE to yield a finite separation distance d.
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observations of SFs with finite widths in metastable materials cannot
be reconciled with negative SFEs values.

In contrast, DFT and thermodynamic modeling both treat the
SFE as an energy difference between two equilibrium states, mainly
characterized by DGc!e. These equations of state accurately describe
the change in energy associated with the formation of a stacking fault,
cisf , but do not account for the effect of the resistance against the
movement of partial dislocations, i.e., F� in Fig. 1. As this resistance to
stacking fault formation in metastable materials is inevitably contained
in experimentally determined SFE values, they cannot be directly com-
pared with SFE values from equations of state.

In an attempt to reconcile positive and negative stacking fault
energies with experimental observations of finite Shockley partial sepa-
ration, it is proposed that the experimentally determined, apparent,
SFE (cappisf ) is the sum of the intrinsic SFE (cisf ) and an excess SFE (c�):

cappisf ¼ cisf þ c�; (4)

where Eq. (4) eventually links Eqs. (1) and (2) to Eq. (3). The excess
SFE stems from the resistance against the movement of partial disloca-
tions, which is experienced by the moving partial dislocations upon
the full dislocation’s dissociation. Similar to the critical resolved shear
stress for slip, this resistance should be the sum of a grain size-
independent term, i.e., the lattice friction associated with the Peierls
potential and solid solution hardening, and a grain size-dependent
term due to the back stress imposed onto the moving partial disloca-
tions as a consequence of the finite dimensions of their glide plane, as
for example constituted by grain boundaries. Apart from the afore-
mentioned factors, the interaction of expanding SFs with Shockley
partials that bound short SFs as well as other microstructural features31

will influence cappisf . A detailed derivation will be supplied in a future
full-length paper. Moreover, it is well established that deformation
twinning in fcc materials is closely related to the dissociation of dislo-
cations and the formation of multi-layered stacking faults.37 In addi-
tion, results by Lu et al. indicate that the effective energy barriers for
twinning and the formation of a stacking fault are similar in magni-
tude [cf. Fig. 1(c) in Ref. 38]. While measuring the resistance against
the movement of Shockley partial dislocations itself would be the ideal
measure for the excess SFE, this quantity cannot be straightforwardly
measured. The excess SFE is, therefore, approximated by the product
of the critical resolved shear stress for twinning (stwin) and the Burgers
vector of the Shockley partials (c� ¼ bpstwin). Hence,

cisf ¼ cappisf � bp s0;twin þ
KHP
twinffiffiffiffi
D
p

 !
; (5)

where s0;twin is the critical resolved shear stress for twinning of a single
crystalline material due to lattice friction and solid solution hardening,
KHP
twin is the critical resolved shear stress’ Hall–Petch slope for twinning,

and D is the grain size. Equation (5) allows both positive and negative
values of cisf ; while cappisf remains positive.

It has been demonstrated that the prevailing deformation mecha-
nism in fcc metals may depend on the materials’ microstructure, spe-
cifically on the grain size.14–16 Given the empirical relation between
experimentally determined SFE and deformation mechanism,4,8–10

apparent SFE values would similarly depend on the grain size. The
proposed correction for experimentally determined SFEs in Eq. (5)
implies a Hall–Petch-like dependence of cappisf on the grain size.

Unfortunately, only limited data are available to validate this implica-
tion. The SFE data determined as a function of the grain size for a Fe-
24Mn-4Cr-0.5C TWIP39 steel is presented in Fig. 2(a). Evidently, cappisf
indeed obeys a Hall–Petch-like dependence on the grain size.
According to the interpretation of SFE measurements suggested above,
this would imply easier TWIP for a larger grain size by an effective
reduction in stwin [see Eq. (5)].

