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Abstract The concept of high entropy alloys (HEAs) has
already provided specific alloys presenting improved
structural and functional properties. However, the discov-
ery and development of new HEAs still represent a big
challenge due to their chemical complexity. Diffusion
multiples can be used as an experimental approach to
screen large composition ranges. The method consists in
heat-treating intimately bonded metallic blocks to activate
diffusion, thus creating gradients of compositions. Local
chemical and physical properties can be directly probed
using advanced characterization techniques. The measured
characteristics and properties can be further analysed to
estimate diffusion properties or mechanical properties. In
the present study, four different diffusion multiples related
to the Cantor alloy system, Cr-Fe-Mn-Co-Ni, were inves-
tigated. Resulting microstructures were investigated after
several heat treatments to assess the claimed entropy-based
stabilization of a single phase. Crystallographic character-
ization by EBSD coupled to EDX mapping were compared
to Calphad predictions. Local nano-indentation mapping
was carried out and compared to the prediction of the yield
strength model proposed by Walbriihl et al. (Mater Sci Eng
A 700: 301-311, 2017,  https://doi.org/10.1016/j.msea.

This article is part of a special topical focus in the Journal of Phase
Equilibria and Diffusion on the Thermodynamics and Kinetics of
High-Entropy Alloys. This issue was organized by Dr. Michael Gao,
National Energy Technology Laboratory; Dr. Ursula Kattner, NIST;
Prof. Raymundo Arroyave, Texas A&M University; and the late Dr.
John Morral, The Ohio State University
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1 Introduction 41
High entropy alloys (HEAs) have gathered a lot of atten- 42
tion in recent years. Such alloys explore composition ran- 43
ges never investigated before while promising exceptional 44
levels or combinations of properties.”””! In contrast to 45
conventional alloys, HEAs are fundamentally made of 46
multi-principal elements, typically 3 to 5 (or even more), at 47
large concentrations.®® One of the most studied HEA 48
system is the Co-Cr-Fe-Mn-Ni system, known as the 49
“Cantor alloy”,""”! presenting a stable face centred cubic 50
(FCC) solid solution at room temperature“ "in the case of 51
the equimolar alloy. It exhibits excellent deformability 52
thanks to the activation of mechanical twinning,"'*! good 53
corrosion resistance,"'*! and exceptional fracture tough- 54
ness."*">! Due to the inherent chemical complexity of 55
HEAs, conventional tools for thermodynamic description 56
of stability are not always adapted or accurate enough. The 57
latest CALPHAD (Calculation of Phase Diagrams) data- 58
bases are not large enough, even in the case of well-studied 59
HEAs such as the Co-Cr-Fe-Mn-Ni system!' ') to always 60
reach the adequate level of predictability. 61
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Experimentally speaking, several methods exist to
explore large ranges of composition, some of them already
used in the case of HEAs.'®?' One of such high-
throughput methods is the use of diffusion multiples.'**!
This method consists in heat-treating assemblies of pieces
of pure metals or alloys to activate diffusion and conse-
quently create gradients of compositions. Diffusion multi-
ples have been used extensively to gather data in the case
of ternary systems, for example.[***%

Kaufman et al.'*>?®! reported a detailed analysis of a
diffusion multiple composed of pure Cr, Fe-50Mn, and Co-
50Ni (in at.%) heat treated for 24 h at 1000 °C. While they
focused on the solid solution strengthening operating in
HEAs, hardly anything has been reported about the com-
plete analysis of the Cr-Mn-Fe-Co-Ni system.

