metals

Article

Sigma Phase Stabilization by Nb Doping in a New High-Entropy
Alloy in the FeCrMnNiCu System: A Study of Phase Prediction
and Nanomechanical Response

Angelo Odate 1/2/*

, Juan Pablo Sanhueza

10, Gleydis Duefia !, Diego Wackerling !, Sergio Sauceda 1,

Christopher Salvo 2(), Marian Valenzuela 3, Carlos Medina 4, Abdul Herrim Seidou >,

Jérome Tchoufang Tchuindjang >(9, Manuel Meléndrez !

and Victor Tuninetti &*

check for
updates

Citation: Onate, A.; Sanhueza, J.P;
Duefia, G.; Wackerling, D.; Sauceda,
S.; Salvo, C.; Valenzuela, M.; Medina,
C.; Seidou, A.H.; Tchuindjang, J.T.;

et al. Sigma Phase Stabilization by Nb
Doping in a New High-Entropy Alloy
in the FeCrMnNiCu System: A Study
of Phase Prediction and
Nanomechanical Response. Metals
2024, 14, 74. https://doi.org/
10.3390/met14010074

Academic Editor: Babak Shalchi
Amirkhiz

Received: 2 October 2023
Revised: 6 November 2023
Accepted: 8 November 2023
Published: 8 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, David Rojas 1, Anne Mertens °

Department of Materials Engineering, Faculty of Engineering, Universidad de Concepcion,
Edmundo Larenas 315, Concepcion 4070138, Chile; juanpasanhuezaa@udec.cl (J.P.S.);
gleyduena@udec.cl (G.D.); dwackerling@udec.cl (D.W.); ssauceda@udec.cl (S.S.);
mmelendrez@udec.cl (M.M.); davrojas@udec.cl (D.R.)

Department of Mechanical Engineering, Faculty of Engineering, Universidad del Bio-Bio, Av. Collao 1202,
Concepcién 4081112, Chile; csalvo@ubiobio.cl

Doctoral Program in Sciences of Natural Resources, Universidad de La Frontera, Casilla 54-D,
Temuco 4811230, Chile; m.valenzuelal6@ufromail.cl

Department of Mechanical Engineering, Faculty of Engineering, Universidad de Concepcién,
Edmundo Larenas 219, Concepcién 4070138, Chile; cmedinam@udec.cl

5 Department A&M-MMS, University of Liége, 4000 Liége, Belgium; ahb.seidou@uliege.be (A.H.S.);
j-tchuindjang@uliege.be (J.T.T.); anne.mertens@uliege.be (A.M.)

Department of Mechanical Engineering, Universidad de La Frontera, Francisco Salazar 01145,
Temuco 4811230, Chile

*  Correspondence: aonates@udec.cl (A.O.); victor.tuninetti@ufrontera.cl (V.T.)

Abstract: The development of high-entropy alloys has been hampered by the challenge of effectively
and verifiably predicting phases using predictive methods for functional design. This study validates
remarkable phase prediction capability in complex multicomponent alloys by microstructurally
predicting two novel high-entropy alloys in the FCC + BCC and FCC + BCC + IM systems using a
novel analytical method based on valence electron concentration (VEC). The results are compared
with machine learning, CALPHAD, and experimental data. The key findings highlight the high
predictive accuracy of the analytical method and its strong correlation with more intricate prediction
methods such as random forest machine learning and CALPHAD. Furthermore, the experimental
results validate the predictions with a range of techniques, including SEM-BSE, EDS, elemental
mapping, XRD, microhardness, and nanohardness measurements. This study reveals that the addi-
tion of Nb enhances the formation of the sigma (o) intermetallic phase, resulting in increased alloy
strength, as demonstrated by microhardness and nanohardness measurements. Lastly, the overlap-
ping VEC ranges in high-entropy alloys are identified as potential indicators of phase transitions at
elevated temperatures.

Keywords: phase prediction; sigma phase; machine learning; high-entropy alloys

1. Introduction

The microstructural investigation of high-entropy alloys and complex concentrated
alloys is a recent and evolving research topic due to the fascinating formation of microstruc-
tures, unusual phase formations, and the great complexity of predicting the type of solid
solution structure formation (FCC, BCC, or FCC + BCC). Since these solid solutions are
responsible for macroscopic strength, ductility, corrosion resistance, creep resistance, cryo-
genic, and high-temperature properties, it is necessary to accurately control and predict
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their formation to achieve a functionally designed alloy. In conventional alloys [1-8], effi-
cient design has been performed using energy minimization systems such as Thermo-Calc
based on the CALPHAD method [9-12]. However, for designing functional alloys, the
prediction of microstructures remains a challenge, particularly in high-entropy alloys and
complex concentrated alloys [13-16].