The intercept of the linear fit (red dashed line) with the cappisf axis
represents the apparent SFE of the single crystalline material (infinite
grain size), while the slope of the line yields the Hall–Petch slope for
the critical resolved shear stress for twinning (determined from cappisf )
KHP

c;twin. The linear fit yields capp0;isf ¼ 21:9mJm�2 for the infinitely large
single crystal and KHP

c;twin ¼ 152MPa lm1=2 for the Hall–Petch slope.
Lee et al. also determined the twinning stress experimentally (s exp

twin) as
a function of D for the Fe-24Mn-4Cr-0.5C TWIP steel39 as shown in
Fig. 2(b). The twinning stress can be used to evaluate the Hall–Petch
slope (KHP

twin) independently from the SFE data and can in principle be

FIG. 2. (a) cappisf and cisf for a Fe-24Mn-4Cr-0.5C TWIP steel in dependence of D.
cappisf and the normal twinning stress were taken from Table 2 and Fig. 14 in Ref. 39.
(b) s exp

twin used for the correction was calculated from the reported normal twinning
stress assuming a Taylor factor of 3.06.
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used to correct experimentally determined SFE values for c� [see Eq. (5)].
Subtracting bps

exp
twin from the experimental cappisf values in Fig. 2(a) yields

the corrected SFE values [green squares in Fig. 2(a)] that are independent
of grain size (indicated by the light green band corresponding to the 95%
confidence interval), as required by the definition of SFE. This indicates
that the Hall–Petch slope for twinning (KHP

twin ¼ 163MPa lm1=2) deter-
mined from s exp

twin is equal to the Hall–Petch slope determined from the
apparent SFEs (KHP

c;twin ¼ 152MPa lm1=2). Within this framework, the
blue lines in Fig. 2(a) correspond to the grain size-dependent
(bpKHP

twinD
�1=2) and grain size-independent (bps0;twin) contributions to

c�, respectively. This validates Eq. (5), at least qualitatively. Quantitatively,
the absolute value of cisf is expected to be offset by a value that corre-
sponds to the difference between the interfacial energy as assumed by Lee
et al.39 (rc=e ¼ 9mJm�2) and the actual interfacial energy.

Clearly, the question arises whether a similar correction could be
applied to other systems. In line with the observations made for the
TWIP steel, the experimentally determined SFE data for a Fe-18Mn-
3Si-0.6C TRIP steel shown in Fig. 3 convincingly exhibit a Hall–Petch-
like dependence on D. Nevertheless, and in contrast to the data
presented for the TWIP steel in Fig. 2(a), s exp

twin was not determined.
Hence, s0;twin is unknown and the overall c� term remains unrevealed
for this material. It is, therefore, uncertain, whether the critical resolved
shear stress for twinning is an adequate approximation of the resis-
tance against the movement of partial dislocations in metastable fcc
materials that deform by TRIP. Nevertheless, the need for a correction
for this resistance against the movement of partial dislocations in line
with Eq. (5) is eminent from the SFE values40 shown in Fig. 3.

Evidently, the validation of Eq. (5) requires very specific experi-
mental data that are available only for a limited set of materials.
Nevertheless, in several cases of metastable fcc materials that deform
by TWIP, part of such data is available and can be used for an approxi-
mate evaluation of this quantity. Experimentally determined SFEs for
selected MEAs and HEAs are given in Fig. 4 (full symbols) and com-
pared with SFEs predicted by DFT along the horizontal axis. Clearly,
the values for cappisf deviate significantly from those predicted by DFT:
experimental values are positive, while the DFT values are negative. It

was attempted to correct the experimental values in accordance with
Eq. (5). The values shown in Fig. 4 and used for the correction are col-
lected in Table I. The Hall–Petch slope for twinning could not be
determined for any of the materials included in Fig. 4, because data are
lacking. Consequently, the exact grain-size-dependent term of the
excess SFE remains undetermined. Nevertheless, as conceivable from
Fig. 2(a), the excess SFE is dominated by a grain-size independent
term, provided that the grain size is not excessively small. The data,
which were determined on polycrystalline specimens with different
grain sizes, were corrected with twinning shear stresses experimen-
tally determined on polycrystalline materials (see Table I). The cor-
rected SFE values cisf are indeed negative and in excellent agreement
with the DFT results, despite the unknown grain size dependence.
Consequently, the corrected SFEs may be off by some mJm�2 from
the actual values.

The agreement between corrected experimental SFEs and pre-
dicted DFT SFEs is most encouraging. Note that cDFTisf was calculated
at T ¼ 300K,15 which is in accordance with the temperature for the
experimental SFEs, i.e., T ¼ 293K.41–45

Furthermore, the SFE and the twinning shear stress for
Fe40Mn40Co10Cr10 were determined on single crystals.45,48 The experi-
mentally determined SFE is, hence, independent of grain size, and the
corrected cisf of Fe40Mn40Co10Cr10 requires no further correction for
the effect of the grain size and can be regarded as the “actual” experi-
mental SFE for an “infinitely” large crystal. Certainly, for this alloy
excellent correspondence is obtained between the corrected experi-
mental SFE and the DFT-predicted SFE.

