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Fourteen alloys of the FeCoNiAlxMnx system were processed by laser metal deposition (LMD). The feed-
stock was a weighted and proportional blend of the containing elemental powders, targeting the nominal
alloy compositions. Prior to processing, the composition and particle characteristics of the feedstock were
assessed. The microstructural features and crystal structures of all LMD processed materials were char-
acterized with scanning electron microscopy/energy dispersive spectroscopy and x-ray diffraction, in both
as-received and heat-treated conditions. Selected samples were investigated via scanning transmission
electron microscopy and electron backscattered diffraction for further structural understanding. Hardness
tests, under various indentation loads and dwelling times, were performed to assess the mechanical
properties of the processed samples. The results showed a rise in hardness as Al and Mn contents increase.
The variation of hardness with composition follows a reverse sigma-type curve, reflecting the
microstructural evolution and grain size variations in the alloys. Based on the hardness data, we suggest a
trained and validated predictive model, which can be used in alloy design for future developments.
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1. Introduction

The development of new design strategies for metallic alloys
is a persistent, yet critical issue in materials science (Ref 1). The
concept of high entropy alloys (HEA) has significantly
contributed to transforming the so far traditional view of
metallic materials (Ref 2). By definition, HEAs consist of at
least five principal elements, with each one at a concentration
between 5 and 35 at.% (Ref 3). During the last years, HEAs
have attracted considerable scientific attention, mostly due to an
unprecedented combination of microstructural features, such as
simple solid solutions (fcc, bcc or hcp), nanocrystalline,
amorphous phases, mesophases or other complex phases (Ref
4). These features have resulted in most cases to a unique
combination of intriguing properties, such as good structural
stability, remarkable combinations of strength/hardness and
ductility, exceptional wear resistance, good corrosion/oxidation
response, often along with interesting functional properties

including electrical, magnetic and hydrogen storage applica-
tions (Ref 5-7). This new class of materials broadened the
synthesis limits by enabling the production of a wide range of
microstructures associated with properties and new application
areas currently unexplored by conventional materials (Ref 8).

In recent studies, HEAs do not only refer to single-phase
solid solution microstructures. A wider and more flexible range
of compositions has gradually been selected, giving rise to what
is commonly referred as complex concentrated alloys (CCA),
multi-principal element alloys (MPEA) or simply �baseless�
alloys (Ref 9). The range of these materials� structures and
properties has extensively been analyzed in numerous studies
(Ref 10). In brief, alloy families of 3d transition metal CCAs or
refractory metal CCAs exhibit amorphous, nanocrystalline,
single-phase or multi-phases, while combining properties that
may differ from those of conventional alloys. Many refractory
CCAs can potentially compete with nickel superalloys offering
increased operating stress and temperature conditions, as well
as thermal expansion, conductivity, and diffusivity values
similar to those of highly alloyed steels and superalloys.

Additive manufacturing technologies provide opportunities
in blending various elemental and/or alloy powders and have
therefore become methods of choice to create new alloy
compositions through in situ alloying (Ref 11-14). There has
been a pronounced activity to use theoretical and computational
models to predict multi-component structures. However, simple
criteria able to consistently predict the formation of intermetal-
lic phases and/or secondary solid solutions have not yet been
established. As of today, there have not been globally
established criteria to verify HEAs containing either inter-
metallic phases and/or single solid solutions (Ref 15). Even so,
these models proved to be helpful tools in alloy design and
composition selection, targeting to the respective desirable
phases and properties.

Further studies assessing process–structure–property rela-
tionships as well as focusing on the development of predictive
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Table 1 Nominal and obtained compositions (at.%) of the alloys synthesized via LMD and hopper feed of the two
batches

