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Density functional theory (DFT) calculations were performed on AlyCyCoFeMnNi multi-principal element
alloys (MPEAs) to understand the influence of Al and C on the stacking-fault energy (SFE). C addition to
CoFeMnNi resulted in increased SFE, while it decreased in Al-alloyed CoFeMnNi. For experimental verifi-
cation, Alg,6CyCoFeMnNi with 0, 1.37 and 2.70 at% C were designed by computational thermodynamics,
produced by additive manufacturing (AM) and characterized by tensile tests and microstructure analy-
sis. Twinning-induced plasticity (TWIP) was enhanced with increased C, which confirmed a decreased
SFE. The combination of these methods provides a promising toolset for mechanism-oriented design of
MPEAs with advanced mechanical properties.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Multi-principal element alloys (MPEAs), also known as high-
entropy alloys (HEAs), are a comparatively new class of alloys,
which recently gained much attention in both academia and indus-
try. This interest is mainly originating from the new possibilities
that are related to the almost infinite number of chemical com-
positions and thus materials properties [1-4]. Instead of relying
on one base element, MPEAs are defined by consisting of multiple
elements, each with fractions between 5 and 35 at% [5]. The phi-
losophy behind MPEAs lies in its large degree of freedom in their
design, as multiple substitutional and interstitial elements can be
varied depending on the requirements of the target application.
Especially interesting for structural applications is the adjustment
of their stacking-fault energy (SFE), which determines the acti-
vation or suppression of plastic deformation mechanisms such as
dislocation slip, transformation- (TRIP) or twinning-induced plas-
ticity (TWIP) [6-8]. In high-Mn steels, this method was already
effectively used to tailor the mechanical properties [9] and similar
attempts have been made towards mechanisms-based design
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of MPEAs [10,11]. However, the number of possible elemental
combinations of MPEAs makes tailoring of individual properties
challenging, as it requires powerful screening methods to effi-
ciently explore the alloying space [12,13]. Previously, we suggested
a methodology combining thermodynamic modeling with additive
manufacturing (AM) using elemental powder blends [14-16] to
rapidly screen MPEAs. A new CALPHAD database was compiled from
all binary and available ternary systems of CoCrFeMnNi, which
largely do not contain hexagonally closest packed (hcp) phases.
However, the consideration of hcp is essential for the calculation
of SFEs [17] and the prediction of the occurring deformation mech-
anisms. In contrast, ab initio calculations based on the density
functional theory (DFT) have emerged as a powerful tool to inves-
tigate MPEAs [18] and have been previously used to compute SFEs
[18-36]. A successful combination of the aforementioned methods,
i.e. DFT-based SFE calculations with cALPHAD- and AM-based
alloy screening, may open up a new way for precise and efficient
exploration of novel MPEAs with advanced mechanical properties.

In this study, the influence of Al and C on the SFE in the
CoFeMnNi alloy was investigated theoretically and experimen-
tally. The alloy was chosen based on cALPHAD calculations, where
the elimination of Cr from the widely used CoCrFeMnNi system


https://doi.org/10.1016/j.scriptamat.2019.12.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2019.12.004&domain=pdf
mailto:fabian.kies@iehk.rwth-aachen.de
mailto:christian.haase@iehk.rwth-aachen.de
https://doi.org/10.1016/j.scriptamat.2019.12.004

E Kies, Y. Ikeda and S. Ewald et al./Scripta Materialia 178 (2020) 366-371 367

prevents carbide formation and increases the solubility of C
in the face-centered cubic (fcc) phase. A recent ab initio study
demonstrated that C increases the SFE of CoCrFeMnNi [34]. To the
best of the authors’ knowledge however, such ab initio SFE calcu-
lations have not yet been reported for MPEAs containing Al and
C. Specifically the addition of Al is of high interest, as it decreases
density, influences phase stability and SFE, and improves the resis-
tance against hydrogen embrittlement in high-Mn steels [5,37,38].
Consequently, DFT-based SFE modeling was performed with C
additions to CoFeMnNi and Al-alloyed CoFeMnNi. The results were
applied to the caLPHAD and AM approach for experimental char-
acterization and validation, where Al ,CyCoFeMnNi samples with
0, 1.37 and 2.70 at% C were produced by laser powder bed fusion
(LPBF). Tensile testing and electron backscatter diffraction (EBSD)
analyses were performed and correlated with the DFT results to
better understand the relationship between chemical composition
and activated deformation mechanisms.

