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formed by Al addition, which led to
embrittlement.

« Combined Al and C in rcc CoFeMnNi
resulted in additional Twip activation.
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ABSTRACT

Navigating through the phase space of multi-principal element alloys (mpeas) with desired microstruc-
tures and outstanding properties is challenging due to extremely high degrees of freedom in alloy com-
position and processing conditions. Separate Al and C additions and the resulting precipitation of hard
phases are commonly used to strengthen CoCrFeMnNi-type alloys. However, the combined alloying effect
and especially the high hardening potential of C in solid solution of mpeas are rarely investigated, but the
few existing investigations reveal a high potential. Therefore, the properties of the
Aly_221Co_>3(CoFeMnNi);gp_756 (at.%) system were comprehensively investigated, where Cr was inten-
tionally removed to keep C in solid solution. For theoretical and experimental screening of the system,
a custom carpHAD database was extended, samples were manufactured by additive manufacturing (am)
and annealed between temperatures of 1150 and 550 °C. Detailed microstructural and mechanical anal-
ysis on 40 different revealed the properties of the equiatomic CoFeMnNi alloy and the effect of the sep-
arate and combined additions of Al and C, including comprehensive precipitate characterization. The
system was especially potent in its room temperature tensile properties in the Al- and C-added rcc-
based region, where it caused the activation of twinning-induced plasticity (twir) and combined high

strength and ductility increases.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Multi-principal element alloys (mpeas) are still a comparatively
young class of metallic materials, which are characterized by an
alloy design strategy that comprises multiple major elements [1-
3]. The terms high-entropy alloy (HEa) and compositionally-
complex alloy (cca) are often used for single-phase and multi-
phase alloys, respectively, for which mpea is the umbrella term
[3]. mpea design strategies are in strong contrast to established
alloys that are defined by one major base element, e.g., Fe in steel,
and additions of minor elements to tailor the microstructure and
properties, e.g., C in steel. Some mpeAs have shown promising prop-
erties, such as high strength and hardness, high corrosion resis-
tance, excellent wear resistance, and good thermal stability [4-
10], but industrial adoption is still low. Within mpeas, the single-
phase face-centered cubic (rcc) CoCrFeMnNi Cantor alloy [1] is
the most frequently investigated alloy [3]. As with other single-
phase MmpEas, its strength at room temperature is low compared to
conventional alloys [4,11].

The addition of certain elements has a strong impact on the
developing microstructure and can therefore be used to tailor the
properties of mpeas [7,12-21]. Most commonly, Al is used in
Cantor-type alloys to stabilize the ordered body-centered cubic
(Bcc) phase B2pjar to increase yield strength and hardness
[22,2,23,13,16,24-32] simultaneous to a density reduction [2].
However, high volume fractions of B2y lead to undesirable
embrittlement [23]. Other methods to increase strength are inter-
stitial alloying elements such as C [33-35], N [33,36,37,34,38,39]
and B [40], which increase strength effectively even at low con-
tents. Especially the addition of C is interesting as it is extensively
and effectively used for strengthening in rcc-based alloys, both for
precipitation [41] and solid solution hardening [42]. The effect of C
addition in Cantor-type alloys is already well researched
[43,14,44-54]. Increased C contents lead to carbide precipitation,
which increases strength and results in a grain refining effect by
pinning grain boundaries during annealing. However, combined
with high Cr contents, the formation of M,3Cg-type carbides was
often observed, resulting in embrittlement [14]. The effect of
extensive solid solution hardening by C was rarely investigated
in MpEAs [55,56], but a much higher hardening potential compared
to conventional alloys [57] was observed.

In this work, we aim to combine the effects of Al and C alloying
in Cantor-type mpeas to tailor the microstructure and resulting
mechanical properties. To increase solubility of C in the rcc phase,
Cr was removed from the CoCrFeMnNi composition due to its high
affinity to form M,3Ce-type carbides. In a previous study [58], Al
and C additions to CoFeMnNi led to enhanced strength without
the loss of ductility due to a modification of the stacking-fault
energy (sfe). However, aging treatments leading to precipitation
strengthening were not investigated further, but already revealed
a high potential for strengthening [59].

To screen and identify promising chemical compositions and
heat treatment windows, thermodynamic calculations using the
calculation of phase diagrams (caLpHap) method [60,61] have been
proven to be a powerful method to guide the design of new mpeAs
[62-65]. Previously, a custom carpHAD database for mpeas was devel-
oped by the authors for the CoCrFeMnNi system [66]. The database
was extended to also contain Al and C, which already resulted in
reasonable phase predictions in AICCoCrFeMnNi systems [58,59]
and was applied in the present study.

To investigate the properties of Al- and C-added CoFeMnNi
alloys in detail, an approach combining thermodynamic calcula-
tions with additive manufacturing (am) was used to allow for
high-throughput theoretical and experimental screening, as
described by Haase et al. [66] and applied previously in [58]. For
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thermodynamic calculations, the custom CoCrFeMnNi caLpHAD data-
base was fully extended by Al and C. Samples with desired compo-
sitions were manufactured by laser beam powder bed fusion (pgr-
1B) using powder blends as input to vary the chemical composition
[67]. After heat treatments, the microstructure and mechanical
properties were evaluated. The accuracy of the thermodynamic
calculations was compared to the obtained microstructures and
the resulting mechanical properties. The boundaries of C solution
in the rFcc matrix and precipitate types with increased Al- and C
content were investigated in detail to give an overview of the prop-
erties in Al,Cy(CoFeMnNi);go_x_y alloys. The occurring microstruc-
ture formation and strengthening mechanisms are discussed and
correlated with the resulting mechanical properties.

2. Applied methods
2.1. Thermodynamic calculations

Thermodynamic calculations using the caipHap method [60,61]
were used to select appropriate alloy compositions for production
and characterization. The database previously constructed for the
Cantor system (CoCrFeMnNi) by Haase et al. [66] was extended
by Al and C. Further information on the extension of the database
can be found in the supplementary material.

Mappings with the equiatomic CoFeMnNi composition as func-
tion of Al at fixed C contents were made to identify suitable com-
positions. Cr was excluded from the commonly used Cantor alloy
system [3,4] to increase C solubility in the rcc phase and decrease
the temperature for carbide precipitation. The CoFeMnNi-base
alloys are denoted as AI*CY in this work, with x and y representing
the atomic fraction of Al and C, respectively. The target composi-
tions identified (Fig. 1) were Al%0- 6:0. 80. 220¢00. 14. 28 for the pcc
— (Fcc + B2) and (rcc + B2) — B2 transitions. The Thermo-Calc soft-
ware was used for all the carpHAD calculations [68].

