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Abstract:

Combinatorial alloy design - an economical yet high throughput alloy design approach,
facilitating rapid screening of a wide range of compositions with limited materials
expenditure. The ever-growing demand for multi-functional modern materials necessitates
the design of multicomponent alloys that can cater to the requirements of end application,
with targeted properties and ease of synthesis. To this end, we report the current trends in
combinatorial alloy design approach that are available to develop a subset of multi-
component alloys namely, High Entropy Alloy (HEA) in both functionally tailored thin
film form as well as in compositionally optimized bulk scale. The thin film form
synthesized by combinatorial magnetron sputtering approach enables generation of a
composition library in a single-step process, i.e. generating multiple concentration
gradients in a single reference substrate. While the identified, best performing compositions
from the combinatorial library can then be scaled-up to bulk form utilizing combinatorial
vacuum induction melting route for application-oriented design and analysis. As an
example, the bulk form of multi-component Fe7o-xMnxCo010Cr15Cus (x=10, 15, 20 at. %)
HEA was developed by combinatorial vacuum induction melting route to explore the role
of Mn on phase formation and compare them with the theoretical predictions. The hot rolled
alloys were subjected to phase analysis by X-Ray Diffraction, microstructure imaging by
Scanning Electron Microscopy and chemical composition analysis by Energy Dispersive
X-ray spectroscopy towards understanding the role composition on the mechanical
property variation in the developed alloys. Such a comprehensive approach would facilitate
on the one hand rapid identification of novel, high-performance alloys, while on the other
hand support the development of experimentally guided, compositionally tuned materials
database for future design of multi-component alloys be it by machine learning or by

conventional methods.

1. Introduction



Alloy design is the most crucial requirement from materials’ perspective in order to
meet the real-time application challenges of any particular system. With the availability of
a wide range of traditionally used alloys, the ever-growing demands for novel alloy designs
involving multicomponent systems, requires probing of large compositional space. It
necessitates the use of high-throughput synthesis and processing methodology which is
economically viable and commercially attractive. For instance, if 27 elements are to be
considered for the design of an equimolar quinary alloy library, then there would be 81,000
candidates possible and if 40 elements are to be considered, then there would be a
possibility of huge library of 658,008 candidates [1]. Therefore, the combinatorial
experimental methods have been introduced to accelerate the development of novel
multicomponent alloy systems, namely, combinatorial co-deposition of thin-film materials’
libraries, diffusion-multiples, laser additive manufacturing, rapid alloy prototyping among
others [2, 3]. While the last three approaches are bulk methods which allows for
downstream processing and microstructure adaptation, the thin-film method is capable of
efficiently synthesizing wider range of compositions. In general, with bulk combinatorial
techniques such as rapid alloy prototyping different alloys with tailored compositions along
with defined addition of additives can be prepared from a single master melt. Thus,
combinatorial synthesis route would enable efficient coupling of alloy development with
better compositional accuracy. Further, the exploration of compositional and crystal
structure space can be well addressed by combinatorics as intrinsic material characteristics
such as phase transformation are essentially dependent on the chemical composition and
are more critical than structural properties that are strongly dependent on microstructure
for many functional applications. This approach can also be extended to include the effects
on the microstructure for the systematically varying alloy compositions [3, 4].

The combinatorial methodology applied via thin film synthesis approach consists of
depositing films with widely varying yet systematic composition gradients from multiple
sources, most frequently magnetron sputtering sources on a single substrate as shown in
Figure 1. The result is the generation of a materials library comprised of gradually changing
compositions from the source materials which are then characterized by high-throughput
methods for their composition dependent structure and properties. Such a methodology
allows in the accelerated screening of compositions towards identifying the champion
alloys or at best optimum range of compositions for desired applications. Considering that

all the synthesized alloys in a thin film library have been generated at the same time with



