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for further studies under heat treatment conditions. Purpose of the work. To investigate the effect of heat treatment, including heating
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The methods of investigation were optical metallography, X-ray diffraction analysis, microhardness measurement, and compression
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Keywords: tests. Results and Discussion. A/CoCrFeNiNb, ,; alloy retains the solid solution structure based on the BCC phase not only in the cast
High-Entropy Alloy state, but also after heat treatment. Irrespective of heat treatment parameters, the alloy retains the hypoeutectic structure consisting
AlCoCrFeNiNb of solid solution dendrites and eutectic with the Laves phase in the interdendritic space. Heat treatment leads to changes in the phase
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composition of the alloy and refinement of structural components. When heated to 900°C, along with the existing solid solution and
Laves phase, o-phase is released in the structure, which increases the microhardness of the alloy, but does not provide improvement
of strength properties due to its low plasticity. The strength properties of the alloy are significantly improved by heat treatment with
; heating up to 1,000°C and 1,100°C. Heating up to 1,100°C is accompanied by an increase in residual strain. The main reasons for
Compression Tests this effect may be transformations occurring both in the solid solution of the BCC phase (dissolution of the B, phase, rearrangement
of the substructure, increase in the lattice parameter) and in the eutectic (increase in the proportion of the Laves phase, refinement
of eutectic cells).
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Introduction

For over two decades, the global community of materials scientists has been developing and investigating
anovel class of metal alloys, known as high-entropy alloys (HEAs) [ 1-4]. Unlike conventional metal alloys
with a single principal component, HEAs are composed of multiple principal components in equiatomic
or near-equiatomic concentrations [3]. Due to the high mixing entropy, HEAs typically exhibit disordered
solid solutions. This phase configuration endows them with enhanced strengthening capabilities and
favorable ductility characteristics, making HEAs promising candidates for structural materials [4—6]. One
of the most extensively studied systems is the CoCrFeNi alloy, which is often modified by the addition of
a fifth element, such as Cu, Mo, Mn, or Al [7-11]. For instance, the thoroughly studied 4/CoCrFeNi alloy
demonstrates excellent synergy of its constituents, as well as the ability to control its phase composition
and structure by heat treatment. Consequently, the resulting alloy achieves an advantageous combination of
strength and ductility properties [12—19].

In the search for optimal HEA compositions for the manufacture of machine components, contemporary
researchers are advancing in two primary directions: either reducing/increasing the content of one of the
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components of the existing HEAs [6, 19-21] or introducing additional elements as alloying agents, such as
Ti, Zr, Si, V, C, Nb, and others [22-27].

Several studies have demonstrated the effect of Nb doping on the structure and properties of A/CoCrFeNi
and related HEA systems [28-31]. It is well established that Nb and the HEA components exhibit negative
mixing enthalpies. Furthermore, Nb possesses the largest atomic size in the system. These characteristics
of Nb contribute to the formation, on one hand, of a stable solid solution with enhanced interatomic bonds,
and on the other hand, of secondary phases that are essential for alloy strengthening. For instance, the work
[28] showed that Nb doping of the A/CoCrFeNi HEA resulted in the formation of a eutectic structure that
included the ordered Laves phase (CoCr)Nb. This leads to alterations in the microstructure and properties of
the alloy, where the compressive yield strength and hardness increase, while ductility decreases. An optimal
combination of mechanical properties is achieved in the hypoeutectic A/CoCrFeNiNb,, , alloy, which was
chosen for this investigation.

Various heat treatment methods, including annealing and quenching, are employed to strengthen HEAs
[20, 32—-37]. In certain instances, heat treatment can enhance both strength and ductility of HEAs [5]. This
unique effect, which is not typical for conventional alloys, necessitates thorough investigation and analysis.

The purpose of this paper is to investigate the effect of heat treatment on the structure and properties
of the AICoCrFeNiNb,, ,, high-entropy alloy (HEA). The heat treatment process involves heating to 900 °C,
1,000 °C, and 1,100 °C followed by air cooling.

Methods

The AICoCrFeNiNb, ,,alloy witha near-equiatomic composition was produced by the arc melting method
in a water-cooled copper crucible under an argon atmosphere. The alloy, whose chemical composition is
detailed in Table 1, was made of components with more than 99.5 wt. % purity. To ensure the homogeneity
of the chemical composition, the ingot was remelted at least five times. The dimensions of the resulting
ingot were 70x35x12 mm. Prior to heat treatment, ingots were cut into fragments measuring 35x12x6 mm.
After heat treatment, the central portions of the fragments were further cut into parallelepipeds measuring
10x4x4 mm. The cut samples were polished and used for compression testing. The remaining portions of
the fragments were utilized for X-ray diffraction analysis, microstructural evaluation, and microhardness
measurements.