Owing to the limited availability of room temperature SFE values
predicted by DFT, it remains to be verified, whether the critically
resolved shear stress for twinning can adequately describe the resis-
tance against movement of partial dislocations for fcc materials that
deform by TRIP and slip. Nevertheless, since cappisf is the sum of cisf
and a grain-size dependent c�, it is recommended that reviews49 on
the influence of alloying elements on the SFE of alloys are carefully
reevaluated. It needs to be ascertained that the reported influences of
alloying elements on the SFE are indeed related to the chemical

FIG. 3. cappisf plotted as a function of D for a Fe-18Mn-3Si-0.6C TRIP steel. The
data was extracted from Fig. 8(b) in Ref. 40.

FIG. 4. cappisf and cisf of HEAs and MEAs
41–45 corrected via Eq. (5) vs cDFTisf .15
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composition and do not originate from grain-size dependent varia-
tions in c�.

The present findings suggest that a concerted approach of adjust-
ing SFE and grain size appears necessary rather than tailoring the
(combination of) deformation mechanism(s) in fcc materials merely
by adjusting the composition. Moreover, thermodynamics represents
only a part of the chemical composition’s influence on the apparent
SFE of a material, and information on the influence of the alloying ele-
ments on the grain size independent excess energy should be included
to arrive at reliable tailoring the (combination of) deformation
mechanism(s).

Summarizing, experimental SFE data should be regarded as
apparent SFE values, which deviates from theoretically determined
SFEs. Apparent SFEs are the sum of a material’s intrinsic SFE and an
excess SFE that appears to arise from the critical resolved shear stress
for twinning, which is always positive and depends on grain size
according to a Hall–Petch-like dependence. Correcting experimental
SFEs accordingly yields intrinsic SFEs that are in excellent agreement
with DFT-predictions also for metastable systems with negative stack-
ing fault energies.

This work was funded by the Independent Research Fund
Denmark as part of the project SFETailor (Grant No. 9041-
00145B). The authors would like to thank Grethe Winther and
Wolfgang Pantleon from the Technical University of Denmark
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CoCrNi –21 15 186 4 41 �19.56 4 3.52941 �26042 29146 unk.
226 442 �15.86 4 3.56742 1642

CoCrFeNi �115 32.543 �2.5 3.60443 �23843 27446 3543

276 441 �7.66 4 3.56541 unk.
CoCrFeMnNi �515 306 544 �4.36 5 3.57641 �23547 23646 unk.

26.56 441 �7.86 4 unk.
Fe40Mn40Co10Cr10 -315 136 445 �4.16 4 3.61045 �11648 - sx.45

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 141902 (2021); doi: 10.1063/5.0063761 119, 141902-5

VC Author(s) 2021

https://doi.org/10.1038/nmat3115
https://doi.org/10.1557/mrs.2019.72
https://doi.org/10.1038/nature17981
https://doi.org/10.1007/s11661-016-3839-2
https://doi.org/10.1007/s11661-016-3839-2
https://doi.org/10.1007/BF02641927
https://doi.org/10.1016/j.actamat.2006.04.013
https://doi.org/10.1007/s11661-013-1943-0
https://doi.org/10.1016/j.jallcom.2021.158869
https://doi.org/10.1016/j.actamat.2010.01.056
https://doi.org/10.1016/j.msea.2004.01.060
https://doi.org/10.1007/BF02648536
https://doi.org/10.1016/j.actamat.2017.07.023
https://doi.org/10.1103/PhysRevB.98.224106
https://doi.org/10.1088/0953-8984/26/26/265005
https://doi.org/10.1088/0953-8984/26/26/265005
https://doi.org/10.1016/j.matdes.2020.109396
https://doi.org/10.1080/21663831.2016.1257514
https://doi.org/10.1016/j.scriptamat.2018.12.007
https://doi.org/10.1016/j.msea.2010.02.041
https://doi.org/10.1016/S1005-0302(10)60030-8
https://doi.org/10.1016/S1005-0302(10)60030-8
https://doi.org/10.1016/j.actamat.2015.06.053
https://doi.org/10.1016/j.jmrt.2020.12.030
https://doi.org/10.1016/j.msea.2017.12.022
https://doi.org/10.1016/0022-3115(62)90038-7
https://doi.org/10.1080/14786437708235982
https://doi.org/10.1016/j.scriptamat.2012.01.050
https://doi.org/10.1063/1.1663122
https://doi.org/10.1080/14786436408229193
https://doi.org/10.1016/0025-5416(66)90034-6
https://doi.org/10.1063/1.1708958
https://doi.org/10.1080/14786435708242709
https://doi.org/10.1107/S1600576714007109
https://doi.org/10.1016/S1359-6454(03)00117-4
https://doi.org/10.1007/BF02654987
https://doi.org/10.1016/j.actamat.2014.01.001
https://doi.org/10.1016/j.actamat.2014.01.001
https://doi.org/10.1016/j.jallcom.2014.08.054
https://doi.org/10.1016/j.actamat.2020.09.056
https://scitation.org/journal/apl