A new methodology of assessment of multinary diffu-
sion multiples is proposed in the present study. To achieve
this objective, four diffusion multiples have been manu-
factured from different pieces of unary or binary alloys of
the Cantor constitutive elements. Indeed, obtaining a
quinary junction between five elementary blocks would be
very difficult. Furthermore, it would also impose a specific
configuration of the diffusion paths. It was therefore deci-
ded to assess the quinary system by observing several
diffusion multiples made of three-blocks obtained after a
two-step joining and diffusion process. Using this method,
at least one block must contain more than one element. One
such diffusion multiple is arguably not enough to explore a
compositionally complex system containing five elements.
Indeed, it is worth emphasizing that the number of diffu-
sion paths increases with the number of constitutive ele-
ments. Consequently, while it is expected to find an area
presenting the equiatomic CrMnFeCoNi composition for
any diffusion multiple, the surrounding ' compositions
would have to be investigated from different starting pha-
ses. Therefore, analysing the influence of the geometrical
repartition of the five elements requires the investigation of
several diffusion multiples for the same system. Further-
more, using pieces of two binary systems and one unary
system allows the concomitant analysis of one quaternary
junction and two ternary junctions. The effect of increasing
amounts of alloying elements can be studied by following
the ternary or quaternary junction towards the centre of the
diffusion multiple. Finally, repeating ternary junctions can
be useful to deduce (inter-)diffusion coefficients.?’ !

Beside thermodynamic stability, the adjustment of the
constitutive phases also plays an important role on the
resulting mechanical behaviour. BCC phase is generally a
stronger but less ductile phase while FCC phase is gener-
ally softer but more ductile. Moreover, transformation-in-
duced plasticity’ (TRIP) and twinning-induced plasticity
(TWIP)"! are two mechanisms that are of great interest to
design alloys with improved balance of strength and

@ Springer

ductility,®" sometimes in relationship with HCP phase 115
transformation. Understanding the role of each elementofa 116
complex system on the activated plasticity mechanisms is 117
thus of great importance for alloy design. 18

Finally, thermodynamic equilibrium can be investigated 119
at different temperatures thanks to this methodology. 120
Indeed, once it is processed, it is easy to slice the diffusion 121
multiple into several samples that can be individually heat 122
treated. In this study, two heat treatments were applied to 123
each diffusion multiples: a high temperature treatment at 124
1000 °C for 24 h and a low temperature treatment at 125
425 °C for 4 days. The high temperature treatment mostly 126
corresponds to the homogenisation temperature applied to 127
HEAs in most studies. The low temperature treatment was 128
chosen to assess the Cantor system in conditions scarcely 129
reported in the literature. Moreover, there are concerns 130
about single phase stability in HEAs during long term 131
annealing at temperatures below 500 °C.P7* For 132
instance, CoCrFeMnNi decomposes to sigma phase,*>*® 133
which is very detrimental to its mechanical properties. 134
2 Methods 135
Four different diffusion multiples comprising 3 parts were 136
processed. The multiples were first bonded in a two-step 137
process by first bonding a block “A” with a block “B”, 138
then repeating the process to bond the formed couple “A- 139
B” to a third block “C”. The diffusion multiples will be 140
designated by “A-B-C”, with the composition mentioned 141
(in atomic percentage). The bonding heat treatment was 142
carried out using either a clamp in a tubular furnace witha 143
constant argon flow, or a high temperature uniaxial press 144
working under vacuum. Details of the heat treatment pro- 145
cess for each diffusion multiple are given in Table 1 and 146
Fig. 1. The constitutive alloys were all prepared by arc 147
melting of pure elements (> 99.9% purity). Manganese 148
chips were deoxidised prior to casting using 50% HCl 149
solution. After casting, the ingots were machined to the 150
appropriate size and the bonding surface was mechanically 151
polished down to 1 pm to ensure a good bonding. Heat 152
treatments of 1000 °C for 24 h and of 425 °C for 4 days 153
were then carried out on samples cut from each diffusion 154
multiples and sealed in argon-filled quartz capsules. The 155
samples were water quenched to avoid phase transforma- 156
tion during cooling. However, this does not prevent dis- 157
placive transformation from occurring. 158

It is worth noting that manganese oxides are present in 159
all diffusion multiples containing the alloy FeMn as fully 160
deoxidising the manganese before arc melting is very 161
tricky. Two multiples FeMn-CoNi-Cr were processed dif- 162
fering by the presence of residual carbon in one of them. In 163
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Table 1 Composition and
bonding heat treatment of the
studied diffusion multiples