2.2. Material and processing

An AconityMINI per-L8 machine by Aconity3D with different ele-
mental powder blends as input material was used to manufacture
specimens, where fully dense and compositionally homogeneous
samples without processing defects were obtained (see Ewald
et al. [67] for a detailed analysis). Depending on the initial powder
mixture, fully dense 5 x 5 x 10 mm> specimens were manufac-
tured with 120 to 200 W laser power, 350 to 650 mm s~ ! scanning
speed, 60 to 90 pm hatch distance and 30 pm layer thickness. Sam-
ples with the powder mixtures AI?2°C'+ 28 could not be manufac-
tured due to a tendency to form cracks during the process. The as-
built A*C%°, A*C'* and AI*C%® samples were subsequently homog-
enized for 3 h at 1150, 1100 and 1050 °C, respectively. Afterward,
annealing was performed at 550, 700 and 900 °C for 24 h. Heat
treatments were performed in a Thermconcept muffle furnace with
subsequent water quenching, where the samples were wrapped in
Knu-foil to prevent oxidation. The wet chemical analysis in the as-
built condition is shown in Table 1 and the AI*CY alloys will be ref-
erenced by their measured chemical composition.

The typical features of the am microstructure are elongated
grains in build-up direction, strong texturing, elemental segrega-
tion, high dislocation density [69] and oxide formation [67,70].
As the materials properties were the focus of the study, all investi-
gated samples were first homogenized at high temperatures (1050
to 1150 °C), which resulted in recrystallization. Consequently, the
am microstructural features were removed [71,72]. The material
still contained small amounts of Mn or Al oxides, which were intro-
duced by the elemental powder’s high affinity to oxygen [67,70]
and also resulted in the formation of micropores. These oxides



F. Kies, M. Noori, S. Ewald et al.

Materials & Design 224 (2022) 111368

aj b

/ <)
"1400) L 1400 ) "1400) L
L +fec
1300 1300 1300
L+ B2
L+ BzA\Ni
1200 1200 1200
w o B2 & o
1> 1100 fec A >~ 1100 = 1100
ot g e
= 2 2 2 fec + B2,y +L1, (K)
&= T 1000 o 1000 o 1000 "AIN -
[= 28] 9] @
=S £ oo 2 400 = fcc+ B2,
3 g fec+B2,,, g fecc+B2,,, GE)
= = =
E 800) 800 800
u 700 T00F 700
fec + B2, +Fe,C
. fcc+ B2, + o0 fec + B2,y * B2, + Fe,C 600 fec+B2,,, + fec+B2,,, + B2, + Fe,C
i+ B2 B2, +HC,
0\ 5 10 15 20 25 OV\ 5 15 20 25 0\ 5 10 15 20 25
A CyglCoFeMnNi),,, X Aluminium (at%) A C, (CoFeMnNi) . X Aluminium (at%) A C,q(CoFeMnNi),,,. X Aluminium (at%)
d ) €) J
1400 1400 1400
7 1300 1300 1300
()
4 1200f 1200 1200
S0 ¢a beeg ed o O
0 v 1100 o 110 v 110:
=3 = | =1
-8 S 1000 S 1000 ‘é 1000)
£ 1 3
O £ 2@e fo @g ®h £ ood £ 90§
) 8 8
v, 800 800 800
Y i /je ek ol 708 -
o
— 60of p 600F + 600F
® n® ®o [ L
0\ 5 10 15 20 25 0\ 5 15 20 25 0 5 10 15 20 25
A Co(CoreMnNi,, X Aluminium (at%) A ¢, (CorsMnNi,,,  x Aluminium (at%) A ¢, (CorsMnNi,,, x Aluminium (at%)

Fig. 1. Calculated vertical sections for the (a) AI*C®?, (b) AI*C'* and (c) AI*C?® alloys using the custom catpHaD database. The stable phases contained Fcc, B2yiar and B2core
ordered Bcc phases and carbides (M,Cs, Fe3C and «). (d-f) The investigated states are marked with points in the calculated phase diagrams.

Table 1
Chemical composition of the investigated samples from wet chemical analysis.
(at.%) (wt%)

Sample Al C Co Fe Mn Ni Al C Co Fe Mn Ni
Al100C00 - - 22.5 24.6 28.7 24.2 - — 233 24.1 27.7 249
A100CO® - 0.78 24.7 25.3 25.0 243 - 0.17 25.6 24.9 24.2 25.2
Al0C!3 — 1.33 240 24.8 25.8 24.0 — 0.28 251 24.5 25.1 25.0
APP4C00 5.39 - 20.2 249 222 27.3 2.62 - 215 25.1 22.0 28.8
AIP9C!2 5.90 1.16 193 242 223 27.2 2.90 0.25 20.7 24.7 22.3 29.1
AR7C23 3.66 2.29 21.8 24.7 20.2 274 1.80 0.50 233 25.0 20.1 29.2
Al70C00 7.01 — 20.0 234 234 26.2 3.44 — 214 23.8 234 279
Al’8C 7.83 1.10 20.2 233 20.8 26.9 3.89 0.24 21.9 239 21.0 29.1
Al”6C22 7.63 2.15 19.9 233 204 26.6 3.82 0.48 21.8 241 20.8 289
AI221c00 22.1 — 184 19.6 193 20.5 11.8 — 21.6 21.7 21.1 239

are stable at the performed annealing temperatures and may coar-
sen only at higher temperature [73] or longer annealing [74].
Therefore, O did not go into solution by the heat treatment and
did not influence the phase stability or microstructure constitu-
tion. Furthermore, the comparatively low volume fraction and
large particle size of the oxides has only a minor effect on the ten-
sile test properties and may reduce strength slightly [75]. There-
fore, the am samples can be used to compare the materials
properties for the investigated alloys.