Some of the efforts to address this significant challenge in high-entropy alloys include
the evaluation of empirical parameters [17-21], the development of prediction software [22],
the generation of databases in CALPHAD prediction software [23-29], and the implemen-
tation of artificial intelligence models [16,30-36] to assess phase stability. In the latter
category, Oniate et al. [18,31] approached the multicategorical prediction of high-entropy
alloys using empirical parameters and supervised learning, identifying that the most rele-
vant factors in phase prediction for high-entropy or complex concentrated alloys are the
valence electron concentration (VEC) and atomic packing factor. However, intermetallic
phases resulting from category overlaps indicate that further validation of the VEC stability
ranges presented in [18] is required.

However, models predicting solid solution phases in HEAs are often imprecise on the
presence of intermetallics (IM). Indeed, Tsai et al. [37] indicate that most parametric models
predicting simple solid solutions (SSSs) are based on two fundamental concepts: a near-zero
mixing enthalpy and a small atomic size difference. However, inaccuracies with these
models often arise because HEAs that are predicted as SSSs contain IM phases. The reason
for such misprediction is that some IM, such as the o and p phases, can simultaneously
have near-zero enthalpy of mixing and small atomic size differences. Therefore, specific
models focusing on IM formation have been developed.

In this respect, parametric approaches have been proposed, such as that of X ] Wang
and coworkers, which use three criteria based on the difference in atomic radius, the valence
electron concentration (VEC), and the paired sigma-forming element (PSFE) to predict
sigma phase formation in HEAs [38]. Regarding lave phase formation, Yurchenko et al. [39]
predicted its occurrence based on the atomic size mismatch, J;, and the Allen electronega-
tivity difference, Ax ajen, parameters. However, Ren et al. [40] found that alloying elements
with large atom radius differences and negative enthalpy of mixing with other constituents
will promote IM phase formation. In addition, a relatively simple electronic structure-
based approach was set by Christofidou et al. [41], which provided much more accurate
predictions of the observed o phase formation within HEA. Nevertheless, such a phase
composition approach is more suitable for predicting the sigma phase occurrence within
FCC alloys.

Machine learning (ML) algorithms have also been considered to predict IM forma-
tion. Huang et al. [32] developed trained artificial neuronal network (ANN) models to
achieve accurate predictions within the phases of new HEAs. Zhang et al. [42] developed
a ML model based on support vector machine (SVM) combined with kernel principal
component analysis (KPCA) to better distinguish different phases in HEA, including IM. In
the study [43], six ML algorithms were studied, and the phase prediction was verified by
designing a new set of eutectic medium-entropy alloys. ANN appeared to be the best ML
algorithm to predict phases within the new alloys similar to Thermo-Calc® calculations.
Nevertheless, the later study confirmed that new parameters need to be considered for
better prediction using any model. Therefore, the combination of microstructural character-
ization techniques with predictive approaches remains an interesting way of confirming
the presence of phases, particularly when developing new alloys. Characterization tech-
niques such as X-ray diffraction, scanning electron microscopy, and transmission electron
microscopy are commonly used to confirm the typically present phases. Nevertheless,
these techniques can be augmented with micromechanical and nanomechanical analyses
to deduce and interpret information pertaining to deformation processes, stiffness, yield-
ing, strength, plastic energy, dislocation interaction within the phase, and strengthening
due to precipitation and solid solutions [8,18,44-46]. Rojas et al. [46] demonstrated that
nanoindentation-induced loads identify anisotropic elasticity and nonlinear plasticity of
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the alpha phase and alpha-beta interface, allowing accurate calibration of deformation
models for macroscopic non-uniform mechanical response simulations. However, phase
stability and characterization of the studied Ti64 alloy were missing.

Precipitation strengthening also contributes to enhancing mechanical response in
alloys. Nevertheless, intermetallic phases such as the sigma phase are commonly con-
sidered undesired in alloys due to their potential to embrittle the material and induce
corrosion susceptibility through the formation of galvanic cells [47]. However, it has been
demonstrated that this sensitization can be mitigated in duplex alloys containing the sigma
phase by controlling the balance of austenite and ferrite, thereby significantly improving
mechanical strength with minimal loss in ductility [48]. Similarly, it has been observed
in high-entropy alloys that the sigma phase does not impair elongation and efficiently
reinforces the alloy, presenting an intriguing avenue for research in novel high-entropy
compositional systems [18,49].

In this research, the main objective is to examine the microstructure and phase sta-
bility of two novel high-entropy alloys designed using strategies proposed in previous
studies [18,31]. Regarding niobium addition, Nb is an element with both a large atomic
radius and a negative mixing enthalpy that promotes the formation of IM phases at the
expense of solid solution (SS) phases [40,50,51]. Moreover, at the same time, such an addi-
tion can promote the strengthening of the interface between FCC and BCC. Therefore, Nb
content can serve as a tool for alloying design within HEA. To achieve this objective, we
use CALPHAD for phase diagram computation and phase stability validation from the pro-
posed methods. Furthermore, we conduct experimental validation using scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD)
corroborated with Rietveld refinement, and microscale and submicroscale mechanical tests
involving microindentation and nanoindentation.