Sample name

Heat treatment

AtoB

A-B to C

FeMn-CoNi-Cr

FeMn-CoNi-Cr168C

Co-CrNi-FeMn

Co30Cr-Ni-FeMn

CoFe-MnNi-Cr

Uniaxial press under vacuum
1000N applied force

1000 °C for 1 h

25 °C/min heating rate

Air quench

Tubular furnace in Ar flow
Clamp with 4 screws torqued at 8 Nm
1000 °C 1 h

50 °C/min heating rate

Air quench

Tubular furnace in Ar flow
Clamp with 4 screws torqued at 8§ Nm
1000 °C 1 h

50 °C/min heating rate

Air quench

Uniaxial press under vacuum
900N applied force

1000 °C for 1 h

25 °C/min heating rate

Air quench

Uniaxial press under vacuum
800 N applied force

900 °C for'l h

25 °C/min heating rate

Air quench

Uniaxial press under vacuum
800N applied force

900 °C for 1 h

25 °C/min heating rate

Air quench

Tubular furnace in Ar flow
Clamp with 4 screws torqued at 8 Nm
1000 °C 1 h

50 °C/min heating rate

Air quench

Tubular furnace in Ar flow
Clamp with 4 screws torqued at 8§ Nm
1000 °C1 h

50 °C/min heating rate

Air quench

Uniaxial press under vacuum
1000N applied force

1000 °C for 1 h

25 °C/min heating rate

Air quench

Uniaxial press under vacuum
800 N applied force

800 °C for 1 h

25 °C/min heating rate

Air quench

C

Fig. 1 Schematic representation of a diffusion multiple sections. The
bonding order is A to B, then A-B to C

that case, the used Cr chips contained 168 ppm of C. This
sample is referred as FeMn-CoNi-Cr168C.

In the case of blocks made of binary alloys, prior check
of the phase diagrams is worth being carried out to avoid
potential experimental difficulties. For example, the dif-
fusion multiple Co-CrNi-FeMn contains the binary
Cr50Ni. This alloy is not a solid solution but a dual phase
alloy at equilibrium at 1000 °C with 22% of a Cr-rich
phase and 78% of a Ni-rich phase.”*”! For Co30Cr-Ni-
FeMn, Co-30Cr was used instead of an equiatomic CoCr
alloy because this last equiatomic alloy would have con-
tained a large proportion of o phase which is very brittle,

whereas the Co-30Cr alloy is single phase (a-Co).®!

Additionally, the alloy MnNi in the diffusion multiple
CoFe-MnNi-Cr has the lowest melting temperature of the
order of 1050 °C.**! To avoid a large deformation during
the hot-pressing stage, this diffusion multiple was bonded
at a lower temperature. Nevertheless, processing CoFe-
MnNi-Cr at this temperature caused the interface between
the block MnNi and CoFe to be curved, as shown
hereunder.

The proposed choice of diffusion multiples leads to the
creation of 4 unique quaternaries and 5 unique ternaries.
The ternary CoCrNi system, another alloy of large inter-
est 2 for its mechanical properties, is repeated three
times within the multiples. The system FeMnNi is repeated
twice.

The heat-treated samples were characterized by scan-
ning electron microscopy (SEM) operated at 15 kV, with
energy dispersive x-ray analysis (EDX) for chemical
mapping and electron backscatter diffraction (EBSD) for
phase and crystallographic mapping. Sample preparation
consisted in polishing mounted samples down to 1 pm and
then with oxide polishing suspension (OP-S). Regions of
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interest were further characterised by EBSD for phase
identification. Mapping of local hardness was carried out
using nano-indentation performed using an Agilent G200
equipment with a Berkovitch tip and a set displacement
depth of 100 nm. Analysis of nano-indentation results were
carried out in part using the TriDiMap Matlab Toolbox.**!
Focused ion beam (FIB) machined specific zones of the
carbon-added multiple were characterized by transmission
electron microscopy (TEM). TEM analyses were per-
formed on a Tecnai F20 G2 TEM operated at 200 kV.
Thermo-Calc'*" version 2021a with TCHEA2.1 and
TCFE10 databases was used to predict phase stability and
hardness!'! of the investigated diffusion multiples. For
phase predictions, the fractions of FCC, BCC, HCP (if
relevant) and ordered phases were computed and then
displayed considering a colour coding based on the three
fundamental colours, i.e., red, green, and blue (RGB). Red
colour was attributed to the BCC phase, blue to FCC and
green to intermetallic phases. In the few cases where HCP
phase was present, it was represented as yellow. For the
yield strength prediction, the model assumes only solid
solution strengthening. Grain boundary and precipitation
strengthening are not considered. Yield strength is evalu-
ated at 300 K for an equilibrium considered at 1273 K.