The SFEs of the fcc alloys were evaluated from the DFT ener-
gies of the fcc and hcp phases. These calculations were based on
the first-order axial Ising model (AIM1) [39]. Both CoFeMnNi and
AlgsCoFeMnNi were modeled using 54-atom supercells to evalu-
ate the impact of Al. The high Al concentration in AlysCoFeMnNi
was chosen to ensure an effective sampling of interstitial sites with
Al-containing nearest-neighbor shells. The employed supercells for
the fcc and the hcp phases had identical cell shapes to improve
the computational efficiency. Ideal mixing of the elements was ap-
proximated based on special quasi-random structures (SQSs) [40].
The solution energies AE,, of C atoms were computed as

AEy, = E(alloy + C) — [E(alloy) + E(C)], (1)

where E(alloy +C) and E(alloy) are the energies of the alloys
per simulation cell with and without one C atom, respectively.
E(C) denotes the energy of C per atom in the reference state
graphite. Octahedral sites surrounded by six atoms in the first
nearest-neighbor shell were considered as interstitial sites for C.
To investigate the local-environment dependence of C solution en-
ergies in the MPEAs, 324 different octahedral sites were com-
puted for each alloy and for each phase. The projector augmented-
wave (PAW) method [41] was employed within the general-
ized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof
(PBE) form [42], as implemented in the VASP code [43-45].
Spin-polarization was considered, as this is known to affect the
phase stability of 3d-transition-element MPEAs [18,4G]. lonic relax-
ations were performed until the residual forces became less than
5x 1072 eVA-1, while the volumes and shapes of the supercell
models were kept fixed to the fcc lattice constant of 3.6 A through-
out the calculations. Further computational details can be found in
the supplementary material.

For the experimental investigation, single-phase fcc alloys were
identified within the AlyCyCoFeMnNi system by CALPHAD calcula-
tions using Thermo-Calc (Fig. 1). The maximum solubility of Al in
the fcc matrix was predicted to be around 3 wt%, whereas a B2
phase may be expected at higher Al contents. Cylindrical samples
were manufactured on an AconityMINI LPBF machine by Aconity3D
using elemental powder blends. This method can be reliably used
to generate fully dense samples without macro-segregation and
only minor, regularly distributed micro-segregation, as previously
shown in [16]. These were generated with 200 W laser power,
550 mm s~! scanning speed, 60 pm hatch distance and 30 pm
layer thickness for equiatomic CoFeMnNi samples with 3 wt% Al
and 0, 0.3 and 0.6 wt% C (Table 1). The alloys are denoted as
Al6-C00, AI6.C'4 and AIS-C27 according to the atomic percent-
ages added to CoFeMnNi. The generated cylinders were machined
to B4x20 tensile specimens and quasi-static uniaxial tensile test-
ing was performed on a Z4204 Zwick/Roell at room temperature
with a strain rate of 2.5 x 107% s~!. Samples were prepared by

Table 1

Chemical composition of the investigated samples.
Sample Al C Co Fe Mn Ni
Al®-C00 (at%) 6.14 0.00 235 23.5 235 235
AlS-C'4 (at%) 6.08 1.37 23.1 23.1 23.1 231
AlS-C27 (at%) 6.01 2.70 22.8 22.8 22.8 22.8
Al6-CO0 (wt%) 3.00 0.00 25.0 23.7 233 24.9
AIS-C4 (wt%) 3.00 0.30 25.0 23.6 233 24.8
AlS-C27 (wt%) 3.00 0.60 249 23.6 23.2 24.8

mechanical grinding with up to 1200 SiC grit paper and polish-
ing with 6 and 1 pm diamond suspension. Electrolytical polishing
was performed at 30-25 V for 15 s using Struers A2 electrolyte.
EBSD data was recorded on a Zeiss-Sigma field emission gun (FEG)
scanning electron microscope (SEM) using a detector by Oxford In-
struments. A voltage of 15 kV, working distance of 17-18 pm and
step size of 60 nm were chosen. Analysis and noise reduction were
carried out with the MATLAB® based MTEX toolbox [47,48].

The distribution of solution energies for interstitial C atoms at
the octahedral sites obtained by the DFT calculations are shown
in Fig. 2a and Fig. 2b for CoFeMnNi and AlysCoFeMnNi, respec-
tively. For CoFeMnNi, large standard deviations (SDs) of 0.367 and
0.326 eV for the solution energies in the fcc and hcp phase were
found. This indicates a strong dependence of the solution energies
on the specific local environment around the C atoms. The average
solution energies were in total 0.322 eV lower in the fcc phase
compared to the hcp phase. This implies that C atoms energetically
stabilize the fcc phase over the hcp phase, similarly as previously
found for CoCrFeMnNi [34]. For AlysCoFeMnNi, the SDs of the
solution energies (0.418 and 0.520 eV for the fcc and hcp phases,
respectively) were substantially larger than those for CoFeMnNi,
indicating an even stronger dependence of the solution energies
on the local environment of C atoms. The average solution energies
were found to be 0.060 eV higher in the fcc phase than in the hcp
phase. This indicates that C atoms energetically stabilize the hcp
phase over the fcc phase, which is the opposite trend as in the
Al-free CoFeMnNi alloy. It was also observed that the C solution
energies tend to be lower with fewer Al atoms within the first
nearest-neighbor shell around the C atoms. This again implies a
strong dependence of C solution energies on its local chemical
environment.