Sample Nominal composition, at.%
Obtained composition (Dark

area), at.%
Obtained composition
(Bright area), at.%

Fe-Co-Ni Hopper
speed, %

Al-Mn Hopper
speed, %

S1 Fe10.9Co10.9Ni10.9Al33.6Mn33.6 Fe14.8Co14.7Ni12.9Al29.1Mn28.5 Fe22.8Co9.0Ni5.9Al12.6Mn49.7 24 68
S2 Fe18Co18Ni18Al23Mn23 Fe16.8Co17.9Ni17.9Al26.0Mn21.4 Fe22.9Co17.8Ni8.7Al15.4Mn35.2 28 61
S3 Fe20.8Co20.8Ni20.8Al18.8Mn18.8 Fe18.2Co17.9Ni20.0Al26.1Mn17.8 Fe25.7Co16.0Ni12.3Al17.8Mn28.2 30 57
S4 Fe22.5Co22.5Ni22.5Al16.2Mn16.2 Fe19.2Co18.5Ni21.9Al24.7Mn15.7 Fe28.0Co20.9Ni16.8Al12.8Mn21.5 31 53
S5 Fe24.2Co24.2Ni24.2Al13.7Mn13.7 Fe21.9Co22.4Ni21.5Al19.6Mn14.6 Fe28.5Co21.3Ni16.9Al13.7Mn19.6 33 50
S6 Fe26.5Co26.5Ni26.5Al10.3Mn10.3 Fe23.2Co25.8Ni26.2Al14.2Mn10.6 Fe25.3Co24.9Ni22.8Al14.6Mn12.4 35 44
S7 Fe27.5Co27.5Ni27.5Al8.8Mn8.8 Fe21.9Co24.0Ni23.1Al18.6Mn12.4 Fe25.7Co25.2Ni22.4Al12.6Mn14.1 36 41
S8 Fe27.9Co27.9Ni27.9Al8.1Mn8.1 Fe25.4Co24.2Ni22.5Al16.9Mn11.0 Fe26.2Co26.2Ni22.9Al11.6Mn13.1 37 40
S9 Fe28.1Co28.1Ni28.1Al7.8Mn7.8 Fe28.0Co24.4Ni21.9Al13.8Mn11.9 Fe22.3Co22.1Ni26.1Al18.7Mn10.8 37 39
S10 Fe28.8Co28.8Ni28.8Al6.8Mn6.8 Fe29.7Co26.4Ni21.9Al11.9Mn10.1 Fe21.5Co21.7Ni20.5Al19.9Mn16.4 38 37
S11 Fe29.4Co29.4Ni29.4Al5.9Mn5.9 Fe26.3Co28.6Ni21.7Al14.7Mn8.7 Fe17.9Co21.1Ni26.6Al20.7Mn13.7 39 35
S12 Fe29.6Co29.6Ni29.6Al5.6Mn5.6 Fe26.9Co26.7Ni22.2Al15.3Mn8.9 Fe27.3Co27.2Ni25.7Al11.0Mn8.8 39 34
S13 Fe31.6Co31.6Ni31.6Al2.6Mn2.6 Fe29.9Co28.9Ni28.5Al6.9Mn5.8 Fe30.2Co29.8Ni26.9Al8.4Mn4.7 43 26
S14 Fe32.3Co32.3Ni32.3Al1.6Mn1.6 Fe30.9Co29.9Ni25.2Al8.3Mn5.7 Fe31.9Co31.8Ni27.1Al4.7Mn4.5 44 23

Figure 1 (a) Schematic illustration of the experimental setup of LMD, (b) calibration curves of the hopper system, showing a linear
dependency. The nominal composition of the ingot material can be continuously adjusted by running the two hoppers at different speeds and (c)
The 14 different FeCoNiAlxMnx alloy blocks produced. The samples that are shown broken are due to mishandling under cutting process from
the substrate
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models are also important in order to evaluate the processability
and applicability of these materials. To puzzle out the key
points of constituent phase evaluations in CCAs and connect
them with their actual properties, new screening tools and phase
evolution theories are also of high demand. In the above

context, the present work is an attempt to correlate the additive
manufacturing method of LMD with the produced structure and
mechanical properties of various CCAs of the FeCoNiAlxMnx
system.

2. Experimental Procedure

Elemental powders of Fe, Mn, Co, Ni and Al were
characterized for purity and size distribution by analytical
scanning electron microscopy (SEM). The powders were sieved
using a Retsch AS 200 Control system to remove particles with
sizes below 35 lm and above 200 lm, and their stoichiometric
amounts were roll mixed to obtain two batches of Al-Mn and
Fe-Ni-Co nominal compositions. These batches were loaded in
a powder hopper consisting of two separate containers, to feed
various blends to the LMD system (Table 1). The mass
dispensing rates of each powder hopper were adjusted individ-
ually to achieve the stoichiometry of the target alloy, as a
function of the hopping speed. Powders in the two containers
were mixed and transported by an argon gas stream to the LMD
nozzle (Fig. 1a). The dispensed rate of each powder batch was
calibrated, and a linear relation between hopper speed and
dispensed mass was established, so that reproducibility could
be achieved (Fig. 1b). Samples (deposits) with the shape of
small bricks (Fig. 1c) and approximate dimensions of 30 9
15 mm were produced. The total mass dispense rate was kept
constant, resulting in a similar mass for all fabricated samples.