3 Results

Representative SEM and EDX mappings of the diffusion
multiples FeMn-CoNi-Cr, Co-CrNi-FeMn, Co30Cr-Ni-
FeMn, and MnNi-CoFe-Cr are given in Fig. 2 for the

FeMn-CoNi-Cr multiple after 1000 °C for 24 h. The SEM
and EDX mappings of each diffusion multiple and for both
heat treatments are provided in the supplementary materi-
als. Good bonding between the different blocks can be
observed for the different diffusion multiples. However,
large porosities can be sometimes observed, due to the
well-known Kirkendall effect,[46’47] even though it is less
pronounced at 425 °C.

Some phases are significantly more etched than others
due to different reactivity with the OP-S solution. In par-
ticular, the FeMn pieces were rapidly corroded during the
OP-S polishing. This affects the indexing rate of EBSD
measurements but was up to now unavoidable.

3.1 FeMn-CoNi-Cr Multiple

At 1000 °C, three different phases can be observed in
FeMn-CoNi-Cr (excluding the Mn oxides). Initial Cr, CoNi
and FeMn alloys are BCC, FCC, and FCC, respectively.
Sigma phase dis present at the boundary between Cr and
CoNi alloys or between Cr and FeMn alloys, as shown in
Fig. 3. Sigma phase is expected to appear at equilibrium at
1000 °C for Cr rich alloy both in ternary CrFeMn and
CrCoNi alloys.[*®*°! Interestingly, FCC grains can be
observed between the sigma phase and the Cr-rich BCC
area at the junction between CoNi and Cr pieces, as shown
in the magnified inset of Fig. 3.

The microstructure at the ternary junction of FeMn-
CoNi-Cr and FeMn-CoNi-Cr168C multiples varies greatly.
Special care was used to characterize the phases formed at
the triple junction between FeMn, CoNi, and Cr of the

100.0
90.0
80.0
70.0
60.0
50.0
~40.0
130.0
120.0
10.0

0.0
100.0

90.0
80.0
70.0
60.0
| s0.0
1400
1300
20.0
10.0
0.0

Fig. 2 SEM micrograph and EDX composition maps of the constitutive elements of diffusion multiple FeMn-CoNi-Cr at the ternary junction

after a heat treatment of 1000 °C for 24 h
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Fig. 3 EBSD phase and band contrast map of the FeMn-CoNi-Cr
multiple at the ternary junction after 24 h at 1000 °C. FCC phase is
highlighted in blue, BCC phase in red, sigma phase in green

o L]
1]

e
o S
Lz Aift-off N/

A

Fig. 4 EBSD band contrast map of the triple junction of sample
FeMn-CoNi-Cr168C after 24 h at 1000 °C. The location where the
TEM thin foil was FIBed is also indicated

FeMn-CoNi-Cr168C diffusion multiple. EBSD maps and
TEM micrographs with the corresponding diffraction dia-
grams of regions of interest are given in Fig. 4 and 5,
respectively. In this high mixing region, microstructure
decomposes into two. phases with elongated grains of
around 1 pm width in the case of the FeMn-CoNi-Cr168C.
Thanks to the diffraction patterns, the Cr and C rich phase
can be associated with a M,3Ce-type carbide and the sec-
ond phase with a disordered FCC phase. The composition
of the FCC. phase measured by TEM-EDX is
Cr21.2Mn20.8Fe36.3Co11.1Ni10.6 with a lattice parame-
ter of 0.357 nm.

The carbon addition also impacted sigma phase forma-
tion. Indeed, sigma phase is not observed at the boundary

between CoNi and Cr blocks. However, this sigma phase is
more prominent between FeMn and Cr blocks in the FeMn-
CoNi-Cr168C multiple than in the FeMn-CoNi-Cr multi-
ple. The layer of sigma phase is about 10 um thick in
FeMn-CoNi-Cr and close to 30 pum in FeMn-CoNi-
Cr168C.