2. Methodology

Two high-entropy alloys were designed with the main objective of analyzing the
predictive capability of the proposed parametric analytical model in [18] by adjusting the
composition to control the VEC and atomic packing factor, resulting in a mixed solid solu-
tion of FCC + BCC and an FCC + BCC + IM structure. This approach aims to design an alloy
with the potential for balanced strength and ductility by incorporating austenite and ferrite
phases in the matrix. A random forest model, trained with 2434 data points, was used. The
data were categorized as follows: FCC (496), BCC (617), BCC + FCC (197), FCC + IM (277),
BCC + IM (205), FCC + BCC + IM (76), IM (368), and AM (198). The model was configured
with 2000 trees, randomly selecting 1 to 3 variables for each tree. The minimum node size
varied from 5 to 50 with an increment of 5, allowing for capturing the complexity of rela-
tionships in the dataset and reducing biases, following the methodology presented in [31].
The descriptors AHpix, Ax, and VEC were utilized, as described in the study. Additionally,
CALPHAD simulations using the TCFE8 database were used to generate phase diagrams,
identifying the stability of the phases present under atmospheric pressure through free
energy minimization. The alloy design was conducted in atomic percent (at.%); however,
for improved result reproducibility, the chemical composition resulting from this study is
reported in weight percent (wt.%). Based on this, the composition used for the parametric
design, utilizing the VEC and packing factor-based prediction method proposed in [18], is
presented in Table 1.

Table 1. Chemical composition (wt.%) of the design for the investigated high-entropy alloys.

Sample Fe Cr Mn Cu Ni Nb

HEA1 41 25 18 8 8 0
HEA2 39 25 18 8 8 2
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The specimens were manufactured using powder metallurgy with high-purity (99.9%)
Fe, Cr, Mn, Cu, Ni, and Nb, with a particle size in the range of 3 to 20 um. For each
composition, the powder mixtures were loaded into stainless steel vials and milled for 2 h
in an Across International PQ-N04 high-energy planetary ball mill under an atmosphere
of ultra-pure argon. The rotation speed was set at 200 rpm, with a 15-minute on/off cycle
during milling to prevent system overheating. A ball-to-powder weight ratio of 10:1 was
used for this process, with 1% by weight of stearic acid acting as a process control agent.

To produce the sintered samples, the milled powders were compacted at 350 MPa at
room temperature using a hardened steel die with an inner diameter of 13 mm. Subse-
quently, they were placed in a Carbolite FHA 13/50/200 furnace and sintered at 900 °C for
2 h under an atmosphere of ultra-pure argon. During the sintering process, a heating rate
of 5 °C/min was applied. Finally, the samples were cooled to room temperature.

For sample preparation, manual grinding was performed using silicon carbide sand-
papers with mesh sizes ranging from 240 to 1200, followed by polishing with a 0.05 um
alumina suspension. The samples were immersed in Keller’s reagent for 6 s to chemically
etch their microstructure.

Microstructural characterization was performed using TESCAN VEGA 3 EASYPROBE
SBU and JEOL JXA 8600 M scanning electron microscopes (SEMs). SEM images were
analyzed using secondary electrons and backscattered electrons with an acceleration voltage
of 20 kV and a working distance ranging from 10 to 12 mm. Postprocessing of microscopy
images was carried out using Image]J software with image calibration. Elemental analysis
used energy-dispersive X-ray spectroscopy (EDS) to identify chemically present phases
and precipitates. Additionally, X-ray diffraction (XRD) was utilized for phase identification
using a copper filter, an acceleration voltage of 40 kV, and a working current of 20 mA. The
measurement range was set between 30° and 90° with an interval of 0.02° and a scanning
speed of 1.2° /min. The XRD results were processed using HighScore Plus software and
further analyzed using MAUD software with Rietveld refinement. Reliability parameters
for refinement included a global intensity scale factor (<5%) and weighted R-factor (<10%).
The lattice parameter was obtained using Equation (1).

L A% 4 k2 + 2

Zsithkl

1)

Microhardness tests were conducted using a Leco instrument with a 300 g load and
a Vickers indenter, with a dwell time of 10 s between the indenter and the sample. Four
indentations were performed per zone. The results were reported as the average of the
indentations in each analysis zone. Nanoindentation tests were conducted using a trape-
zoidal load function under load control with a maximum load of 5000 uN, 30 s dwell and
unload times, and a data acquisition rate of 1000 points/s.