the same deposition conditions, the typically observed sample-to-sample variability arising
out of multiple sources can be eliminated. However, the obtained phases in this approach
are usually metastable and the microstructures are mostly nano-grained and preferentially
oriented [4-12].
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Figure 1. Schematic representation of combinatorial thin film by magnetron

sputtering

While developing bulk alloys of specific compositions intended for structural
applications, the strength, ductility, toughness etc. are to be measured which in-turn are
strongly dependent on the entire thermomechanical history. Hence, microstructure
optimization including grain size control, phase formation and distribution are to be
considered [13-16]. For the case of transition metal containing alloys, combinatorial Rapid
Alloy Prototyping (RAP) approach appears to be suitable. It enables bulk casting of

different alloys with well-defined compositions in a single operational step [16]. The



compositional variants that can be achieved in RAP with or without minor additives in bulk
form offers the potential of scaling-up to the industrial level.

The field of high entropy alloys (HEA) or compositionally complex alloys (CCA)
holds great promise towards introducing novel alloy compositions targeted at special
applications due to the promising mechanical properties of the massive solid solution
microstructures [5]. The need for high throughput screening of compositions, especially for
HEAS/CCAs, has led to the development of experimental approaches such as RAP aimed
at accelerated screening of alloys in previously unexplored systems [4, 5]. In this work, we
present the near equilibrium, bulk alloy synthesis by RAP based liquid metallurgy route of
a non-equiatomic Fezo-xMnxCo010Cr15Cus (x=10, 15, 20 at %) HEA system thereby enabling

comparison with equilibrium thermodynamic calculations and phase predictions.

2. Experimental Methods:

The high entropy combinatorial alloy involving Fezo-xMnxC010Cr15Cus(x=10, 15,
20 at %) of interest was designed and produced using custom designed vacuum induction
melting technique (Inductotherm Pvt Ltd., India) as shown in figure 3. The alloy was
developed with the aim to tailor the stacking fault energy (SFE) for exhibiting TRIP along
with precipitation strengthening. In this technique, the hot liquid metal can be tapped in
multiple water-cooled moulds with defined addition of additives to prepare a tailored range
of varying alloy compositions from a single master melt. This method of combinatorial
synthesis enables efficient coupling of producing bulk cast alloys with varied compositions

along with better compositional accuracy.



Charge addition
Chamber (b)

Gate Valve

-~ Mn 10

Figure 3 (a) Schematic representation of combinatorial casting
(b) Combinatorially cast blocks with Mn variant (Mn 10, Mn 15, Mn 20)

The produced alloy variants were hot rolled at 950°C to 60% thickness reduction to remove
cast heterogeneities. After hot-rolling the alloys were subjected to homogenization annealing
at 1200°C for 2 hours followed by water quenching. The homogenized alloys were subjected
to X-ray diffraction (XRD) analysis for phase identification. XRD was carried out in a X'Pert
PRO, PANalytical instrument with Cu K, radiation, (A= 0.154 nm) and a step size of 0.02°.
Optical microscopy (OM), Scanning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDS) analyses were carried out to study the microstructure and elemental
distribution/nomogeneity at the bulk scale. Electron Backscattered Diffraction (EBSD) was
performed for orientation mapping and phase analysis. Optical microscopy was carried out
using LEICA DM-2700M microscope. The SEM, EDS, EBSD analysis were performed in a
FEI-Helios G4 UX dual beam microscope attached with an Octane elect plus EDS detector and
Hikari plus EBSD detector. The EBSD data was analysed using TSL-OIM 8 analysis software.
Microhardness test was performed to determine the hardness of the HEAs as a function of
varying composition, at a load of 500gf with a dwell time of 10s in FALCON 500, Innovatest
microhardness tester. Thermodynamic estimations of phase stability were obtained using the
TCFE12 database of ThermoCalc software (v2022b).