For the heat treatment at 425 °C for 4 days, the diffusion
length is significantly smaller across all interfaces com-
pared to the high temperature heat treatment. In conse-
quence, regions of interest with high mixing between 4 or 5
elements are limited. The microstructures observed by
SEM are like an untreated sample.

3.2 Co-CrNi-FeMn Multiple

Figure 6 shows that mostly FCC and HCP phases are
present in the Co-CrNi-FeMn multiple. There is a small
amount of BCC phase in the CrNi block as equilibrium at
this temperature consists of a small amount of Cr-rich BCC
phase in an FCC matrix. HCP can also be observed within
the dominant FCC phase in a small region where the three
blocks meet, as seen in the magnified inset of Fig. 6.

The region of interest with high mixing where both FCC
and HCP phases coexist has been further analysed with
nano-indentation. Figure 7 shows the SEM micrograph
after the indentation mapping (a), the corresponding mea-
sured hardnesses (b,c), and the composition maps measured
by EDX associated to the indentation mapping (d). From
the corresponding compositions, the yield strength has
been computed using Thermo-Calc property model, shown
in Fig. 7(c).

3.3 Co30Cr-Ni-FeMn Multiple

Only FCC and HCP phases are present in the Co30Cr-Ni-
FeMn multiple, as shown in Fig. 8. FCC grains can be
observed in the HCP phase of CoCr close to the boundary
with FeMn. This would indicate that FCC and HCP in this
composition range are close in energy.

3.4 CoFe-MnNi-Cr Multiple

Finally, in the case of the CoFe-MnNi-Cr multiple, only
BCC and FCC phases are observed, as shown in Fig. 9.
During the second bonding step, due to the large softening
of the MnNi block, the boundary between the blocks is not
as clear as for the other diffusion multiples. We can also
observe that a transformation occurred during the cooling
of a region where it is mostly Mn and Ni where needle-
shaped grains appeared.
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Fig. 5 TEM micrograph
associated to the FIB slice of
sample FeMn-CoNi-Cr168C
after 24 h at 1000 °C. Selected
area electron diffraction patterns
are given for 4 regions a through
d. Patterns a and b correspond to
M23C6 and pattern ¢ and d
correspond to FCC phase with
a = 0.357 nm

Fig. 6 EBSD phase and band
contrast map of the Co-CrNi-
FeMn multiple at the ternary
junction after 24 h at 1000 °C.
FCC phase is highlighted in
blue, BCC phase in red, HCP
phase in yellow

4 Discussion

Diffusion multiples offer a large range of results than can
be interpreted to show different facets of an alloy system.
Here, we discuss the impact of the results on phase pre-
diction, inter-diffusion, .and mechanical properties.

4.1 Phase Prediction

Diffusion multiples were mostly used, up to now, to study
ternary systems to feed modelling databases. It is worth
noting that even with the currently large interest for HEAs,
the latest Thermo-Calc databases are not fully assessed
yet.'*% Indeed, even in the case of the most studied
Cantor system, six from the ten constitutive ternaries are
not fully assessed in TCHEA2.1 database, down to five in

@ Springer

the latest version. Furthermore, thermodynamic data of
Mn-based systems are also hard to obtain. TCFE10 data-
base, the steel and iron alloys database, is also used in this
study. This database can be suitable for Cantor-based
system as the recommended composition limits on its
constitutive elements are 30 wt.% max for Cr and Mn and
20 wt.% max for Co and Ni. Nevertheless, several ternaries
of CrMnFeCoNi are not fully assessed in this database
neither. As such, diffusion multiples are an important and
effective tool to improve the current state of modelling and
predictions based on the CALPHAD approach.