Table 2 summarizes the ab initio SFEs of the investigated al-
loys and pure Al for comparison. CoFeMnNi without C had a SFE
of 32 m] m~2, which is more than 30 m] m~2 higher than the SFE
of CoCrFeMnNi without C at the same lattice constant [34]. This
implies that the addition of Cr decreases the SFE. Similar trends
on the impact of Cr have been also found in other 3d-transition-
element alloys (e.g. comparisons of CoNi and CoCrNi, CoFeNi and
CoCrFeNi, CoFeMnNi and CoCrFeMnNi in Fig. 2 by Zhao et al. [26]).
For AlysCoFeMnNi without C, the SFE was 51 m] m~2. This is sub-
stantially higher than the one obtained for the Al-free CoFeMnNi
alloy, indicating that Al is likely to increase the SFE of CoFeMnNi.
Note that the SFEs were computed at O K; finite-temperature ex-
citations like lattice vibrations [18,26,33,49,50] and magnetic fluc-
tuations [18,20,29,50] could modify the absolute values of SFEs. It
is interesting to note that, in the spirit of Vegard’s law, the SFE of
the AlysCoFeMnNi alloy can be constructed from the weighted av-
erage of the SFEs of Al and CoFeMnNi. Due to C additions of 1.00,
137 and 2.70 at%, the SFE of CoFeMnNi increased by 19, 25 and
51 m] m~2, respectively. These values are indeed more than twice
larger as the ones found for CoCrFeMnNi [34]. In contrast, C ad-
ditions of 1.00, 1.37 and 2.70 at% to AlpsCoFeMnNi decreased the
SFE by 4, 5 and 10 m] m~2, respectively. This indicates that the in-
teraction between Al and C reduces the SFE of AlysCoFeMnNi. As
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Table 2

Computed SFEs (m] m~2) of the investigated alloys and Al at different C contents,
including the experimentally used amounts of 1.37 and 2.70 at%. The volumes cor-
respond to the fcc lattice constant of 3.6 A, which was used for the calculations.
The unexpected decrease of the SFE in Alyps;CoFeMnNi can be qualitatively under-
stood by the impact of C on the SFE of pure Al.

Carbon — 1.00 at% 1.37 at% 2.70 at%
CoFeMnNi 32 51 57 83

Aly 5 CoFeMnNi 51 47 46 41

Al 221 187 174 127

T Note that at the equilibrium lattice constant of Al, the SFE is about 149 m]
m~2 [51].

described in the following, the experimental investigations confirm
the observed trends.

The results of the tensile tests are shown in Fig. 3. An increase
in the C content from 0-2.70 at% increased the yield strength R,
from 397 to 472 MPa, ultimate tensile strength R, from 620 to
820 MPa and uniform elongation from 26.2 to 39.2 % (Fig. 3a).
Furthermore, the slope of the strain hardening rate (Fig. 3b) de-

creased. Whereas the curve in Al6-CO0 decreased steadily in its
strain hardening rate, a plateau-like region was observed in AlS-
C'4 and AIS-C27 in the strain range between 0.05 and 0.15. Addi-
tionally, Al6-C27 revealed an overall higher strain hardening rate
than AlI6-C14,

The microstructures after deformation close to the fracture sur-
faces of the tensile specimens are shown in Fig. 4. All investi-
gated samples contained a single-phase fcc microstructure. Small
amounts of deformation-induced twins were detected in Al6-C00
and AlS-C'“. The fraction of deformation twins strongly increased
in Al5-C27, The EBSD-microtexture of the matrix without the con-
sideration of deformation twins (Fig. 4g-i) showed {111}-fibers,
which was weakest in AI6-C27,

The yield strength increased in the Aly,CyCoFeMnNi alloys by
solid solution hardening with around 32 MPa at%~! or 148 MPa
wt%~1 C in solution, which is lower than in austenitic steels
(~77 MPa at%~1) [9] or other alloys in the CoCrFeMnNi system
(~65 MPa at%~1!) [52-59]. However, solid solution hardening in
CoCrFeMnNi with C was only observed to a small extent, as con-
tents of 1 at% already led to carbide precipitation. Therefore, C
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can be effectively used in the AlxCyCoFeMnNi system to increase
strength, as the absence of Cr prevents formation of carbides.