3. Alloy Design:

The Transformation induced Plasticity (TRIP) exhibiting FCC family of HEAs namely,
Fego-xMnxCo10Crio (X = 30-40 at. %) are often studied because of their unique behavior of
exhibiting simultaneous increase in strength and ductility [13]. Typically, the Twinning
Induced Plasticity (TWIP) effect during deformation has been the main mechanism for the
good combination of strength and ductility in most FCC based HEAs. Even though the ductility
of HEAs is surplus, the ultimate strength (lower than 800 MPa) is not sufficient for structural
applications. So, the selected ‘x’ range of FeMnxCoCr becomes prominent as it belongs to the
limited category of only metastable family in HEAs where TRIP has been observed in addition
to TWIP to enhance the mechanical strength [13]. In addition, the presence of precipitates can

further strengthen this class of HEAs.
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Figure 2. Gibbs free energy (G) vs Composition (X) plot for
(a) Feso-xMnxCo10Crio (b) Feso-xMnzpCoxCrig (C) Fe7s.xMnyCo10Cris
(d) Fe7o-xMnxCo10Cr15Cus

For designing the alloy composition, CALPHAD based thermodynamic stability of the
two major phases viz. FCC and HCP were predicted for all the constituent alloying elements

as shown in Figure 2. The Gibbs free energy vs composition diagram shows the relationship



between the Gibbs free energy (G) for FCC and HCP phases as a function of varying Mn, Co
content for the FeMnCoCr HEA along with its variant i.e the Cu alloyed system (to introduce
precipitation strengthening). Figure 2(a) and (b) shows the role of varying Mn and Co in
FeMnCoCr alloy. The variation in Co has no significant effect in reducing the phase stability
of the FCC whereas Mn lowers the free energy at around 15 at.% as can be noticed from the
cross-over point. The results for the alloy with slightly higher Cr (15 at.%) without Cu (Fig.
2¢) shows a reduced free energy difference between HCP and FCC but the cross-over point is
shifted to higher Mn concentration of around 20 at.%. But with the addition of 5 at.% Cu (Fig.
3 d), the cross-over point is shifted to lower Mn concentration at around 8 at.% . Therefore, the
FCC family of non-equiatomic FeMnCoCr based HEA with Cu addition shows increased
metastability at the narrow region of varying Mn concentration (between 5 to 20 at.%). This
necessitates the adaptation of combinatorial methodology to explore this new alloy
combination with varying Mn content towards understanding the metastability of FCC leading

to combined TRIP and possible precipitation strengthening.

4. Results and Discussions of bulk HEA:
4.1. XRD:
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Figure 4. X-Ray Diffractogram of Fezo.xMnxCri5C010Cus

The X-ray diffraction patterns shown in fig. 4 indicate the presence of FCC phase for

all the combinatorially synthesized HEAs with Cu addition. The inset figure (showing enlarged

(111) FCC phase peak region) clearly indicates the presence of second FCC phase potentially

that of Cu induced minor phase in addition to the matrix FCC peak. It is also noticeable that

the volume fraction of the potential Cu rich phase decreases with an increase in the Mn

concentration. No other phase peaks, especially those of HCP phase were identified. Also, there

is no appreciable texture observed in the FCC phases following hot rolling. The lattice

parameter of the FCC matrix phase was determined to be a=3.623A which was consistent for

all three alloying variants whereas the lattice parameter of potential Cu-rich phase was

calculated to be 3.610A.



4.2. Microstructure:

Figure 5. Optical Micrographs of (a) Mn 10 (b) Mn 15 (c) Mn 20; corresponding
SEM microstructures of (d) Mn 10 (e) Mn 15 (f) Mn 20; and the Grain size distribution of (g)
Mn 10 (h) Mn 15 (i) Mn 20 HEAs.
The optical microstructure reveals the homogeneity in the grain structure without the

presence of cast dendrites and any visible defects following hot rolling. The clearly defined
grain boundary (GB) region is visible in all the Mn varying HEAs. In addition, the presence of
minor second phase precipitates could be noticed (indicated by black arrow), in all the
conditions which could likely be the Cu rich FCC phase observed in XRD. The SEM images
further reveal the presence of well-defined grains in all the alloys along with the likely Cu rich
precipitates as indicated using the arrows. The grains size distribution plot shows the average
grain size for Mn 10 alloy is 162.7 + 20.3 um whereas the grain size of Mn 15 and Mn 20
HEAs are found to be 118.4 + 12.9 um and 106.7 + 9.8 um respectively.