Other predictive tools are developed, but large enough
sets of experimental data to validate or, in the case of
neural network-based tools, to train the proposed models
are also not easily accessible °'~3, Published studies are
mostly focused on a small subset of elements ®! and recent
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(d)

Fig. 7 (a) SEM micrograph of the diffusion multiple Co-CrNi-FeMn
after nanoindentation mapping at the triple junction, (b) the associated
hardness map obtained from nanoindentation measurements; (c) the
predicted yield strength map obtained from Thermo-Calc property

10.0
0.0

model calculator; and (d) the composition maps from EDX measure-
ments for each constitutive element corresponding to the highlighted
region

CoFe
-

Fig. 8 EBSD phase and band contrast map of the Co30Cr-Ni-FeMn
multiple at the ternary junction after 24 h at 1000 °C. FCC phase is
highlighted in blue, HCP phase in yellow

developments focus on the optimization of known HEA
systems rather than nmew combinations of elements. Fur-
thermore, the microstructural state is often far from ther-
modynamic equilibrium 175,

The local phase identification carried out by EBSD for
the four diffusion multiples (summarised in Table 1) can be
compared to the predictions of the CALPHAD modelling,
using the full ranges of compositions. Phase prediction in
the case of diffusion for 1 day at 1000 °C is shown in
Fig. 10, and in Fig. 11 for 4 days at 425 °C, for both the

Cr

Fig. 9 EBSD phase and band contrast map of the CoFe-MnNi-Cr
multiple at the ternary junction after 24 h at 1000 °C. FCC phase is
highlighted in blue, BCC phase in red

TCHEAZ2.1 and the TCFE10 databases. Surprisingly, the
HCP phase is not predicted by Thermo-Calc for any of the
different investigated composition ranges for both data-
bases. Consequently, the predicted maps are built based on
3 phases, BCC, FCC and intermetallics (IM).

EBSD measurements showed that after the heat treat-
ment conducted at 1000 °C, CoFe is BCC, Co30Cr and Co
are HCP (Fig. 6, 8, and 9), whereas they are all predicted as
FCC by Thermo-Calc. In the case of an equimolar CoFe
alloy, the use of the TCHEAZ2.1 database predicts a phase
change from BCC at low temperature to FCC at high
temperature at 970 °C. In the case of the Co30Cr alloy and
Co, there is a transition from HCP to FCC at 900 °C and
422 °C, respectively. The FCC phase tends to dominate
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TCHEA2.1

TCFE10

Fig. 10 Comparison of predictions from Thermo-Calc between the
TCHEA2.1 and the TCFE10 databases for the four studied diffusion
multiples after 1000 °C for 24h. Composition are measured by EDX.

TCHEA2.1

TCFE10

Fig. 11 Comparison of predictions from Thermo-Calc between the
TCHEAZ2.1 and the TCFE10 databases for the four studied diffusion
multiples after 425 °C for 4 days. Composition is measured by EDX.

other disordered phases using Thermo-Calc. By analysing
the inverse pole figure maps and the microstructure mor-
phology, martensitic transformation could have occurred
during quenching for CoFe, Co30Cr, or Co which could
explain the discrepancy between the EBSD measurements
and the Thermo-Calc predictions:

For the prediction of intermetallics, sigma phase is the
most prevalent, with only a few Mn-rich spots from the
FeMn system predicted as A13-type BCC phase. This kind
of prediction is accurate for the FeMn-CoNi-Cr diffusion
multiple, but not for the Co-CrNi-FeMn multiple, neither
for the Co30Cr-Ni-FeMn multiple. It is worth noting that
the TCHEA2.1 database is more accurate for the sigma
phase prediction than the TCFE10 database, which is evi-
dent for the predictions shown for the CoNi-FeMn-Cr

@ Springer

FCC phase is represented in blue, BCC phase in red, and
intermetallics in green

FCC phase is represented in blue, BCC phase in red, HCP phase in
yellow, and intermetallics in green

multiple as very little intermetallic phases are predicted to
form at 1000 °C in these composition ranges. For both Co-
CrNi-FeMn and Co30Cr-Ni-FeMn system, the phases at
the boundary between Co and FeMn and the phases at the
boundary between Co30Cr and FeMn are either indexed as
FCC or HCP by EBSD with no intermetallic phase
detected.

At 425 °C, there is an evident lack of data to correctly
predict phase stability using the TCHEA2.1 database,
which do not even bring qualitative phase prediction. As
for the TCFE10 database, the HCP phase appears in both
the Co-CrNi-FeMn and the Co30Cr-Ni-FeMn multiples,
although this result does not correspond to the experi-
mentally observed phases neither. However, Thermo-Calc
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predicts CoFe and MnNi to be BCC, which is observed
experimentally in the CoFe-MnNi-Cr multiple.