Table 1
Chemical composition of AICoCrFeNiNb,, ,; (at.% and wt.%)
Element Al Co Cr Ni Fe Nb
at.% 19.1 19.1 19.1 19.1 19.1 4.5
wt.% 9.8 21.5 18.9 21.4 20.4 8.0

Samples of the AICoCrFeNiNb, , alloy were heat-treated as follows: heating to 900 °C, 1,000 °C, and
1,100 °C, holding for 1 h, and air cooling. For simplicity, the heat-treated samples were designated as 7900,
T1000, and T1100, respectively while the as-cast sample was designated 730

Thin sections were prepared from the samples, and their microstructure was analyzed using an Axio
Observer Alm optical microscope and a Quanta 200 scanning electron microscope (SEM) equipped
with an EDAX energy-dispersive X-ray spectroscopy (£DS) unit. The phase composition was determined
using an XRD-6000 diffractometer with Cu-Ka radiation. The scanning angles ranged from 20° to 80°
with a step of 0.02°. Microhardness measurements were performed with a PM7-3 hardness tester with
a load of 100 g. Compression tests were performed using a universal testing machine (MTS SANS
CMT5105) at a compression rate of 5x10 > mm/s. At least three samples per treatment condition were
measured.
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Results and Discussion

Fig. 1, a shows X-ray diffraction (XRD) patterns of the A/CoCrFeNiNb,,,; alloy in the as-cast state and
after heat treatment. In the as-cast state, the alloy consists of a primary BCC phase, which represents a
disordered solid solution of all components present in the system. The disorder of the solid solution in the
primary phase is attributed to the redistribution of components with various atomic radii in the BCC lattice
and their segregation into two phases with different parameters. The solid solution disorder manifests in
the XRD pattern as splitting of the main BCC peak into two distinct peaks (Fig. 1, ). Furthermore, the
XRD pattern exhibits peaks corresponding to the crystal lattice of the Nb-rich Laves phase, which can be
identified as (CoCr)Nb with a hexagonal structure, as well as the [001] reflection peak of the B2 phase
representing AINi with a BCC lattice [29, 32].

b

Fig. 1. XRD patterns of 4ICoCrFeNiNb,, , alloy in the as-cast state and after
heat treatment (@) with enlarged image in the 20 range of 41-48° (b)
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The existence of the Laves phase is characteristic of AIFeNiCoCrNb alloys where the Nb concentration
corresponds to a molar ratio of 0.25 or higher. In this case, Nb not only dissolves in the primary BCC phase
but also promotes the formation of the secondary — Laves — phase, which forms a eutectic mixture with the
BCC phase [29].

According to the findings of [32], during cooling of the A/FeNiCoCr alloy, the primary crystallized
BCC phase may incoherently separate into a mixture of an unordered BCC phase enriched in Cr-Fe and an
ordered B2 phase enriched in A/-Ni, which is evidenced by the presence of a peak corresponding to the B2
phase in the XRD pattern.

Subsequent heat treatment of the alloy leads to the following changes in the XRD patterns. As the
heating temperature increases, the intensity of the B2-phase peak decreases, while the intensity of the peak
corresponding to the Laves phase slightly increases. In addition, changes occur in the lattice of the primary
BCC phase. Fig. 1, b presents an enlarged view of the (110) peak of the BCC phase. It is evident that, with
an increase in the heating temperature, the peak shifts towards smaller angles, indicating an increase in the
lattice parameter of the BCC solid solution, which suggests changes in the composition of the solid solution.

After heat treatment at 900 °C, peaks of a new phase emerge, which is identified as the tetragonal ¢
phase composed of Cr and Fe. The o phase is absent at higher heating temperatures. The phenomenon of
the o-phase precipitation and dissolution in the BCC phase within a similar temperature range was also
observed previously [29].

The XRD analysis of the AICoCrFeNiNb,,, alloy throughout the entire heating temperature range
shows that the primary phase remains an unordered BCC solid solution. However, upon heating of the
AlFeNiCoCr alloy without Nb, part of the material transforms into an FCC solid solution [29]. Thus, the
addition of Nb helps stabilize the BCC phase and maintain a predominantly single-phase structure in the
high-entropy alloy.

Fig. 2 depicts the microstructure of the 4A/CoCrFeNiNb, ,, alloy both in the as-cast state and after heat
treatment. The alloy consistently exhibits a dendritic morphology with hypoeutectic characteristics. The
microstructure comprises primary dendritic and interdendritic eutectic regions. Dendritic regions consist
of'a BCC phase, while the eutectic structure is a mixture of the BCC and Laves phases. In the as-cast state,
dendritic segregation results in compositional heterogeneity: dendritic cores (BCC phase) are enriched in
Ni and Al, whereas the dendritic periphery and eutectic regions are enriched in Cr and Fe. Nb partially
dissolves in the BCC phase, but most of it enters the composition of the Laves phase [29]. Results of
the elemental analysis in different zones of the as-cast alloy are detailed in Table 2. The same pattern of
formation of the dendritic structure in the alloy was reported in [15, 29].