The structure of the deposited samples was characterized in
the as-received samples and after heat-treatments by analytical
SEM and powder x-ray diffraction (XRD), while the mechan-
ical properties were evaluated with a Vickers microhardness
tester. Based on the recent work of Yang et al (Ref 16) who
studied the same alloy composition, two heat treatment menus

Figure 2 Backscattered electron micrographs of the elemental powders used in the LMD production of the FeCoNiAlxMnx system

Figure 3 Comparative x-ray diffractograms of the FeCoNiAlxMnx
alloys synthesized by LMD. The * peaks correspond to an ordered
bcc-based lattice, while the h refer to the common fcc-type structure
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were selected. The first one involved heating at 1000 �C for
10 h followed by furnace cooling. The second one included
heating at 1000 �C for 3 h followed by water quenching. The
two heat treatment procedures were selected in order to
compare two extreme conditions; a longer exposure at high
temperature followed by slow cooling (low cooling rate) and a
shorter exposure at the same high temperature followed by
rapid cooling (high cooling rate).

Cross-sectional samples were analyzed prior and after heat
treatment, after etching with Nital in a Hitatchi tabletop
TM3000 SEM with a tungsten cartridge filament and an
energy-dispersive detector (QUANTAX 70). Selected as-re-

ceived samples were also investigated via STEM, on an FEI
Titan G2 60-300 kV instrument with an annular bright field
(ABF) detector. EBSD measurements using a FEI Nova
NanoSEM 650 were also performed for selected alloys, in
order to investigate further their microstructural texture and
grain size. A Rigaku MiniFlex600 system using Cu Ka
radiation and fluorescence correction was used for the XRD
measurements. The intensity accuracy verification was tested
using the Silicon NIST 640d standard. Finally, a FM-700
Vickers microhardness tester from Future-Tech was used for the
microhardness measurements performed with two different
dwell times, 5 s and 20 s, and three different loads 0.025 kg,

Figure 4 The microstructure of the Fe28.1Co28.1Ni28.1Al7.8Mn7.8 alloy (S9) at (a) the top and (b) bottom part of the melting pool, showing the
difference in the grain morphology due to grain growth

Figure 5 (a) EDS map for S9 (the relative SEM micrograph is inserted in the upper left corner) and (b) higher magnification SEM
microstructural details for S9
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0.5 kg and 2 kg. Five measurements per sample per testing
condition were performed, and the standard deviation was used
to define the error bars.

3. Results

3.1 Feedstock Characterization

Figure 2 shows images of the elemental powders used to
produce samples via LMD, having different size and shape
distributions prior to sieving. The contents of light elements in
the initial powders were not determined. However, according to
EDS, all elemental powders showed a purity level of more than
99%. Disparity was observed in terms of size distribution and
morphology of the original powder particles. Therefore, each

powder batch was sieved to narrow particle size within the 35–
200 lm range, in order to improve its flow characteristics. The
powder particle morphology did not seem to affect the mass
dispensing property in the vibrating hoppers. Among the
batches, Mn and Al powders were the least flowable ones, due
to the polymorphic shape and variable aspect ratio of the
particles. After blending, an improved flowability was
achieved, as the blended spherical particles from other elements
should have presumably mitigated the poor flow properties of
the non-spherical particles.

3.2 Microstructural Evolution in FeCoNiAlxMnx Systems

Figure 3 shows the comparative XRD patterns of all alloys
synthesized in their as-received condition. The samples of
highest Al and Mn contents (e.g., S1) mostly form a bcc-based
ordered lattice. In samples with intermediate Al and Mn

Figure 6 EDS maps for S9-S14
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contents, a coexistence of both a bcc-based structure with a fcc-
type having a lattice parameter of a = 3.6 Å is observed, while
in samples with low percentages of Al and Mn (e.g., S14), the
fcc-type structure gradually dominates in the microstructure.