Overall, currently available tools, even at the state of the
art, cannot accurately predict phase formation in diffusion
multiples. However, these tools still are of interest for alloy
design, proposing trends for phase stability at high tem-
perature. To become a predictive tool, CALPHAD data-
bases need to be improved.

It is shown that diffusion multiples can be a great
method to complement CALPHAD or other computational
tools. However, great care is necessary to produce valid
samples as even a small number of impurities can have a
large impact on phase stability due to the large reactivity of
some of them. As shown in Fig. 4, a very small amount of
residual carbon present in one of the Cr raw material used
for the building up of multiples brings a huge change of
phases and microstructure morphology in a specific range
of compositions. The prolonged heat treatment carried out
to activate the diffusion of substitutional elements com-
bined with the much faster diffusion of interstitial carbon
bring some kind of “cleaning” of carbon from a large part
of the multiple and its concentration in a specific zone
where M;3C¢ formation was activated. The formation of
this carbide has also been reported by Wilson ef al. on a
similar diffusion multiple "', The presence of this residual
carbon has also a large influence on the formation of the
sigma phase.

4.2 Inter-diffusion in HEAs

The diffusion multiple approaches can be used to deter-
mine interdiffusion coefficients. However, estimation of
diffusion parameters becomes exponentially more compli-
cated with an increasing number of elements for a given
system. An adapted methodology has been proposed to
extract the interdiffusion coefficients for high order

1000°C 24h

425°C4d

CoNi Co | CrNi
250u.m r FeMn

systems 12*2° However, it requires careful preparation and
choice of diffusion multiples. Moreover, it assumes a sin-
gle phase across the whole diffusion multiple, severely
constraining the systems that can be studied by such an
approach.

While diffusion coefficients cannot be determined using
the multiples presented in this study, trends can be
observed and discussed. To represent regions with high
mixing, Figure 12 proposes a configurational entropy map
for each diffusion multiple computed using Boltzmann’s
entropy formula, S = —R)_ x,In(x;). Even though the heat
treatment is identical for all samples, the choice of initial
alloy has a large impact on the size of high entropy regions.
In particular, the CoFe-MnNi-Cr multiple presents the
largest area with an entropy greater larger than 1.5R after
24 h at 1000 °C. This is also the only sample where this
high entropy region is not constrained inside the acquired
EDX map. This can be related to the CoFe-MnNi boundary
that does not meet the Cr block perpendicularly, offering a
zone of decreasing distance with respect to the Cr block
over more than 300 pm. This reduces the diffusion length
between the elements to form a region where all five ele-
ments would be present in large amount.

Another indicator of effective inter-mixing is to define
an n-element alloy as an alloy that possesses at least 5 at.%
of n elements. The area corresponding to a ternary, qua-
ternary, or quinary region measured for each diffusion

429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

multiple are given in Table 2 for both heat treatment. Thel[RER}56

same trends as with the configurational entropy is
observed. At 1000 °C, the diffusion multiple with the lar-
gest area with high mixing is the CoFe-MnNi-Cr multiple.
Then, in order of decreasing multiple with large diffusion
lengths, FeMn-CoNi-Cr, Co-CrNi-FeMn, and Co30Cr-Ni-
FeMn, respectively.

The tracer diffusion coefficient methodology of the
constitutive elements of the Cantor alloy have been

CoFe | MnNi

r

CoCr | Ni
FeMn

Cr

Fig. 12 Entropy map of each diffusion multiple computed using the Boltzmann’s entropy formula and EDX composition maps
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Table 2 Percentages of the EDX mappings that contains more than 3, 4, or 5 elements (i.e. contains more than 5%.at of x element(s)) and
percentages of the EDX mappings with Boltzmann entropy larger than In(4) or 1.5