3. Results and Discussion
3.1. Computational Simulation

The results of the modeling with empirical parameters using the VEC analytical
method previously presented in [18] and obtained for the HEA1 and HEA?2 alloys described
in Table 1 compositionally can be visualized in Table 2. It can be observed that the VEC
stability range indicates a stable FCC + BCC structure in the alloy, and the atomic packing
factor v, does not indicate the presence of intermetallics. Doping the alloy with 2% by
weight of Nb, a slight reduction in VEC is observed, being within the compositional range
of the FCC + BCC, FCC + BCC + IM, and FCC + IM structures. Onate et al. [18] discussed
that the evaluated VEC concentration zone is not straightforward due to the overlapping
stability ranges. Therefore, the efficient way to evaluate the forming phases is through the
atomic packing factor. In this case, the atomic packing factor is greater than 1.175, indicating
the presence of an intermetallic phase. This suggests that the structure predicted using
the analytical method could be FCC + BCC + IM or FCC + IM. However, being within the
overlapping range limit, it is likely that both phases are stable within a temperature range.
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FCC+BCC

FCC+IM

FCC+BCC+IM

BCC+IM

AM

For this reason, Guo et al. [52] expanded the stability range of FCC structures to VEC > 8.
In this particular case, the analysis of the VEC results can be translated as FCC + BCC
stability for the HEA1 alloy and a high-temperature structural stability of FCC + BCC + IM
for the HEA?2 alloy. However, it is highly probable that, within a higher temperature range,
a phase transformation from FCC + BCC + IM to FCC + IM will occur.

Table 2. Phase prediction based on analytical an method with empirical Hume-Rothery parameters
adjusted to high-entropy alloys.

Sample AH ix Ax VEC Yp Predicted Phase
HEA1 0.470 0.124 7.646 1.025 FCC + BCC
HEA2 0.075 0.125 7.606 1.196 FCC + BCC + IMIFCC + IM

The results obtained using the analytical method in Table 2 are corroborated with
supervised learning using the random forest model. The machine learning results indicate
that for the HEA1 alloy, the stable structure is a dual FCC + BCC solid solution, which
aligns with the analytical model. In HEA2, the random forest model indicates that there
are two structures with a similar probability of formation, which are a dual FCC + BCC
solid solution and an FCC solid solution plus an intermetallic compound, disregarding the
presence of FCC + BCC + IM within the overlapping range. This confirms and validates
the necessity of the atomic packing factor as a key descriptor in machine learning methods
to effectively predict phase stability in overlapping ranges, as presented and discussed
in [18] and validated in [31]. Furthermore, when comparing the prediction method using
machine learning with the analytical method based on VEC, a good correlation between
the two methods is observed (Figure 1).

HEA 1 HEA 2

49.32% 37.61%

17.13% 34.31%

15.3% 12.85%
7.56% 6.58%

4.95% . 4.84%

5.22% l 3.71%
VEC: 7.646 VEC: 7.606

0.52% dx: 0.124 ‘ 0.09% dx: 0.125
dHmix: 0.4704 dHmix: 0.07504
0% 0.02%
25% 50% 25% 50%

Predicted probability

Figure 1. Supervised learning results using the random forest model on the investigated high-
entropy alloys.

The results of the analytical method and machine learning were contrasted with
CALPHAD simulation, allowing for the visualization of phase stability for each alloy
(Figure 2). When observing the diagram in the undoped Nb zone, a wide stable range
of FCC + BCC + FCC2 can be observed, indicating the presence of primarily austenite
and ferrite. Additionally, a segregated austenitic phase rich in copper is observed, which
segregates due to the enthalpy difference with the rest of the alloying elements, achieving



Metals 2024, 14, 74

6 of 18

stability in the form of copper-rich precipitates or islands of copper. Furthermore, a
wider range of intermetallic phase stability is found for the alloy HEA2, including the "
phase (NizNb), Laves C14 phase (NioNb), and o phase (FeCr). This results in a greater
driving force for intermetallic formation over a wide temperature range when increasing
the Nb content in the alloy, consistent with the findings obtained using the machine
learning method and the analytical method based on VEC with the atomic packing factor.
Furthermore, it is possible to observe that for the HEA?2 alloy, an FCC + BCC + IM stable
structure exists above 800 °C, while below 800 °C, an FCC + IM structure is obtained,
supporting the previous discussion and validating the VEC analytical method and machine
learning results. However, although all three simulation methods agree and have coherent
results, microstructural validation presented in Section 3 is required to effectively describe
phase stability in these compositionally complex alloys.
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Figure 2. Quasi-binary phase diagram with variable Nb element and Fe balance of investigated
high-entropy alloys.

3.2. Microstructural Characterization

Figure 3 shows the results obtained using SEM in the HEA1 alloy. Figure 3a demon-
strates the presence of a predominantly austenitic matrix with ferrite grains. The volumetric
fraction of phases obtained using Image] indicates that the proportion is approximately 56%
austenite and 41% ferrite, considering the difference as phases rich in copper and porosities.