The obtained chemical compositions (Table 1) were in the
region of equiatomic composition, where the deviations were

small with averages of ACo = -2.4 at.%, AFe = 0.6 at.%, AMn =
-0.6 at.% and ANi = 2.4 at.% due to the usage of elemental pow-
der blends [67,76,66]. The samples still allow the determination
of the CoFeMnNi alloy’s properties, as perfect equiatomicity was
deemed an unnecessary requirement for the ideal properties in
MPEAS [3]. Overall, the targeted compositions from the thermody-
namic screening (Fig. 1) were hit with slight losses in Al and C.
The exceptions were the C-containing AlI®°C* alloy with lower-
than-expected C contents and the AI>’C>3 alloy, where the Al
content was lower than expected due to processing
irregularities.
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2.3. Microstructure characterization techniques

Samples for the microstructure analyses were prepared as
following:

1. Mechanical grinding using 80, 180, 320, 600 and 1200 grit SiC
paper.

2. Mechanical polishing using 6 and 1 pm diamond suspensions.

3. Electrolytical polishing at, depending on the chemical composi-
tion, 18 to 23 V for 15 s in Struers A2 electrolyte. The usage of
electropolishing for sample preparation exaggerated the oxide
volume fraction in the micrographs as oxides were not affected
and stuck out of the surface.

Scanning electron microscopy (seM) microstructure characteri-
zation techniques were made on a Zeiss Sigma field emission gun
(rec), where Oxford’s electron backscatter diffraction (Eesp) and
energy-dispersive X-ray spectroscopy (eps) detectors were used.
Using a voltage of 15 kV with a working distance between 7 and
9 mm, backscattered electron (Bse) micrographs and eps measure-
ments were recorded. For essp, 20 kV and 17 mm were used,
respectively, with a step size of 60 nm. The essp data was analyzed
using the MTEX toolbox [77,78] in MATLAB®.

Transmission electron microscopy (TEM) measurements were
made on lamellae, which were taken from the samples by a FEI
STRATA focused ion beam (riB) 205 and measured on a FEI Tecnai
F20 operated at 200 kV. Selected area electron diffraction (saep)
patterns were analyzed using the jems software [79].

X-ray diffraction (xrp) was performed on a SEIFERT Analytical X-
ray diffractometer with 0.2289649 nm Cr-k,, radiation within a
range of 60 ° to 160 ° for 2@. Diffraction patterns for synchrotron
X-ray diffraction (syxrp) were made on a Varex xrp 4343CT detector
at DESY in Hamburg on the P02.1 beamline. Integration of com-
plete rings in the patterns were performed using Fit2D [80,81]
between 2.8° to 16.6° for 2@. Using Rietveld refinement in the
open-source software Material Analysis Using Diffraction (maubp)
[82], the lattice parameters and phase fractions were determined
for the xrp and syxrp diffractograms.

2.4. Mechanical characterization techniques

Vickers microhardness was measured with a force of 0.9807N
(HVO0.1) on a polished surface of the microstructure samples. Three
indentations were taken per sample.

Out of per-LB produced cylinders, round B4x20 tensile specimens
were machined after DIN 50125 and tensile testing was performed
on a Zwick/Roell Z4204. The quasi-static tests were performed at
room temperature using a strain rate of 2.5 x 107* s! and the
build-up direction was parallel to the straining direction.

3. Results
3.1. Thermodynamic calculations

Calculated vertical sections for the AI*C%% 4 28 a]loys between
500 to 1500 °C are shown in Fig. 1. In the AI®°C* alloy (Fig. 1a) at
temperatures below the melting point, the rcc phase is prevalent
in the alloy. With increased Al content a B2y;a phase (ordered
Bcc) becomes stable, which at around ~20 at.% fully replaces the

rcc phase. At temperatures below ~600 °C, the B2core phase is
stable in addition to B2yia. In A*C! (Fig. 1b), the single-phase
B2nial region is shifted to higher Al contents, i.e., the rcc phase is
stabilized, while the M,C3; and FesC carbides become stable at
lower temperatures. Furthermore, the liquidus and solidus temper-
atures decrease in addition to an increased solidification interval.
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In AI*C?® (Fig. 1c), the rcc stability remains similar to the AI*C'4
alloy with respect to the B2yja and B2¢ore regions, whereas the car-
bide regions shift to higher temperatures. Additionally, the E2,
Perovskite-type K-phase (L1, ordered rcc unit cell with a C atom
in the center) becomes stable at high Al content at elevated tem-
peratures. The points marked in Figs. 1d,1e,1f show all investigated
states in this work.

3.2. Microstructure

The xrp measurement results at the points in the capHAD phase
diagrams (Figs. 1d to f) can be found in Fig. 2. Regardless of the
annealing state or C content, the AlI®°C* alloys were fully rcc. In
the homogenized states (Figs. 2a to c), fully Fcc microstructures
were detected in the alloys Al~>°CX, where the C content had no
effect on the occurring phases. At higher Al contents in the Al~7->-
C* and AI?>1C°° alloys, the microstructure contained a B2y;a phase
at the cost of rcc peak intensity. The B2y;a phase also appeared
after annealing of the AlI~>°C* alloys at 900 and 700 °C and at
higher Al contents (Figs. 2d to i). In the alloys Al*>“C* annealed
at 550 °C (Figs. 2j,k,1), B2niar peaks were detected in addition to
B2core peaks, where considerable peak broadening took place.
The peak intensities of B2yja; and B2¢qre increased with increasing
Al content. In summary, increased amount of B2y were detected
with higher Al content and annealing at 550 °C resulted in the for-
mation of B2¢.re, While the C content had a negligible effect. Sam-
ples with high Al content (mainly Al?>'C%?) additionally showed
weak superlattice reflections of the B2y;a phase.

The lattice parameters and phase fractions calculated from the
xrRD measurements (Fig. 2) are summarized in Fig. 3. The lattice
parameter of the rcc phase (Fig. 3) increased on average by
0.003 Aat.%~! Al and 0.002 Aat.%~! C. The rcc lattice parameters
varied slightly with the annealing temperature without any clear
trend. Two lattice parameters for B2yja and B2¢ore (Fig. 3b) were
identified and showed no clear dependence on the annealing tem-
perature or chemical composition. The average lattice parameters
for B2yjar and B2core were 2.895 A and 2.869 A, respectively. The
phase fractions of the B2 phases (Fig. 3c) increased with higher
Al content with a strong increase in Al~7>C*. The highest fraction
of the B2njai phase was observed after annealing at 700 °C. In
Al”C%2 annealed at 550 °C, high fractions of the B2yia;- and B2¢ore-
phase were obtained.