To determine the chemistry of the precipitates and the chemical homogeneity of the
constituent elements in the matrix, EDS mapping was performed as shown in Fig. 6. The
guantitative elemental analysis of all constituent elements is shown in table 1. The obtained
chemical composition is comparable to the nominal composition of the targeted combinatorial
HEAs. The grain boundary thickening observed in Fig. 6 (a) could be ascribed to the
segregation of Mn and Cu along the GBs as can be seen in the concentration profile. The finer
globular precipitates in Fig. 6 (a) and (b)are Cu rich while the coarser irregular shaped
precipitates in Fig. 6 (c) are constituted by Cu (~ 70 at. %) along with Mn (~ 20 at. %) as given
in table 1. The precipitate on which the chemical composition was obtained is encircled in
white dashed oval in SEM image of Fig. 6 (a, b, ¢). The amount of Mn that partitions into the
coarser precipitate increases with an increase in the Mn concentration in the matrix. This trend
is apparent from the EDS line scan taken across the dotted white arrow as represented in Fig.
6. There is an increase of ~ 50.3% in Mn concentration in the precipitate of Mn 20 variant when
compared to the same in Mn 10 variant. The elemental mapping shown in fig. 6 indicates a
homogeneous distribution of constituent elements in the matrix region whereas the finer
precipitate shows the partitioning of Cu and the coarser irregular shaped precipitate shows
segregation of Cu along with Mn. Further investigations are required to determine the exact

chemistry and structure details of the precipitates and their evolution.
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Figure 6. EDS Elemental mapping for (a) Mn 10 (b) Mn 15 (c) Mn 20
Table 1. EDS chemical composition

Fe;o..Mn,Cr;sCo,,Cus

Alloy

Matrix (Atomic %)

Precipitate (Atomic %)

Fe

Mn

Cr

Co

Cu

Fe

Mn

Cr

Co

Cu

Mn 10

59.9+
1.5

10.2+
0.36

15.2+
0.46

10.1+
0.36

4.6x0
.30

4.9+
0.27

18.1+
0.63

1+0.

2

1.410
.19

74.7t
1.9




54.7+ | 15.8+ | 15.6t | 10.1+ [ 4740 | 4.3+ | 20.8t | 1.7+ | 1.1+0 | 72.1t+

Mn 15 1.3 0.44 | 0.47 0.39 31 0.24 | 0.69 | 0.2 .18 1.8

50.9t | 19.4+ | 15.4f | 10.1t | 4.740 | 2.9+ | 27.2t | 1.3£ | 0.94+0 | 67.7%

Mn 20 1.2 0.51 | 0.47 0.27 31 0.22 | 0.81 |0.19 | .17 2.2

4.3. Electron Backscattered Diffraction (EBSD)

The EBSD results of the three combinatorially synthesized HEAs are shown in figure
7. The inverse pole figure (IPF) map indicates the presence of randomly oriented grains. The
average grain size for Mn 10 alloy is ~ 124 um whereas the grain size of Mn 15 and Mn 20
variants are found to be ~120 pum and ~95 pum respectively. The phase map reveals the presence
of a single FCC phase without any traces of HCP in the as-rolled condition. The presence of
copper precipitates could not be ascertained due to their near-identical lattice parameter with
FCC matrix. In order to understand the effect of applied load on the possible TRIP behaviour
in these alloys and their deformation microstructure evolution, a Vickers microhardness test
with a load of 500-gram force was applied on the EBSD analyzed area as highlighted by the
dotted square in each phase map. EBSD maps taken after indentation revealed the absence of
any new phases for all the 3 HEA compositions and hence TRIP appears to have not been
activated for the given applied load. The high amount of Cu (5 at.%) in the matrix seem to have
increased the stacking fault energy of the system and hence no TRIP effect was realized in all
the three HEAs irrespective of varying Mn content. Even though phase separation of Cu in this
rolled condition is apparent, the observed precipitate fraction seems to be not significant

enough to attract all Cu from the matrix and hence the probable reduction in SFE.
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Figure 7. EBSD IPF and Phase maps (a & b) Mn 10 (¢ & d) Mn 15 (e & f) Mn 20,