In Figure 3b, the copper-rich austenitic phase (FCC2) can be observed, appearing as
islands highlighted with a red circle for better visualization. The detail of the FCC2 phase
is visible in Figure 3¢, which distinctly represents the characteristic segregation of the FCC2
phase. Additionally, precipitates of Cu are present on the FCC2 phase, which are easily
identifiable with the backscattered electron analysis and the higher atomic weight of Cu
compared with the other elements in the compositional system being analyzed for the
HEAT1 alloy. This also indicates that the FCC2 phase entered into a solid solution with
another chemical element, reducing the overall atomic weight of the phase accordingly.
Figure 3d represents the BCC phase, where the apparent presence of Cu in the form of
particles, similar to the FCC2 phase, and the presence of Cr particles can be observed.
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Figure 3. Scanning electron spectroscopy images of the HEA1 alloy: (a) 300x, (b) 1000x,
(c) 8000 zone 1 (Z1) in (b), and (d) x zone 2 (Z2) in (b).

The SEM results were complemented with EDS analysis. The findings indicated that
the BCC phase is rich in CrFeMn with the presence of Cu (Figure 4b), corroborating the
particles observed in Figure 3d. The results obtained in Figure 4c indicated that the matrix
consists of a solid solution of all elements with a low concentration of Cr, forming an
austenitic structure. Figure 4d shows the results for the FCC2 austenitic phase, revealing it
to be primarily a solid solution of CuMn. The details obtained using EDS analysis in the
HEAL alloy can be observed in Table 3.

Table 3. Summary of SEM-EDS results for alloy HEA1 (wt.%).

Phase Fe Cr Mn Ni Cu
o« 16.43 72.00 9.27 — 2.29
Y 43.07 7.18 14.23 8.72 26.80

v(Cu) 11.64 3.88 17.11 8.07 59.30
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Figure 4. SEM-EDS results for the HEA1 alloy. (a) SEM at 2000x. EDS spectra for (b) zone 1,
(c) zone 2, and (d) zone 3 highlighted on Figure 4a.

No presence of the o phase was found in the sample, which is expected to be present
at the edges or interior of the BCC phase due to the preferential diffusion of FeCr. This is
consistent with the analytical results since the atomic packing factor is below the critical
value of 1.175, indicating the possible stability of intermetallics, and the valence electron
concentration is above the upper limit for intermetallic stabilization in a biphasic alloy, as
reported in [18].

Figure 5 presents the results of the HEA2 alloy. The use of SEM-BSE in this case
allowed for easy identification of Nb due to its higher atomic weight compared with the
other elements in the alloy. In Figure 5a, it can be observed that the alloy is primarily
composed of an austenitic matrix with ferrite grains, which appear darker in color due
to the high concentration of Cr observed in Figure 4b. Figure 5b shows that the ferritic
phase contains particles of Cr and Cu within it, similar to the HEA1 alloy. The Nb-rich
phase is highlighted with a segmented black circle for better detail and will be referred
to as Nb-RP (Nb-rich phase) in the EDS results. In Figure 5¢c, the CuMn-rich FCC2 phase
is clearly visible, along with small cellular-shaped precipitates inside it and at the grain
boundary of the ferrite. For better identification and clarity, a magnification of Zone 1 (Z1)
in Figure 5c was performed. The results obtained from the magnification of this zone can
be seen in Figure 5d, revealing the characteristic morphology of the o phase. This phase
forms as a decomposition and transformation process within the ferritic phase, which is
why it is located inside the ferrite and at its grain boundary [53,54].
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Figure 5. Scanning electron spectroscopy images on HEA2 alloy. Magnification of (a) 300 %, (b) 1000 %,
and (c) 2000 x of zones highlighted on (b); (d) 8000 of zone 1 (Z1) marked in (c).

The results obtained using SEM-EDS in the Nb-rich phase and the o phase observed
in Zone 1 of Figure 5b and Zone 2 of Figure 5d, respectively, can be visualized in Table 4.

Table 4. Summary of SEM-EDS results to HEA2 alloy (wt.%).

Phase Fe Cr Mn Ni Cu Nb
Nb-RP 49.31 8.12 6.75 5.05 — 30.77
o 40.38 42.05 14.50 2.20 0.87 —

Figure 6 presents the SEM-EDS elemental mapping results of the HEA1 alloy. In
Figure 6a, the observed phases include the austenitic matrix, the FCC2 austenitic phase,
and the ferritic phase. Figure 6b highlights the presence of Cr in the HEA1 alloy, primarily
concentrated in the BCC phase, forming a solid solution primarily with Mn (Figure 6f).
Similarly, in Figure 6¢, the Cu-rich FCC2 phase is observed in the form of islands, resulting
from segregation driven by enthalpy differences with the other elements in the alloy system.
Additionally, CuMn precipitates are observed in both the austenitic matrix and the ferritic
phase (Figure 6¢,f). Conversely, the austenitic matrix is primarily constituted by a solid
solution of Fe and Ni (Figure 6d,e). Based on the previous analysis, it is expected that for
the formation of the o phase observed in Figure 5d in the HEA?2 alloy, Fe diffuses from the
FCC phase to the BCC phase, leading to nucleation and growth at the grain boundary as
the primary diffusion pathway, favored by interfacial energy.
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Figure 6. SEM-EDS elemental mapping HEA1: (a) Scanning electron microscopy image, and elemental
mapping of (b) Cr, (c) Cu, (d) Ni, (e) Fe, and (f) Mn.