In order to understand the effects of the LMD process on the
microstructural morphology, metallographic cross sections
were prepared and observed via SEM. In general, the alloys
exhibited a columnar cellular/dendritic configuration, which
tends to form more equiaxed patterns as the Al-Mn content
decreases.

Figure 4 shows the microstructure of S9, which is a
representative sample as it exhibits all microstructural features
that are present in various fractions in the samples, including
the two main phases: the ordered bcc phase rich in Al and Mn
and the fcc phase with lower Al and Mn contents. The
microstructure of the upper part of the deposited block is
influenced by the rapid cooling of the final melt pool, and this
results in a finer cellular-like configuration (Fig. 4a). On the
contrary, coarse columnar grains are formed in the underlying
layers as a result of lower cooling rates, as captured in Fig. 4b.

These dendritic columnar grains exhibit a growth along the
building direction.

The columnar grains, growing in a single direction at the
bottom of the melt pool, form due to a large temperature
gradient generated at this site (Ref 17). On the contrary, at the
top of the melt pool, the basic microstructural features are
influenced by high cooling rates that restrain the growth of
crystals along a preferential crystal orientation.

The microstructure of the representative S9 alloy is com-
posed of two different phases, appearing as bright and dark
regions. EDS mapping (Fig. 5a) has shown that the Al-rich
phase forms at the inter-dendritic regions, while the Fe-rich
regions correspond to the dendrites. The compositions of these
two regions derived from EDS point analysis are shown in
Table 1. A closer examination of the microstructure showed
that Al- and Mn-rich precipitates mostly form within the
dendrites (Fig. 5b).

EDS mapping for S9-S14 (Fig. 6) further revealed that Fe,
Co and Ni are in general homogeneously distributed in the
dendritic regions. Especially for S9, a characteristic needle-like

Figure 7 Micrographs for S1, S9 and S14 in (a) the as-received condition (AR), (b) after heat treatment followed by furnace cooling (HT-FC)
and (c) after heat treatment followed by water quenching (HT-WQ)

6966—Volume 30(9) September 2021 Journal of Materials Engineering and Performance



morphology that could possibly be correlated with a Wid-
manstätten pattern is spotted.

SEM (Fig. 7), TEM (Fig. 8a-c) and EBSD (Fig. 8d) imaging
of S1, S9 and S14 revealed the following tendencies: The
microstructure of the as-received sample containing the highest
atomic percentages of Al and Mn (S1) consists of large grains
around 30–100 lm (Fig. 7a), while the presence of smaller sub-
grains of the order of around 2 lm is also detected (Fig. 8a).
Reduced Al and Mn contents (S9 and S14) lead to morpholo-
gies with grains over 100 lm up to the range of some mm
(Fig. 7a). In order to further verify this observation, Fig. 8
shows low-magnification Annular Bright Field (ABF)-STEM
images for S1, S9 and S14, respectively. S1 exhibits sub-grains
of 2–3 lm size (grain boundaries are annotated by arrows, see
Fig. 8a). S9 shows clear interfaces between dendritic and inter-
dendritic regions, while the microstructure of S14 exhibits
larger grains without obvious a sub-grain structure. EBSD
mapping for S14 further verified the presence of larger grains in
this sample (Fig. 8d).

Figure 7(b) shows that heat treatment did not alter the
microstructural features of the alloys in a very significant way.
The most obvious changes were observed for S1, where an
increase in hardness was observed upon both heat treatment
conditions. This is attributed mainly to the destruction of the
cellular/dendritic solidification structure (Fig. 7a) and the
formation of equiaxed grains (Fig. 7b) in the case of furnace
cooling. This was well aligned with the increased hardness for
S1 after heat treatment. A slightly coarser grain size (Fig. 7c)
was observed after water quenching, and this agrees with the
slightly reduced hardness after WQ as compared to the FC
sample. Samples with lower Al and Mn contents (S9 and S14),
on the contrary, seem to have maintained their microstructural
texture in both as received and heat-treated conditions.