37S. Mahajan and G. Y. Chin, Acta Metall. 21, 1353 (1973).
38S. Lu, X. Sun, X. An, W. Li, Y. Chen, H. Zhang, and L. Vitos, “Theory of
transformation-mediated twinning,” arXiv:1910.11748 [cond-mat.mtrl-sci] (2019).

39S. Y. Lee, S. I. Lee, J. Han, and B. Hwang, Mater. Sci. Eng. A 742, 334 (2019).
40S. M. Lee, S. J. Lee, S. Lee, J. H. Nam, and Y. K. Lee, ActaMater. 144, 738 (2018).
41S. F. Liu, Y. Wu, H. T. Wang, J. Y. He, J. B. Liu, C. X. Chen, X. J. Liu, H. T.
Wang, and Z. P. Lu, Intermetallics 93, 269 (2018).

42G. Laplanche, A. Kostka, C. Reinhart, J. Hunfeld, G. Eggeler, and E. P. George,
Acta Mater. 128, 292 (2017).

43Y. Wang, B. Liu, K. Yan, M. Wang, S. Kabra, Y. L. Chiu, D. Dye, P. D. Lee, Y.
Liu, and B. Cai, Acta Mater. 154, 79 (2018).

44N. L. Okamoto, S. Fujimoto, Y. Kambara, M. Kawamura, Z. M. T. Chen, H.
Matsunoshita, K. Tanaka, H. Inui, and E. P. George, Sci. Rep. 6, 35863 (2016).

45S. Picak, J. Liu, C. Hayrettin, W. Nasim, D. Canadinc, K. Xie, Y. I.
Chumlyakov, I. V. Kireeva, and I. Karaman, Acta Mater. 181, 555 (2019).

46H. Huang, X. Li, Z. Dong, W. Li, S. Huang, D. Meng, X. Lai, T. Liu, S. Zhu, and
L. Vitos, Acta Mater. 149, 388 (2018).

47G. Laplanche, A. Kostka, O. M. Horst, G. Eggeler, and E. P. George, Acta
Mater. 118, 152 (2016).

48I. Kireeva, Y. Chumlyakov, Z. Pobedennaya, A. Vyrodova, I. Kuksgauzen, and
D. Kuksgauzen, AIP Conf. Proc. 2051, 020123 (2018).

49A. Das, Metall. Mater. Trans. A 47, 748 (2016).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 141902 (2021); doi: 10.1063/5.0063761 119, 141902-6

VC Author(s) 2021

https://doi.org/10.1016/0001-6160(73)90085-0
http://arxiv.org/abs/1910.11748
https://doi.org/10.1016/j.msea.2018.10.107
https://doi.org/10.1016/j.actamat.2017.11.023
https://doi.org/10.1016/j.intermet.2017.10.004
https://doi.org/10.1016/j.actamat.2017.02.036
https://doi.org/10.1016/j.actamat.2018.05.013
https://doi.org/10.1038/srep35863
https://doi.org/10.1016/j.actamat.2019.09.048
https://doi.org/10.1016/j.actamat.2018.02.037
https://doi.org/10.1016/j.actamat.2016.07.038
https://doi.org/10.1016/j.actamat.2016.07.038
https://doi.org/10.1063/1.5083366
https://doi.org/10.1007/s11661-015-3266-9
https://scitation.org/journal/apl

	l
	d1
	d2
	d3
	f1
	d4
	d5
	f2
	f3
	f4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	t1
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49