Micrographs of the AI*C®? alloy are shown in Fig. 4. Regardless
of the annealing temperature, fully Fcc microstructures were found
in the A1°°C%9 alloy. A fully Fcc microstructure was also obtained in
the AI>#C% alloy annealed at 1150 °C (Fig. 4b). At 900 °C (Fig. 4f),
two additional types of secondary phases were detected with an
island morphology at grain boundaries and plate morphology in
the rcc matrix, which developed finer at 700 °C (Fig. 4j). At
550 °C (Fig. 4n), fine plate-type precipitates were found at the grain
boundaries. In the Al”°C%? alloy annealed at 1150 °C (Fig. 4c), small
amounts of the island-type phase were detected at the grain
boundaries of a fully Fcc matrix. The microstructures at 900 and
700 °C (Figs. 4g,k) were similar to that of AI>#C%?, albeit with
higher volume fractions of the island- and plate-type phases. At
550 °C, high volume fractions of fine precipitates were found in
the matrix with small amounts of the island phase at the grain
boundaries. In the alloy AI*2C%% a dual-phase microstructure
was obtained at 1150 °C (Fig. 4d). At 900 and 700 °C (Figs. 4h,1),
the formation of the plate-type phase was observed in the indented
grains. The plate thickness decreased on average from 370 to
180 nm after annealing at 900 and 700 °C, respectively. Fine pre-
cipitates were formed at 550 °C (Fig. 4p) in the deep etched grains
of the microstructure. Overall, a higher Al content in AI*C*°
resulted in higher amounts of the island- and plate-type
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microstructural features at 900 and 700 °C. The plate-type
microstructure formed the rcc matrix, while the island-type phase
formed at grain boundaries. Al-containing samples showed the for-
mation of fine precipitates at 550 °C inside the Fcc matrix.

Micrographs for the AI*C~'© alloys can be found in Fig. 5. Sim-
ilar to the A1®°C%? alloy and regardless of annealing temperature,
the AI®°C%8 alloy showed a fully rcc microstructure. A fully Fcc
microstructure was also obtained in the AI>°C'? alloy annealed
at 1100 °C (Fig. 5b). At 900 and 700 °C (Figs. 5e,h), the formation
of the island- and plate-type phases were detected. The plate thick-
ness decreased on average from 290 to 230 nm after annealing at
900 and 700 °C, respectively. At 550 °C (Fig. 5k), the formation of
basketweave-type precipitates occurred at grain boundaries. The
microstructure developed similarly in the AI’8C'! alloy with
higher volume fractions of the island- and plate-type phases. The
basketweave-phase precipitates at 550 °C (Fig. 51) were found in
the rFcc matrix of the microstructure. Overall, the microstructure
in AI*C~'° developed similarly to the AI*C%? alloys, where higher
Al contents resulted in the formation of island- and plate-type
phases as well as fine precipitates in Al-containing samples at
550 °C.

Micrographs of the AI*C™' alloys are presented in Fig. 6. The
AI°°C!3 alloy showed a fully rcc microstructure. Due to the low
Al content, the AI>’C?3 alloy was fully rcc at the investigated
annealing temperatures with small amounts of island-type phases
at 700 °C (Fig. 6h). At 550 °C (Fig. 6k), a fully Fcc microstructure was
obtained. In the AlI”®C?? alloy, the island-type phase was seen at
1050 °C, while at 900 and 700°C the formation of plate-like phases
was observed. The plate thickness decreased on average from 810
to 210 nm after annealing at 900 and 700 °C, respectively. At 550 °C
(Fig. 6l), basketweave-type precipitates formed between the
island-type phase. Overall, except for the low Al-containing
A37C?3 alloy, the formation of the island-, plate- and
basketweave-type phases developed similar to alloys without C
(Figs. 4,5).

3.3. Detailed microstructure analysis

To investigate the microstructure in Al- and C-added CoFeMnNi,
more detailed analyses were performed on a subset of the samples.
Even though 40 different chemistry-annealing combinations were
investigated, clear trends in microstructure evolution and the con-
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Fig. 4. sse micrographs of the alloys indicated by the points shown in the Fig. 1d phase diagram. Pores, Mn and Al oxides were introduced into the samples by the psr-L8 sample
manufacturing process and the typical am microstructure features were removed by the homogenization annealing. rcc-based microstructures were obtained with island-

(1150°C) and plate-type (<900°C) precipitates at higher Al contents.

tained phases were observed. The Al*>!C%° alloy showed a dual-
phase microstructure, and three types of precipitate morphologies
were observed: island-, plate- and basketweave-type precipitates.
Representative samples showing these microstructure morpholo-
gies were analyzed in more detail.

A dual-phase microstructure developed in the AI?>1C%? due to
the high Al content (Fig. 4d), which was analyzed by essp and Eps
(Fig. 7). The morphology (Figs. 7a and b) consisted of large B2y;a
grains with smaller rcc islands. The B2y;a phase was rich in Al
and Ni, while Co, Fe and Mn had higher concentrations in the rcc
phase.

Analysis of the island- and plate-type phases was performed in
the AI”8C'! alloy annealed at 700 °C and is shown in Fig. 8. ssp
(Figs. 8a and b) revealed that both precipitate morphologies had

a Bce crystal structures. The simultaneous eps analysis (Figs. 8c
to g) showed that both precipitates were enriched in Al and Ni
and depleted in Co and Fe. Tem analysis of the island-type phase
(Figs. 8h to k) was performed to gain additional information about
the crystal structure in both morphologies. A B2 crystal structure
was observed in the saep pattern (Fig. 8k) with superlattice reflec-
tions for the [011] zone axis. Additionally, reflections for a B2
phase with a [113] zone axis (Fig. 8j) were detected in the saep pat-
tern from a phase contained within the tem lamella. The Al and Ni
rich island- and plate-type precipitates were B2y;a; phases.

A detailed analysis of the fine plate-type precipitates was per-
formed on the Al”°C%° alloy annealed at 550 °C is shown in
Fig. 9. Higher magnification st micrographs (Figs. 9a,b) showed a
plate-like morphology. The syxrp analysis (Figs. 9c,d) revealed one
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Fig. 5. st micrographs of the alloys indicated by the points shown in the Fig. 1e phase diagram. rcc-based microstructures were obtained with island- (1100°C), plate- (900 to

700°C) and basketweave-type (550°C) precipitates at higher Al contents.