The slightly lower hardness of the heat treated, and water
quenched sample as compared to the furnace cooled sample is

attributed to the time effect in the conversion of the solidifi-
cation structure. The formation of equiaxed grains upon heat
treatment was facilitated by the synergistic action of the
relatively high treatment temperature and duration, further
assisted by a prolonged furnaced cooling. It seems that water
quenched had as an effect an incomplete destruction of the
solidification structure due to shorter exposure at a high
temperature. The heat treatment conditions were inadequate to
break the solidification structures of the lower Al and Mn
content samples (S9 and S14), and thus, heat treatment had no
effect in the hardness of these alloys.

3.3 Mechanical Properties of FeCoNiAlxMnx Systems

Microhardness values of all as-received and heat-treated
samples were obtained under different loads and dwell times
(Fig. 9). Table 2 presents the high correlation values between
these measurements. The correlation coefficient is used to
measure the strength of the relationship between two variables.
A correlation value of 1 denotes perfect matching of the data,
while a value of 0 represents no correlation between the two
datasets. As it can be seen, despite the observed differences, the
data obtained under different loading conditions and dwell
times are still highly correlated. The lowest correlation value is
detected between the HV5/5sec and the HV5/20sec dataset,
which is still above 96%.

The as-received samples showed a clear increase in hardness
for all experimental conditions with increasing Al and Mn
content, as illustrated in Fig. 9. In this context, S1 with the
highest at.% in Al and Mn showed the maximum hardness
values in all testing conditions, while S14, having the lowest Al
and Mn content exhibited the lowest hardness values. A
reversed sigma-type curve characterizes the variation of
hardness with respect to composition for measurements per-
formed at the shortest dwell time (5 sec), while for measure-
ments with longer dwell time (20 sec), the hardness varies
almost linearly as a function of composition.

The observed differences in hardness when measured at
different loads and/or dwell times could be attributed to the
actual material response. Relaxation of the material after
indentation can be a source of error for the registered hardness
values. According to early studies summarized by Shahdad
et al. (Ref 18), composite materials can show such a behavior.
If the elastic relaxation is high, the indentation area will seem
smaller upon unloading. Depending on the size and distribution
of dispersed hardening particles, smaller indentation areas
caused by low loading levels or short dwelling times are more
sensitive to material spring-back or relaxation. This is observed
for samples S1 to S5 under 25 gr load and 5 sec dwell time.
However, this is not observed under 20 sec loading. Such an
observation suggests that the microstructures of samples with
higher Al and Mn contents probably contain nano-phased
particles, which increase the relaxation of the material when
indentation area is small. The study of such nano-phased
particles is a scope for further investigations of these materials.

To a certain extent, it is generally accepted that the increase
in hardness of HEAs is attributed to solid solution strengthen-
ing manifested by either direct or indirect interactions between
solute atoms and dislocations. However, the formation of
random solid solutions is in practice difficult to achieve in
HEAs, due to the initial solid/liquid partition, the enthalpy
driven phase reordering, or to separation phenomena that are
commonly detected in many systems. Thus, the impact of such

Figure 8 Low-magnification Annular Bright Field (ABF)-STEM
images for (a) S1 (grain boundaries are annotated by arrows), (b) S9
and (c) S14 samples and (d) inverse pole figure (IPF-Z) map from a
selective area of S14 sample, showing large grain size
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local chemical ordering on dislocation motion becomes a
crucial issue. In the present work, it is suggested that structural
ordering influences the hardness variations to a large extent.
The ordered bcc phase, dominating the microstructure of the
samples with high Al and Mn content, is the main factor for the
increased hardness measured in these samples.

Structure ordering can be directly connected to many
thermodynamic and geometric parametric values. In particular,
calculations of the difference in the enthalpy of mixing for all
compositions clearly show that S1 has the most negative value
(DHmix,S1 = �17 kJ/mol), while for S14, the aforementioned

value increases to DHmix,S14 = �7 kJ/mol. This means that the
formation of ordered intermetallic phases is more favorable for
S1, whereas for S14, the reduced tendency for ordering (less
negative DHmix) and the presence of both ordered and
disordered phases are reflected by a drop in hardness.

Moreover, the presence of precipitates is most likely to be an
additional reason for the increased hardness, while the grain
size also influences the hardness variations, since the presence
of smaller grain sizes and/or the sub-grains reflect the increased
hardness for S1 as compared to the rest of the samples, where
larger grains were detected.