5 elements, pmz, % 4 elements, umz, %

3 elements, py mz, %

AS > 15R, ym% % A S >In(#R, pm?, %

1000C24h

FeMn-CoNi-Cr 1500 (0.8) 10875 (5.8) 19500 (10.4) 806.3 (0.43) 3375 (1.80)
Co-CrNi-FeMn 562.5 (0.3) 9000 (4.8) 20250 (10.8) 243.8 (0.13) 1668.8 (0.89)
Co30Cr-Ni-FeMn 562.5 (0.3) 6937.5 (3.7) 24187.5 (12.9) 131.3 (0.07) 862.5 (0.46)
CoFe-MnNi-Cr 11250 (6.0) 13687.5 (7.3) 18375 (9.8) 5512.5 (2.94) 11906.3 (6.35)
425C4d

FeMn-CoNi-Cr 187.5 (0.1) 4875 (2.6) 7500 (4.0) 56.25 (0.03) 731.3 (0.39)
Co-CrNi-FeMn 187.5 (0.1) 1875 (1.0) 5625 (3.0) 37.5 (0.02) 243.8 (0.13)
Co30Cr-Ni-FeMn 0 (0) 1312.5 (0.7) 5250 (2.8) 0 (0) 75 (0.04)
CoFe-MnNi-Cr 0 (0) 4125 (2.2) 3937.5 (2.1) 0 (0) 337.5 (0.18)
reported in the literature 7!, In FCC alloys, at homol-  maximum strength was attained by the alloy

ogous temperature, the elements rank from Ni to Co to Fe
to Cr to Mn from slowest to fastest diffusion species.
Moreover, melting temperature will also change with the
alloy constitutive elements. Considering the Cantor alloy,
Mn additions will bring a decrease of its melting temper-
ature while Cr additions bring an increase of the alloy
melting temperature of the alloy. This agrees with the
observed concentration gradients across the diffusion
multiples where Mn consistently diffuse on a larger length
than the other elements.

4.3 Mechanical Properties Prediction

Methods of local estimation of mechanical properties are
scarce. Thanks to nanoindentation, Young’s modulus and
hardness of a tiny volume can be estimated. However,
these local material properties are often hard to extrapolate
to macroscopic mechanical parameters. Nevertheless, they
can constitute a good indicator of interest for a specific
range of compositions. Regions of interest were charac-
terized by this method for different diffusion multiples.
Representative results were presented in Fig. 7 for the
triple junction of the Co-CrNi-FeMn mutliple. Hardness
and yield strength are related as they depend on the same
deformation mechanisms. Both mechanical properties fol-
low the same trends °®!; However, the yield strength pre-
diction presented here are not in agreement with the
experimental indentation results.

The largest hardness is not measured in the region pre-
senting the highest mixing, but slightly above it, in a
mostly ternary region, Cr-Co-Ni. This is in agreement with
experimental ‘and calculated results of Coury er al. ',
Based” on state-of-the-art models for solid solution
strengthening in high entropy alloys, derived by Toda-
Caraballo er al. ' and Varvenne ez al. '°"-°% respectively,

@ Springer

Cr45Co027.5Ni27.5 in the CrCoMnNi system. Moreover,
Coury et al. evaluated the strength of Cr25C037.5Ni37.5,
Cr33.3C033.3Ni33.3, (Cr33.3Mnl10Co028.3Ni28.3, and
Cr45Co027.5Ni27.5 at 223,235, 243, and 258 MPa,
respectively. The same alloys are evaluated at 203, 324,
212, and 815 MPa using Thermo-Calc and TCHEA2.1
database.

5 Conclusion

In summary, we showed that diffusion multiples can be a
great tool to experimentally assess compositionally com-
plex systems such as high entropy alloys, particularly in the
case of the Cantor system Co-Cr-Mn-Fe-Ni. To properly
explore the large composition range of such systems, it is
of great importance to produce several diffusion multiples
with various configurations to study the different possible
diffusion paths. We have shown that this method can shed
light on several aspects of alloy design such as phase
prediction, inter-diffusion, and mechanical properties.
Especially, it can be useful for phase prediction as the
currently available computational tools are not yet accurate
enough to predict stable phases, particularly at low tem-
peratures. It is worth noting that investigating several dif-
fusion multiples is work intensive, while great care is
necessary to avoid potential contamination, which can
greatly affect the outcome of the experiments.

Supplementary  InformationThe online version contains
supplementary material available at https://doi.org/10.1007/s11669-
021-00902-z.
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