Fcc (3.626 A lattice parameter) and two Bcc phases in the
microstructure. The superlattice reflections at (100) and (111) for
the B2 phase were clearly visible but could not be attributed unam-
biguously to either one of the Bcc phases due to peak overlap. The
Rietveld refinement was performed with ~30 at.% dissolved other
constituting elements on the lattice sites in the B2 phase, i.e., lower
amount of B2 ordering, to sufficiently fit the superlattice reflec-
tions. Phase fractions of 15.6 and 10.0 % and lattice parameters of
2.913 and 2.876 A were obtained for the B2yja and B2¢re phase,
respectively. Increased peak widening in the B2yja phase com-

pared to the B2core peaks indicated a finer precipitate size for
B2nial- In the TEmM analysis, fine plates were observed in the Frcc
matrix (Figs. 9e and g) with a thickness of 20 nm. Compared to
the rcc matrix, these plates were enriched in either Co + Fe
(Fig. 9f) or Al + Ni (Fig. 9h), corresponding to the two different
B2 phases identified by the syxrp analysis. The diffraction analysis
(Figs. 9i to 1) revealed a rcc matrix with a [011] zone axis next to
B2 with a [011] zone axis containing faint superlattice reflections.
The resulting orientation relationship between the phases was
{111}¢|[{110}5, and (011)¢][(011)p,. In summary, the ordered
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Fig. 6. st micrographs of the alloys indicated by the points shown in the Fig. 1f phase diagram. Due to a low Al content in the AI>’C?2 alloy, few precipitates were formed
after annealing. Fcc-based microstructures were obtained with island- (1050°C), plate- (900 to 700°C) and basketweave-type (550°C) precipitates at higher Al contents.

Bcc phases B2yia and B2¢.re were found to precipitate in plates in
the Fcc matrix.

The formation of the basketweave-type precipitates in Al- and
C-containing alloys annealed at 550 °C was analyzed for the
Al”®C22 alloy in Fig. 10. In the higher magnification Bse micro-
graphs (Figs. 10a and b), the formation of fine precipitates was
observed with lamella-type precipitates in between a decomposed
matrix. The syxrp analysis (Figs. 10c,d) revealed a rcc matrix phase
(3.639 A) with the highest intensity containing peaks for the
B2niai- (2.901 A), B2core- (2.874 A), L1,- (3.658 A) and M,Cs-

phases. The superlattice reflections for B2y;a; and L1, were clearly
visible. Due to a very fine precipitation size, the peaks for the L1,
phase were broadened considerably. The high-resolution stem and
eps analysis (Figs. 10e,h) revealed 17 nm diameter cubic precipi-
tates in the decomposed rcc matrix with 31 nm thick lamellar
phase in between. The lamellar phase was enriched in Mn + C
(Fig. 10f) and the cubic precipitates in either Co + Fe or Al + Ni
(Fig. 10h). As evidenced by the tem diffraction analysis (Figs. 10i
to k), the lamellar phase contained the M;Cs-type carbide phase
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Fig. 7. (a-b) ssp and (c-g) simultaneous ps analysis of the dual-phase microstructure in the AI*?>1C%? alloy in the homogenized state (Fig. 4d). The detected scc phase was
enriched in Al and Ni and found to be B2y;a; (see Fig. 8). (c) The small Al peaks were caused by Al oxide formation.
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Fig. 8. (a-b) essp and (c-g) simultaneous eps of the island- and plate-type precipitates in the AlI”C'"! alloy annealed at 700°C (Fig. 5i). The Bcc phases were enriched in Al and

Ni and found to be (f) B2y;ar. (¢) The small Al peaks were caused by Al oxide formation. The (h) high-angle annular dark field (Haapr) micrograph and (i-k) saep pattern analysis
revealed the islands as a B2y;a phase.
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alloy annealed at 550°C (Fig. 40), which were detected by (a-b) Bse micrographs. (c) The synchrotron ring

pattern and (d) the corresponding integrated diffractogram revealed two B2 phases in the rcc microstructure (the lattice constants a and volume fractions V from the Rietveld
refinement are also given). According to (e, g) the HaaDF micrographs and (f, h) scanning transmission electron microscopy (stem)-eps analysis, the fine plates were enriched in
either Al + Ni or Co + Fe. (i) The Haapr micrograph with (j-1) saep analysis also revealed the plates as B2 phases.

with [011] zone axis. In this zone axis, the M;Cs phase showed
multiple superlattice reflections ordered along lines (Fig. 10l).
The cubic precipitates were found to be B2 ([001] zone axis) and
L1, ([112] zone axis) crystal structures with their superlattice
reflections (Figs. 10m to p). Additionally, reflections of a B2 phase
with a [113] zone axis (Fig. 100) were detected in the saEp pattern
from a phase contained within the tem lamella. As L1, was found
next to rcc, the allowed rcc lattice reflections can be assigned to
both phases. The resulting orientation relationship between the
phases was {011}¢.[[{001};, and (112);]|(001)z,. The M;Cs
formed with a lamellar morphology in the rcc matrix, while fine
cuboidal L1, and B2c.r precipitates enriched in Co + Fe or
Al + Ni were found in the matrix.

11

3.4. Mechanical properties

The hardness of the investigated alloys is shown in Fig. 11. In
the low Al-containing AI®°C* and AI~>°C* alloys the hardness
reached ~200 HVO0.1, where it increased slightly with higher C con-
tent and small effects of the annealing temperature were seen. In
the AI™7>C* alloys, lower annealing temperatures increased the
hardness strongly. Additionally, higher C content also strongly
increased hardness up to 791 HVO0.1 in Al’®C?? annealed at
550 °C. In the AI*2'C%° samples, lower annealing temperatures
resulted in higher hardness.

The tensile test data resulting from different outlined
microstructures are plotted as Ashby plots in Fig. 12. Four types
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of microstructures were observed in Al- and C-added CoFeMnNi
(Fig. 12a).

1. Single-phase rcc microstructures were obtained below ~7 at.%
Al with up to 2.5 at.% C between 1100 to 550 °C. The CoFeMnNi
base alloy had 475 MPa R, 280 MPa Ry and 13 % A, (Figs. 12b,
c). An increase in C resulted in a strong increase in R, and Ag,
while the Ry, increased slightly. The addition of Al had a sim-
ilar effect. The combined addition of Al and C resulted in a fur-
ther increase in Ry, and A,.

2. B2 island-type phases in the rcc microstructure were found
above ~7 at% Al with up to 2.5 at.% C between 1100 to
550 °C. This type of microstructure resulted in ~750 MPa
Rm,~380 MPa Ry, and ~25% Ag (Figs. 12d,e). Compared to Al-
added single-phase rcc CoFeMnNi, the elongation was decreased
with similar strength.

3. B2 plate-type precipitates in the Fcc microstructure were found
above ~5 at.% between annealing temperatures of 900 to
550 °C. From 900 to 700 °C this region became stable at lower
Al contents at 0 to 2.5 at.% C, while at 550 °C it was only
obtained without C. Compared with the single-phase rcc alloys
(Figs. 12b,c), the precipitation of B2 plates resulted in higher
Ri and Ry at the cost of lower A, (Figs. 12f,g). Increased frac-
tions or finer plates (at lower annealing temperatures) resulted
in strength increases up to brittle behavior at extremely fine
plates.