In Figure 7, the results obtained from SEM-EDS elemental mapping for the HEA?2 alloy
are presented. In Figure 7a, the main presence of the ferritic phase within the austenitic
matrix can be observed. Additionally, at the ferrite—austenite interface, the o phase, an
intermetallic compound identified morphologically and semiquantitatively in Figure 5c
and Table 4, is predominantly observed.

Figure 7. SEM-EDS elemental mapping HEA2: (a) scanning electron microscopy image of HEA2 with
the presence of the o phase; elemental mapping of (b) Cr, (c) Cu, (d) Ni, (e) Fe, and (f) Mn.

As discussed previously in Figure 6, the ferritic phase is characterized by high Cr
content and low Fe, Ni, and Cu content, resulting in a significant solid solution only with
Mn. However, the o phase is typically formed in the present compositional system through
Cr and Fe in an AB-type polymorph [55-58]. Therefore, for its formation, diffusion of Fe
from the austenitic phase and Cr from the ferritic phase to low interfacial energy zones such
as the grain boundary is required, favoring its formation and growth. This is supported
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by the findings in Figure 7b,e, which demonstrate that the regions containing the cellular
structure phase have a similar Fe and Cr content, and as it approaches the austenitic
interface, the Cr concentration decreases significantly, as does the Fe concentration near the
ferritic interface.

When comparing the previously obtained results, a strong correlation is found with
the results presented with the three prediction methods. The VEC analytical method
and CALPHAD were able to predict the stability of the phases present in the HEA1 and
HEA2 alloys with great accuracy. The random forest method disregarded the presence
of FCC + BCC + IM for the HEA?2 alloy based on the overlapping range, considering the
FCC + IM phase as the most probable weighted result. This is not an actual prediction error
since, as shown in Figure 2, the HEA?2 alloy has its primary stability range below 800 °C,
consisting of an FCC + FCC2 + IM structure.

Furthermore, when comparing the microstructural results in similar composition
systems such as FeCrNiMnClu, it is found that these alloys are biphasic, stabilizing both
austenite and ferrite. This has been demonstrated by several studies [59-62].

In Figure 8, the X-ray diffraction patterns for both alloys are shown. In Figure 8a, the
characteristic peaks of austenite and ferrite can be observed, which are present in both
alloys, with a higher proportion of austenite due to the registered intensity. Additionally,
a characteristic peak of Cu is observed in both samples, corresponding to the segregated
FCC2 phase that was represented in the phase diagram and observed in the SEM images.
The Cr particles observed in the ferritic zone in SEM can also be seen in the X-ray diffraction
results for both alloys. As observed in Figure 5, Nb segregates without forming a solid
solution with Ni to generate the Laves phase. For this reason, no characteristic peaks
related to the hexagonal close-packed structure phase are observed. The primary reason
could be associated with kinetic mechanisms that facilitate optimal diffusion between Ni
and Nb to form the characteristic polymorphic AB, or A;B phase of the Laves structure.
This issue could be addressed by conducting an extended heat treatment at the Laves phase
stabilization temperature to ensure stability. Consequently, two hours of sintering at 900 °C
was insufficient to enable the formation of the y” (Ni3Nb) and Laves phases.
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Figure 8. X-ray diffraction patterns of the (a) HEA1 and HEA?2 alloys. (b) Magnification of the pattern
at the characteristic diffraction angles of the phase o.

On the other hand, it is possible to observe that only the HEA2 alloy exhibits the o
phase (Figure 8b), indicating that the driving force for this phase is sufficiently high to form
during the cooling process, as its thermodynamic stability lies below 800 °C. The presence
of the x phase (CrFeMn) was also found, which is reported to be rare in high-entropy
alloys due to its metastable or transitional nature [63]. This phase represents a transition
during the transformation to the o phase, suggesting that complete stability of the phase
has not yet been achieved. This is reasonable considering the transformation occurred
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during a cooling process rather than at a constant temperature. The o phase primarily
forms from the ferritic phase, as observed by the decrease in the ferrite peak intensity in
the (011) plane for the HEA2 alloy. This explains the transition to FCC + IM at 750 °C in
the CALPHAD simulation (Figure 2) and the predictions provided with the VEC-based
analytical method and machine learning using random forest used in this study. Thus, this
research extensively and rigorously validates the efficiency of the VEC-based analytical
method for designing high-entropy alloys or complex concentrated alloys, with a focus
on phase prediction for functional applications in areas such as structural, aerospace, or
energy fields. A summary of the X-ray diffraction results can be seen in Table 5.

Table 5. Summary of results obtained using X-ray diffraction and the Rietveld method.