Surprisingly, the addition of C also resulted in higher ductility,
which is the opposite effect expected from the impeded dislo-
cation glide by solid solution hardening. The activation of TWIP
may explain this behavior, which was observed in the deformed
microstructure and is known to promote increased ductility and
ultimate tensile strength [9]. Consequently, several strain harden-
ing stages are typically obtained [8,60-62]. Plateau formation after
the first steep decline coincides with the evolution of a dislocation
substructure at around G/40, after which the strain hardening rate
increases again due to dislocation interaction with twin-bundles.
Once the dislocation and twin-bundle density saturate in stored
dislocations, i.e. the maximum capability for trapping further dis-
locations, is achieved, the strain hardening rate decreases again. In
relation to the investigated alloys, AI5-C%0 shows the typical pro-
gression for medium to high SFE fcc alloys predominantly deform-
ing by dislocation glide, where the strain hardening rate decreases
steadily during deformation [63]. Consequently, the deformed
microstructure showed negligible amounts of deformation-induced
twins. In Al®-C'# and Al®-C27 however, a plateau-like region was
observed in the strain hardening curve after the initial steep
decline. Compared to the shear modulus, which was assumed
to be similar to the CoCrFeMnNi alloy with 80 GPa [64,65], the
plateau-like region indeed occurred at around G/40. Furthermore,
the level of this region increased with C content, which can be at-
tributed to decreased SFE, temperature, grain size or strain rate [38].
Since the same testing conditions and LPBF processing parameters
were used, i.e. temperature, grain size and strain rate remained
constant, a decrease in SFE must have been responsible for this
behavior. Due to the same processing parameters, the amount and
amplitude of micro-segregation [16] is equal in the samples with
varying chemical composition. These micro-segregations are very
small in LPBF-produced metals in contrast to laser metal deposi-
tion [15,66]. As a consequence, the development and appearance
of deformation-induced twins was not impeded [67]. Furthermore,
the fraction of deformation twins increased with increasing C
content (Fig. 4d-f). It is well known that deformation twinning
strongly depends on the respective crystal orientation. In the
present study, Al-C27 showed a weaker {111}||BD-fiber compared
to AI6-C00 and AI6-C'4 (Fig. 4g-i). According to Gutierrez-Urrutia
et al. [68], {111}-oriented grains are favorable for deformation
twinning due to the high Schmid factor for twinning. Therefore,
the higher twin volume fraction combined with a less favorable
texture for deformation twinning in AIS-C27 proves that the
enhanced TWIP effect in this MPEA is not a texture effect, but
indeed a result of the decreased SFE with increased C content.

As shown in Fig. 3, the addition of C to the investigated
Alg26CyCoFeMnNi alloy enables an increase in both strength and
ductility, i.e. overcoming the strength-ductility trade-off. This be-
havior can undoubtedly be correlated with the increased contri-
bution of TWIP to the accommodation of plastic deformation (see
Fig. 4), which results from a decrease in SFE, as predicted by
the DFT calculations. Additionally, solid solution strengthening and
the formation of C-Mn clusters further promote TWIP due to a
higher critical resolved shear stress [9] and an increased stack-
ing fault width resulting from dislocation pinning [69]. Although
the positive effect of deformation-induced twinning on the me-
chanical properties of fcc metals is well known, the reversed in-
fluence of C on the SFE is quite surprising. Usually, an increase in
SFE with increasing C content was reported, for instance in high-
Mn steels [7], the Cantor MPEA [34] and in the Al-free CoFeMnNi
MPEA in this study (see Table 2). Consequently, the addition of C to
MPEAs increases the strength due to solid solution strengthening,
but also causes reduced ductility [56,58,59]. The combined effect
of Al and C, as presented with CoFeMnNi in this work, opens up

new ways for the mechanism-based and lightweight-oriented de-
sign of MPEAs. Whereas the addition of C to Al-free MPEAs may
be used to promote the TRIP-to-TWIP transition due to a SFE in-
crease [70], it can also be used to tailor the slip-to-TWIP transition
due to a SFE decrease in Al-containing MPEAs.

In summary, DFT-based SFE calculations were performed in
the AlxCyCoFeMnNi system to evaluate the effect of Al and C.
In contrast to CoFeMnNi and other fcc alloys, an increased C
content in Al-alloyed CoFeMnNi was predicted to decrease the SFE
because of a lower solution energy in the hcp phase. To evalu-
ate the reliability of the predictions, Alg,CyCoFeMnNi samples
were produced by LPBF with up to 2.70 at% C. With increasing C
content, higher strain hardening rates and twin volume fractions
were observed experimentally, resulting in higher strength and
ductility. Therefore, the experimental results confirm the predic-
tive power and applicability of the used DFT-based concept. This
highlights that combined DFT, computational thermodynamics and
rapid sample production using LPBF is a promising and efficient
approach for fast screening and design of MPEAs. Furthermore,
specifically alloying fcc-based MPEAs with Al and C paves the
way for mechanism-based design of these alloys and enables to
overcome the strength-ductility trade-off.
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