4. k- and M,Cs-type carbide precipitates were seen at 550 °C
annealing above ~5 at.% Al and ~1 at.% C. The tensile tests
showed embrittlement in the samples with failure in the elastic
region (Figs. 12h,i).

4. Discussion

40 states with different chemical compositions and varying
annealing conditions were investigated in detail with respect to
their microstructure and mechanical properties in Al- and C-
added equiatomic CoFeMnNi wmpeas. To elucidate the individual
and combined effects of the alloying elements Al and C, the discus-
sion was structured as follows. First, the properties of the rcc-based
CoFeMnNi parent alloy compared to other rcc-based mpEas is high-
lighted in Section 4.1. The influences of C and Al on the microstruc-
tures and properties are then discussed separately Sections 4.2, as
well as combined in Section 4.4.

4.1. Microstructure and properties of the CoFeMnNi alloy

The microstructure of the CoFeMnNi alloy was single-phase rcc
at annealing temperatures >550 °C with a lattice parameter of
3.603 A (Figs. 2-4). Studies investigating the microstructure of
CoFeMnNi [83,84] also obtained fully rcc microstructures, albeit
the investigations were only performed on as-cast and homoge-
nized material. The results coincided with the phase compositions
found in variations of 3d transition element mpeas [3], where
single-phase rcc alloys were typically observed. Multi-phase
microstructures were only obtained in CoCrFeMnNi at annealing
temperatures <700 °C [85], where Cr-rich phases were precipi-
tated. As Cr was removed in the investigated alloy, the rcc phase
was further stabilized.

The mechanical properties (Figs. 11,12) of CoFeMnNi showed a
low hardness (156 HV0.1) combined with low strength (280 MPa
Rpo> and 475 MPa R;,) and ductility (13 % Ag). Compared to CoCr-
FeMnNi wmpeas in recrystallized or per-LB condition [86,87], where
~300MPa Ryo,~600 MPa R, and ~50% A, were obtained,
CoFeMnNi showed lower strength and considerably lower elonga-
tion. The decrease in strength was caused by the removal of Cr,
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which was the only element in CoCrFeMnNi resulting in meaning-
ful solid solution hardening due to a high lattice misfit compared to
the other elements [88]. However, the large decrease in elongation
is rather untypical for Cantor-type rcc mpeas [4]. The CoCrFeMnNi
alloy does usually show the activation of the twinning-induced
plasticity (twir) effect during room temperature deformation [89]
due to its relatively low sre [90]. Hence, this effect promotes
increased strain hardening resulting in the inhibition of local neck-
ing and thus enhanced elongation [42]. In our previous study [58],
theoretical calculations revealed pure CoFeMnNi to have a strongly
increased sre compared to CoCrFeMnNi by about 30 mJ m~2. This in
combination with the observed strongly declining strain hardening
rate during deformation (see Fig. 2a in the supplementary mate-
rial) signify the suppression of Twip activation [42]. Therefore, the
high sre in CoFeMnNi by the removal of Cr resulted in a poor strain
hardening response and reduced ductility compared to
CoCrFeMnNi.

4.2. Microstructure and properties of the Cy(CoFeMnNi);go_x System

Similar to the CoFeMnNi parent alloy, the investigated AI%°C*
alloys were single-phase rcc (Figs. 2,3,5,6) at annealing tempera-
tures >550 °C. The rcc lattice parameter increased slightly by
0.002 Aat.%~! due to C in interstitial solution [55]. The removal
of Cr successfully suppressed the formation of M,3Cg carbides typ-
ically seen in C-added wmpreas of the CoCrFeMnNi system [43,14,44-
54], even at low annealing temperatures of 550 °C. Therefore, the
removal of Cr was effectively used to increase the C solubility in
the rcc phase.

The mean hardness was increased from 156HVO0.1 to 167 and
204HV0.1 in the AI°°C%8® and AI®°C!? alloys, respectively
(Fig. 11). C in solid solution increased the strength by 153 MPa
at.% ' with slight yield strength increases (Figs. 12b,c), while
simultaneously resulting in a strong elongation increase. Solid
solution hardening by C coincides with hardness and strength
increases in mpeas due to a high lattice friction of stress of
184 MPa at.%~! [55], much higher than in conventional single-
phase austenitic steels (e.g., high-Mn steel) [57]. Similar results
were also obtained in the investigated CoFeMnNi alloy. However,
another deformation mechanism must have been activated due
to simultaneous higher tensile strength and elongation. The activa-
tion of Twip is likely, but in our previous study [58] the addition of C
to CoFeMnNi was predicted to result in higher sfe and, therefore,
weakening or suppressing the twip effect. Nevertheless, a similar
effect can be seen in austenitic steels, where the lack of C prevents
TwIP activation, even though the sre is low. The reason behind this is
that solid solution strengthening by C and the formation of C-Mn
clusters initiate Twir due to a higher critical resolved shear stress
[42,58] and increased stacking fault width due to dislocation pin-
ning [91]. A similar effect may lead to the activation of Twir in C-
added CoFeMnNi. With the addition of C, the strain hardening
behavior became similar to CoCrFeMnNi-type alloys [89,86,87]
(see supplementary material), which typically show the activation
of the Twir effect. Therefore, the addition of C to CoFeMnNi resulted
in Twip activation and similar mechanical properties to CoCrFeMnNi
alloys. C in solid solution was increased without Cr, but solid solu-
tion hardening by C only resulted in a small yield strength increase.

4.3. Microstructure and properties of the Al,(CoFeMnNi);go_x System

At annealing temperatures >700 °C, the addition of Al to
CoFeMnNi resulted in the formation of Bcc island- and plate-type
phases (Fig. 8)) up to a dual-phase structure in the AI?2>1C%? alloy
(Fig. 7). Al was also found to some extent in solution of the rcc
phase, where it increased the lattice parameter by 0.003 Aat.%!
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due to its high lattice misfit [22,23]. The Bcc phase had an average
lattice parameter of 2.895 A (Figs. 2 and 3), was enriched in Al and
Ni (Figs. 7,8) and showed clear superlattice reflections for the B2
ordered Bcc phase (Fig. 8k). The ideal B2y;a; crystal was reported
with a lattice parameter of 2.887 A [92], which was close to the
measured value considering that Co, Fe and Mn were also in solu-
tion to an extent. Therefore, the Bcc phase (island-, plate- and dual-
phase-type) showed clear indications for B2y;a ordering. The vol-
ume fraction of B2yia increased with lower annealing tempera-
tures until 700 °Celsius (Fig. 3c¢). The formation of B2y;a; is also
typically seen in Al-added mpreas from the CoCrFeMnNi system
[23,93] with similar phase morphologies. Large B2yia; islands
formed during homogenization at grain boundary triple points
and plates were formed within the initial Fcc matrix at 900 and
700 °C (see illustration in Fig. 12a).