Phase 20 °) HEA1 20 (°) HEA2  Space Group a(A)  Calculated a HEA1(A)  Calculated a HEA2 (A)
Cr (100) 35.14 35.14 P63/mmc 2.53 2.55 2.55
Cr (002) 40.44 405 P63/mmc 2.21 2.28 222
Nb (111) - 36.9 Fm-3m 2.44 - 243
Nb (011) - 38.26 Im-3 m 2.33 - 2.33
Nb (022) - 62.18 Fm-3m 1.49 - 1.49

Yeu (111) 42.72 42.76 Fm-3m 2.10 2.11 2.11

v (111) 43.44 43.44 Fm-3 m 2.07 2.08 2.08

v (020) 50.60 50.52 Fm-3 m 1.79 1.80 1.80

v (022) 74.46 74.38 Fm-3m 1.27 1.27 1.27

« (011) 44.24 44.28 Im-3 m 2.02 2.04 2.04

« (020) 64.48 64.52 Im-3m 1.43 1.44 1.44

« (121) 81.52 81.62 Im-3m 1.17 1.17 1.17

0 (212) - 45.84 P42 /mnm 1.97 - 1.97

o (411) - 46.90 P42 /mnm 1.93 - 1.93

o (331) - 48.08 P42 /mnm 1.88 - 1.89

0 (222) - 49.52 P42 /mnm 1.83 - 1.83

X (233) - 49.52 [-43 m 1.82 - 1.83

3.3. Micro/Nano-Mechanical Response
3.3.1. Microhardness

Microhardness tests were conducted at the center of each phase to minimize interaction
with surrounding phases. Additionally, due to the challenge of identifying Nb-rich phases
using optical microscopy, it was not included in the test results and falls within the potential
deviation ranges of each phase tested.

The microhardness results depicted in Figure 9 showed that the HEA?2 alloy exhibits
higher hardness, primarily in the ferritic and austenitic zones. However, the error in both
phases also increased. This can be explained by an increase in solid solution strengthening
in the austenitic matrix. However, as observed with SEM-BSE in Figure 5, this strengthening
occurred in certain areas of the austenitic matrix and sometimes adjacent to the ferritic
zones, resulting in increased hardness measurements and greater deviation in the results.
This result is also in good agreement with the work carried out on sintered CoCrFeNiAlyTiy
HEA by Erdogan et al. [51], who ascribed high standard deviations in the average Vickers
hardness to the different hardness of the phases within their alloys.

On the other hand, the hardness in the Cu-rich austenitic phase remained relatively
constant. It should be noted that although the measurement identified each phase inde-
pendently, there was also a high interaction with the surrounding phases. The increase
in hardness at the ferrite/austenite interface was observed only in the HEA?2 alloy and
can be attributed to the o phase. These results are consistent with those observed by
Ribeiro et al. [64]. This finding validates what was observed with SEM-BSE and XRD and
the results obtained from the simulations. The registered hardness value is a weighted
value considering the o phase, ferrite, and austenite, as all three phases interact under
the indenter.
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Figure 9. Summary of microhardness results on the investigated high-entropy alloys.

The obtained results are compared to high-entropy alloys reported with slightly differ-
ent compositional systems. For instance, Abolkassem et al. [65] developed high-entropy
alloys with an FCC structure using the FeNiCoCrCu and FeNiCoCrMn compositional sys-
tems, resulting in Vickers hardness values of 156 HV and 146 HYV, respectively, at a sintering
temperature of 1150 °C. Tian et al. [66] obtained similar results in a CoCrFeMnxNi2-x com-
positional system, with hardness values in the austenitic matrix ranging from 143 to 153 HV.
However, the hardness increased to 295 HV when the o phase coexisted in the austenitic
matrix. Furthermore, Li et al. [67] achieved a hardness of 296 HV in an FeNiCrCuMn com-
positional system with an FCC + BCC structure. The obtained results are consistent with
those presented for the compositional system of the investigated high-entropy alloys in
this study. The hardness of the austenitic zone in the HEA2 alloy is equivalent to 1256 MPa,
while the ferritic zone reached a value of 2601 MPa. When comparing these values with
those reported by Fan et al. [68], consistency is found with similar compositional systems
for FCC and BCC structures. Dmytro et al. [61] obtained hardness values in FeCrMnNiCu
compositional systems ranging from 174 to 360 HV, with compressive strengths exceeding
1800 MPa and deformations ranging from 28% to 46%. These results demonstrate that the
alloy investigated in this study, belonging to the same compositional system, has a high po-
tential for applications in high-temperature, wear, and structural conditions. The registered
hardness at the v/« interface is 2115 MPa for the HEA1 alloy and 3220 MPa at the v/«
interface, which may result from the possible interaction with the o phase. Nevertheless, it
might be assumed, based on the work by Erdogan et al. [51], that subsequent annealing
conducted at high temperatures should increase both the homogeneity and the hardness
of the as-sintered HEA. Such an improvement in the mechanical properties is due to the
increase in lattice parameters of the phases and the hardness of IM.