Figure 9 Vickers microhardness values of the as-deposited (AD), heat treated in furnace cooled (FC) and water quenched (WQ) conditions (a)
shows the hardness for all as-deposited samples under 5 sec. indentation load dwelling time and (b) under 20 sec. dwelling time, (c) and (d) are
comparing the results in terms of effect of heat treatment on three different samples and under two indentation load dwelling time, respectively
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Additionally, all samples in all testing conditions show
higher microhardness values at a low load exhibiting thus a
normal indentation size effect (ISE) (Ref 19). Materials with
normal ISE are normally not prone to plastic deformation, and
the phenomenon is attributed to intrinsic structural factors, such
as work hardening during indentation, load to initiate plastic
deformation, elastic resistance and mixed elastic/plastic defor-
mation response of the material (Ref 20–22). This is aligned
with the large difference between the microhardness values
obtained upon indentation with low and higher loads for the
high at.% Al and Mn samples, e.g., S1 to S5. The microstruc-
ture of these samples is dominated by the presence of the bcc-
ordered phase. On the contrary, samples with decreasing Al and
Mn content (samples toward S14) exhibit a less intense normal
ISE. The microstructure of these samples is dominated by an
increasing fraction of the disordered fcc phase, which is more
susceptible to plastic deformation owing to more active slip
systems.

Finally, the effect of the heat treatment on the hardness of
the alloys does not seem to be drastic, with the exception of S1
in both dwell times. When applying the lowest load of 25 g, a
sharp increase from 602 to 710 HV is observed for S1 for a
dwell time of 5 sec, while the same trend is followed for a 20
sec dwell time (increase from 583 to 705 HV). The heat-treated
S9 and S14 show a moderate strengthening trend for the lowest
load of 25 g. This upward trend does not seem to be clear when
higher loads of 500 g and 2 kg are applied, for the three
samples. In these cases, the hardness seems to be either
unaffected or to slightly decrease in all samples for all dwell
times in both heat-treated conditions.

The impact of Al and Mn content in the hardness values of
the systems was also analyzed using artificial neural network
model (ANN), where the atomic concentration of the five

elements is selected as input factors and the measured hardness
values under various conditions are set as responses. The best
results in the structure of the ANN and training levels yielding
about 92% and 97% accuracy (R2) for training and validation,
respectively, are shown in (Fig. 10a). Two hidden training
layers were introduced. The first layer is a three-level TanH
type, and the second layer is a linear type. Surface profiler
illustration is used in Fig. 10b, c to present the effect of Al and
Mn content on the 0.025 kg indentation load data. The selected
chemical compositions belong to S1 and S14 in Fig. 10(b, c),
respectively.

By creating the hardness profile as a function of the
constituent elements concentration, the positive role of Al and
Mn is highlighted. The same trend was also observed for all
hardness testing conditions (e.g., varying time and loads), but
for brevity reasons, these results are not illustrated here.
Instead, the respective Python code for the developed ANN is
provided in the supplementary file for further modeling of the
results by the readers, without requiring access to the data
points.

4. Conclusions

A series of HEAs with variable FeCoNiMnAl compositions
were successfully produced by LMD. The microstructures
showed a strong dependence on the processing conditions and
solidification parameters governing constitutional undercool-
ing. The latter triggered a switch in microstructural morphology
from columnar dendritic to equiaxed dendritic, from the bottom
to the top of the melt pool. A variation of the mechanical
properties with composition was observed in the form of an

Table 2 Correlation values of the different hardness measurements (under different loads and dwell time values)
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inverse ‘‘S’’ shape of microhardness values vs composition.
The increase in microhardness with increasing Al and Mn
content was attributed mainly to structural ordering, solid
solution strengthening and grain size variations among the
different samples. Finally, the use of artificial neural network
modeling establishes the structure–hardness relationship and
highlighted the effect of the Al and Mn content on the hardness
evolution.
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9. S. Gorsse, J.P. Couzinié and D.B. Miracle, From High-entropy Alloys
to Complex Concentrated Alloys, C. R. Phys., 2018, 19(8), p 721–736.

10. H.S. Oh, S.J. Kim, K. Odbadrakh, W.H. Ryu, K.N. Yoon, S. Mu, F.
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