At an annealing temperature of 550 °C, the addition of Al
resulted in fine Bcc plate-type precipitates in the rcc matrix
(Figs. 4n,0,p and 9). The morphology was similar to the annealing
between 900 and 700 °C, but much thinner plates were obtained
at an average of 20 nm. Bcc phases with lattice parameters of
2.913 and 2.876 A (Fig. 9d) were measured, one rich in Ni + Al
(Fig. 9h) and another in Co + Fe (Fig. 9f). The ideal B2yja; and B2¢ope
phases were reported with lattice parameters of 2.887 A [92] and
2.857 A [94], respectively. The measured lattice parameters are
higher than the ideal values as the other constituting elements
are in solution. Compared to B2yja1, B2core has comparatively weak
superlattice reflections due to similar properties of the constituting
atoms [95], which, therefore, cannot be fully resolved within bulk
material. Other elements in solution of the phases further weaken
the possibility to measure superlattice reflections. As the superlat-
tice peaks for B2y;a; were clearly visible and considerably widened,
the fine Ni + Al rich plates were a B2y;a phase. Additionally, weak
B2 superlattice reflections were found in the bulk material (Fig. 91)
belonging to both types of plates. Therefore, the Co + Fe rich Bcc
phase is likely an ordered B2¢,r. phase. Both B2y;a; and B2¢ore Were
detected in Al-containing alloys at 550 °C by xrp with similar lattice
parameters (Figs. 2,3) and were visible as fine plates in the
microstructure (Figs. 4n to p). Both phases precipitated plate-like
with an orientation relationship of {111};{110};, and
(011)¢]I(011),, and a resulting misorientation of 45°. The best fit
for the two lattices are the nucleation and growth of a stepped con-
figuration of {111}, and {110}, planes, which results in plate-
type Bcc precipitates in a rcc matrix [96,97]. According to Hall
et al. [96], the lattice spacing d difference %’:}SW should
be small at ~2.5%, which is the case for B2nja and B2¢gre at 2.4
and 3.4%, respectively. Therefore, B2nja and B2core precipitates
form in plates in the rFcc microstructure. The observed orientation
relationship is also similar to other B2-containing mpeas [98]. Due
to a reduced diffusion ability, the plate thickness decreased from
400 to 20nm with lower annealing temperatures. A nucleation on
grain boundaries does not lead to the described structure, but it
resulted in island-type phases due to incoherent rcc-B2 interfaces.

An increase in the volume fraction of the B2 phase (Fig. 3¢)
resulted in increased hardness (Fig. 11a), regardless of precipita-
tion type. In other CoCrFeMnNi-type mpeas, the formation of the
B2nial phase was reported to coincide with an increase in strength
due to the high hardness of the B2y;a; phase [93,22,23]. Compared
to the fully rcc microstructure, the formation of island-type B2yiaj
phase resulted in a slight decrease in elongation with similar
strength (Figs. 12d,e). An increase in the volume fraction (Fig. 3)
and a decrease in plate thickness of the B2 phases resulted in
increased hardness (Fig. 11a) and strength (Figs. 12d to g). The
B2nial phase does not deform in the tensile testing due to its high
yield strength of 2000MPa [92]. Therefore, the strong and brittle
B2niai phase cannot accommodate strain during deformation,
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which led to decreased elongation due to the island-type phase
without affecting the strength. Furthermore, increased amounts
or finer plate-type phases resulted in a reduction in elongation at
similar tensile strength (Fig. 12f) and increased yield strength
(Fig. 12g) up to fully brittle failure with extremely fine plates after
annealing at 550°C. Compared to the yield strength of B2yja at
2000MPa, the yield strength of B2¢ore is much lower at ~300MPa
[99] and, therefore, these plates deformed and did not cause early
failure. The hard B2n;ja; plate-type precipitates cannot deform plas-
tically, and the deformation has to be accommodated by their rota-
tion [100], requiring high amounts of geometrically necessary
dislocations (cnps). As the hardness difference between matrix
and precipitates is high, voids are formed around the precipitates
[100]. The alloy cannot accommodate the strain and premature
failure was induced. After annealing at 550°C, high amounts of fine
B2nial plates and, therefore, failure initiation points resulted in a
brittle failure mode. Regarding the mechanical properties in room
temperature tensile testing, the most stable precipitate morphol-
ogy of plates combined with a soft Fcc matrix containing hard B2yja;
precipitates was not an effective strengthening path for Al-added
CoFeMnNi, resulting in small strength increases with a significant
drop in ductility.

4.4. Microstructure and properties of the AlLC,(CoFeMnNi)ig0-x—y
system

At annealing temperatures >700°C, the addition of up to 2.3at.
%! C to Al-added CoFeMnNi had little effect on the microstructure
development compared to samples without C (see Section 4.3). The
formation of B2yja-type island- and plate-like phases was also
observed (Figs. 5,6) and the volume fraction was not affected by
the addition of C (Fig. 3c). Additionally, the lattice parameter of
B2nia did not change significantly by the addition of C (Fig. 3b).
Therefore, C was in solution in the rcc phase due to its known
higher solubility of C [55] and B2y;a; hardly dissolved any C.