3.3.2. Nanohardness

The results obtained for nanohardness can be observed in Figure 10. The p-h curves of
alloy HEA1 (without Nb) are represented as solid lines, while the p-h curves of alloy HEA2
(with NDb) are represented as dashed lines. The first significant finding observed is that the
Ycu phase showed no significant variation in nanohardness, remaining in the average range
of 2.75 GPa and 2.46 GPa in samples without Nb doping and with Nb doping, respectively.
This is a key indicator of the possible absence of the Laves phase since it typically has Cu
as a preferred nucleation site [69].
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Figure 10. p-h curves obtained for the investigated high-entropy alloys.

The nanomechanical response of the primary austenitic y phase shows a slight change
in its stiffness and hardness when examining the unloading slopes. The obtained hardness
values indicate that incorporating Nb under the processing conditions did not significantly
harden the solid solution matrix. The obtained values for the austenitic phase ranged from
5.55 GPa to 5.97 GPa on average for alloys HEA1 and HEA2, respectively. This result is
reasonable, as observed in the images from backscattered scanning electron microscopy,
where Nb was found to be segregated within the matrix (Figure 5), and it is extremely
challenging to identify enriched regions using nanoindentation microscopy techniques.
Furthermore, the scanning range used to identify the nanoindentation areas is 15 x 15 pm,
further complicating the identification of Nb-enriched solid solution zones within the
austenitic matrix.

The nanomechanical response for the ferritic phase exhibited significant variations.
The nanohardness for ferrite in alloy HEA1 had a value of 6.40 GPa. However, alloy HEA?2,
which contains Nb doping, yielded a nanohardness of 7.32 GPa. This result may be related
to the interaction of the sigma phase in ferrite, as it preferentially precipitates within the
ferrite and along grain boundaries (Figures 5 and 7). Furthermore, only in alloy HEA2 was
the presence of the sigma phase found, and the average nanohardness value was 9.71 GPa.
Therefore, it can be assumed that due to its broader nanohardness spectrum, which is
significantly broader than that of HEA1, Nb-dopped HEA2 should lead to improved
mechanical properties, combining the ductility of softer phases with the strength of hard
phases [70]. Furthermore, Nb additions into HEA have shown promising results not only
for wear resistance, including hot wear, but also for corrosion resistance [50,71]. Further
developments in HEA?2 are therefore worth pursuing in the future.

3.4. Development Prospects for the New HEA Dopped with Nb

Ultimately, this study is centered on the development of a new high-entropy alloy
(HEA) that already exhibits improved phases and properties under sintering conditions.
However, the new alloy still needs to undergo subsequent processing following established
routes, such as optimized sintering followed by high-temperature annealing, in order to
achieve greater material densification, stabilize the most intriguing phases, and simulta-
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neously enhance chemical homogenization and phase distribution. This approach aims
to optimize thermomechanical processing parameters to yield enhanced properties and
is part of a forward-looking study extending beyond the scope of the current research.
Enhanced properties may encompass wear resistance, including high-temperature wear
and corrosion resistance, which will be addressed in future work.

The primary objective of this work focused on the formation of the sigma intermetal-
lic phase with the addition of Nb and the ability to predict intermetallic phases using
an analytical approach based on the atomic packing factor (APF) and machine learning
with a random forest model applied to high-entropy alloys and complex compositions.
Furthermore, we aimed to demonstrate the presence of the observed phases with a compu-
tational CALPHAD approach, along with microstructural and mechanical characterization
at small scales, both at the micrometric and submicrometric levels. It was also demon-
strated that the analytical APF-based prediction method provides a superior description
of intermetallic phases. Thus, it is recommended that the random forest model utilize the
packing factor as a phase descriptor in future work to further enhance its performance and
predictive capabilities.

4. Conclusions

The predictive capability of complex multicomponent alloys using the new VEC-based
analytical method, machine learning with the random forest model utilizing a robust
database, and CALPHAD were corroborated in two newly developed high-entropy alloys
using powder metallurgy. According to the results of this study, the following conclusions
can be drawn:

Phase prediction using analytical methods, machine learning, and CALPHAD com-
putational simulation were consistent for the HEA1 and HEA?2 alloys. These results were
further substantiated with microscopy and microscale/submicroscale characterization.

At the microscale, a clear solid solution strengthening effect was observed in austenite.
However, at the submicroscale, this phenomenon was not evident due to Nb segregation in
the austenitic matrix, as revealed with backscattered electron scanning electron microscopy.
Similarly, a co-deformation state was observed in the ferrite of the HEA?2 alloy, attributed
to the presence of the sigma phase at grain boundaries, as detected with nanoindentation.

Nb in the FeCrMnNiCu composition system increases the driving force for sigma
phase formation over Laves phase formation when Nb is present in low proportions.

The predictive accuracy of the VEC method is comparable with high-precision machine
learning models equipped with extensive databases and advanced conventional techniques
such as CALPHAD.
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