4.4. Microhardness
The microhardness results shown in figure 8 indicate an increase in hardness of the
alloy with the increase in Mn content with Mn 20 returning the maximum hardness of 231+7
HV. There is a ~25% increase in the hardness for Mn 20 compared to Mn 10 alloy which can
be attributed to solid solution strengthening while assuming the Cu rich precipitate fraction to

be comparable in all the three HEAs.
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Figure 8. Vickers Microhardness of the alloys

5.5. Solid solution strengthening contribution

Based on the linear dependence model devised by Suzuki and Mott for Fe-based multi-

component systems [17], the solid solution strengthening (4ass) may be expressed as:
Aoss=K;C; (1)



Where, K; is the solid solution strengthening coefficient for 1 at.% of i alloying element
(solute) and C; is the concentration (in at.%) of solute ‘i’ in the solution. Equation (1) is
validated for both interstitial and substitutional solutes [18]. In the current series of alloys (Fezo-
xMnyCri5C010Cus (at.%)), the solutes to be considered for solid solution strengthening
contribution of the alloys are Mn, Cr, Co and Cu. For the estimation of Aoss values in these
alloys using equation (1), K; values for Mn, Cr, Co and Cu have been taken as 16.9 [19], 2.6
[19], 2.1 [19] and 50.5 [20] MPa/at.% respectively. Fig. 9 shows the variation of Aoss as a
function of Mn content (in at.%). It can clearly be observed that increase in Mn content from
10 to 20 at.% leads to a monotonous increase in Aoss (by ~35%).. The estimated yield strength
from Vickers microhardness is also included in Fig. 8 for comparison. Hence, it can be
understood that solid solution strengthening is the primary strengthening mechanism in the
aforementioned alloys. The possibility of other contributions towards strengthening in the
combinatorially designed HEAs require further investigation especially to understand the role

of Cu precipitation.
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Fig. 9 Solid solution strengthening and Yield strength contribution (in MPa) as a

function of Mn content (in At.%) in FezoxMnxCri5Co10Cus alloy.

5. Conclusions



The high-throughput combinatorial alloy design approach for rapid screening of wide range of
compositions applicable to the case of multi-component alloys especially the HEAs has been
reviewed. The non-equilibrium, thin film form typically synthesized by combinatorial
magnetron co-sputtering approach enables generation of a composition library in a single-step
process. On the contrary the rapid alloy prototyping approach enables in the production of bulk
multi-component alloys with well-defined compositions in reasonable compositional accuracy
facilitating comprehensive composition-structure-property analysis under equilibrium
conditions. As a case study, the multi-component Fezo-xMnxCo10Cri5Cus (x=10, 15, 20 at %)
HEA was produced using custom designed combinatorial vacuum induction melting furnace
to explore the role of Mn on phase formation and compare them with the theoretical predictions.
The hot rolled alloys were subjected to microstructural characterization and local hardness
measurements. The results indicated that the alloys fabricated were free from significant
casting defects and the final composition achieved was the desired nominal composition
without appreciable loss of Mn which is possible in such alloys. Among the 3 combinatorially
developed variants, Mn 20 showed better hardness (231+7 HV) compared to the other 2 alloys
with SSS being the primary strengthening mechanism. Thus, the combinatorial alloy design
approach facilitates rapid development of novel, high-performance alloys which can therefore

be utilized for future applications.
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