At an annealing temperature of 550°C, the rcc phase decom-
posed and the formation of basketweave-type precipitates was
observed (Figs. 5k,1 and 611). An analysis for these types of precip-
itates (Fig. 10) revealed the microstructure to consist of an Frcc
matrix with M;Cs-type carbide lamellae as well as B2yja;, B2core
and L1, phases. The B2yja; island-type phase was clearly found
with its superlattice reflections in syxrkp without considerable peak
broadening. Additionally, a B2¢.r. phase without clear superlattice
reflections was found in the precipitates rich in Co + Fe (Figs. 10g,h)
with a 2.874A lattice parameter, similar to the Al-added alloy (see
Section 4.3 for the detailed argumentation). The B2nja; and B2core
phases were also found in the bulk material (Fig. 100) with weak
superlattice reflections due to a lower amount of ordering from
the solution of the constituting elements. The M,Cs carbide was
rich in Fe, C and especially Mn compared to the surrounding
microstructure (Figs. 10d,e,f,i,j,k,1). The formation of M,Cs carbides
is typically found at low temperature annealing in rcc-based steels
with, according to Ernst et al. [101], needle-shaped morphology
(similar to the here observed lamellae), where M typically repre-
sents (Cr, Fe, Mn). The formation of B2y precipitates reduced
the Ni content in the surrounding microstructure and increased
the stability of M;C3 [101], likely inducing the formation of the
phase with higher Al contents in CoFeMnNi. The formation of L1,
precipitates with a lattice parameter of 3.658A rich in Al + Ni were
also found (Figs. 10d,g,h). In the Al-added Cantor systems, the for-
mation of Ni3Al with a L1, crystal structure was often observed
after low temperature annealing [102]. The ideal lattice parameter
of the phase was reported to be 3.567A [103] with a high solubility
of C with up to 5.8at.%, where it increased the lattice parameter
strongly by ~0.01Aat.%~'. In other Al-added Cantor-type alloys,
the lattice parameter of NizAl was often reported with even higher
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values of ~3.582A due to other elements in solution [102]. There-
fore, the L1, phase was found to be a NizAl phase, where the other
constituting elements and C were in solution, causing a much
higher lattice parameter. As L1, can dissolve high amounts of C,
the phase is analogous to K-carbides [104], where C atoms occupy
the center of the unity cell. As Ni3Al was more stable, the formation
of B2yjar was suppressed in the rcc matrix, and the syxrp results
showed a low amount of peak broadening for B2y (Fig. 10d).
Overall, the rcc phase decomposed to rcc + B2copetNizAl + M;Cs
after annealing at 550°C in Al- and C-added CoFeMnNi.

Regarding the mechanical properties of Al- and C-added
CoFeMnNi, the rcc-based alloys showed only minor increases in
hardness (Fig. 11) and yield strength (Fig. 12c) due to solid solution
hardening by Al and especially C [55]. Additionally, the tensile
strength and ductility increased strongly by the simultaneous
addition of Al and C in rcc-based samples (Fig. 12b). Our previous
limited characterization of this system [58] showed that C addi-
tions to AlCoFeMnNi result in decreased sre and the activation of

twip during deformation. The increase in strain hardening by twip
(see also Fig. 2b in the supplementary material) and the corre-
sponding inhibition of local necking results in high strength and
ductility [42] in Al- and C-added rcc-based CoFeMnNi. In addition
to the density reducing effect of Al, this mpEa system may show a
potential for properties not seen in conventional alloys. Similar
to the alloys without C, an increase of the B2y;a; phase at annealing
temperatures >700°C resulted in minor increases in strength at
the cost of ductility (see Figs. 11 and 12f,gg and Section 4.3 for a
more detailed analysis). After annealing at 550°C, large amounts
of hard B2y;a intermetallics [92] and M,Cs carbides [101] were
obtained, which resulted in an extremely high hardness of up to
800HVO.1 (Fig. 11). Due to the precipitate’s high hardness, they
do not deform and cannot accommodate strain hardening. During
elastic deformation in tensile testing, high amounts of Gnps form in
the matrix around the particle from the high hardness difference
[100], which ultimately leads to premature failure without plastic
deformation, i.e. embrittlement (Fig. 12). These properties may
enable an application as a highly wear resistant alloy [51].

5. Conclusions

The properties of alloys in the Al,C,(CoFeMnNi);go_x_y System
were analyzed to reveal the microstructure evolution during
annealing and mechanical properties to identify the potential of
designing mpEas in this system. The alloy system was chosen based
on the widely investigated CoCrFeMnNi system, where Cr was
removed to prevent the formation of M,3Cg carbides. A custom caL-
pHAD database initially developed for the CoCrFeMnNi system was
extended by Al and C and provided the basis for theoretical screen-
ing of the system. Samples with up to x =22.1at.% andy =2.3at.%
were generated, heat treated and subsequently characterized in
detail.

e The equiatomic CoFeMnNi alloy is a single-phase rcc alloy
between 1150 and 550°C. Due to the removal of the Bcc stabiliz-
ing Cr compared to the CoCrFeMnNi Cantor alloy, the rcc phase
was stable in a larger temperature range. CoFeMnNi is a low
strength alloy (280MPa R0, and 475MPa R;,) with low ductility
(13% Ag), as the removal of Cr resulted in higher st and the sup-
pression of Twip.

C-added equiatomic CoFeMnNi alloys were single-phase Fcc
alloys between 1150 and 550°C, where the absence of Cr sup-
pressed carbide formation. The introduction of C-Mn clusters
led to the activation of Twir and similar tensile properties to that
of CoCrFeMnN;j, i.e., low strength and high ductility. Neverthe-
less, a high solid solution hardening potential of 153MPa at.
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%! C was revealed due to a higher lattice friction stress than

in conventional alloys.
e In Al-added equiatomic CoFeMnNi alloys, the rcc phase was
gradually replaced by the B2yja ordered Bcc phase. At
>1050°C, B2nja nucleated at rcc grain boundaries with an
island-morphology, leading to dual-phase microstructures at
high Al contents. Between 900 and 550°C, plate-type precipi-
tates formed due to a low {111}, and {110}, lattice spacing
difference of B2pja Or B2¢ore (0Only at 550°C) in rcc with 2.4
and 3.4%, respectively. Moderate strength increases were
obtained by B2yia; precipitates, where the high strength differ-
ence between soft rcc and hard B2y paired with plate-type
precipitate morphology also resulted in strain accumulation
on the tip of the plates. Consequently, premature failure was
induced and a strong reduction in ductility or brittle failure
was obtained at high volume fractions of nm-sized plates. The
sole precipitation of B2 plates by Al addition was ineffective
to improve the mechanical properties at room temperature.
Simultaneous Al and C addition to equiatomic CoFeMnNi
resulted in a strong sre decrease and the activation of the twip
effect promoted higher strength and ductility in the rcc based
alloys. At annealing temperatures >700°C, similar microstruc-
tures and mechanical properties morphologies were found as
without C addition. At 550°C, k-carbides (L1, NizAl enriched
in C) replaced the precipitation of B2yja, Where additional
B2core and lamellar M5C3 resulted in high hardness and embrit-
tlement. Regarding the mechanical properties, rcc-based Al- and
C-added CoFeMnNi showed the highest potential in tensile test-
ing due to a simultaneous increase in strength and ductility as
well as density reduction.
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