The dendritic structure that exhibits a dark contrast after etching is surrounded by lighter layers of
the Laves phase, which represents a secondary phase. The secondary Laves phase forms along the solid
solution boundaries during dendritic growth and is attributed to the reduced solubility of niobium in the
solid solution of the principal components during cooling. The enrichment of the peripheral regions of
dendrites with niobium and chromium creates conditions for the formation of the secondary Laves phase
based on these components.

Fig. 2, b shows a defective eutectic structure. Grains of the Laves phase are divided into fragments
with random crystallographic orientations. Since the eutectic, which includes the Laves phase, forms in the
interdendritic space, it is structurally impossible to distinguish between the secondary Laves phase and the
Laves phase present in the eutectic.

Heat treatment at 900—1,100 °C does not alter the dendritic structure of the alloy (Fig. 2). The dendrite
width along the secondary axes ranges from 11 to 15 um. Increasing the heating temperature from 900 °C
to 1,100 °C leads to changes in the structure of the eutectic, this can be observed in high-magnification
metallographic images (Figs. 2, f, h). At the heating temperature of 900 °C, no noticeable changes in the
eutectic structure occur. However, at 1,000 °C, Laves phase fragments begin to align, which is typical of
the eutectic, and the formed lines alternate with the solid solution. At 1,100 °C, eutectic grains are well
defined in the interdendritic space (Fig. 2, #).The XRD analysis confirms the eutectic transformation: the
peak intensity of the Laves phase increases with temperature. This may arise from either the coalescence of
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Fig. 2. Microstructure of 4/CoCrFeNiNb,, , alloy in the as-cast state and after heat treatment:
T30 (a, b); T900 (c, d); T1000 (e, f); T1100 (g, h)
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Table 2
Chemical compositions (at.%) in the 4A/CoCrFeNi alloy in the as-cast state
T30 Al Cr Fe Co Ni Nb
Dendrite core 17.76 16.46 18.61 20.30 24.56 2.40
Dendrite 14.85 21.61 20.75 20.14 21.06 1.59
periphery
Solid solution 12.09 23.86 22.05 19.78 19.28 2.96
1n eutectics
Laves phase 3.80 18.36 21.43 23.66 11.56 21.17

secondary-phase grains or from its increased fraction in interdendritic zones via solid solution precipitation
(Fig. 1, a).

The XRD analysis confirms that an ordered ¢ phase forms in the alloy at 900°C. In [32], it was reported
that the ¢ phase precipitated from the disordered solid solution where it was enriched in Cr and Fe in the
form of dispersed particles. Our SEM studies reveal that 6-phase particles are distributed throughout the
dendrite volume (Fig. 3, b). After heat treatment at 1,000 °C, o-phase particles are still observed, but in
smaller amounts (Fig. 3, ¢). At 1,100 °C, they completely disappear (Fig. 3, d).

The SEM analysis reveals that heat treatment significantly alters the structure of the solid solution within
dendrites (Fig. 3). During alloy solidification, the cooling process leads to the spinodal decomposition of
the disordered solid solution into a Fe- and Cr-enriched disordered solid solution and an ordered B2 phase
enriched in Ni and A4/ [32]. This decomposition results in the formation of the so-called basket weave

c d

Fig. 3. Microstructure of 4A/FeNiCoCrNb,, , alloy in the as-cast state and after heat treatment,
obtained using SEM: T30 (a); T900 (b); T1000 (c); T1100 (d)
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structure, which was described in detail in [15, 32, 37]. In the investigated as-cast alloy, a characteristic
basket weave or banded structure forms in the peripheral regions of dendrites, which is attributed to the
spinodal decomposition of the solid solution. No banded structure is observed in the center of dendrites
(Fig. 3, a).

When the alloy is heated to 900 °C and subsequently cooled, structural heterogeneity in dendrites and
the basket weave structure become more pronounced (Fig. 3, ). Furthermore, as mentioned above, 6-phase
particles precipitate from the solid solution. According to X-ray structural analysis, after heat treatment,
the proportion of the ordered B2 phase decreases, suggesting that the observed contrast within the basket
weave structure is due not to the spinodal decomposition of the solid solution into two phases but rather to
the heterogeneous segregation of atomic components within the disordered solid solution, as described in
[15]. At 1,000 °C, the basket weave structure increases in size and occupies the entire volume of dendrites
(Fig. 3, ¢). Further heating to 1,100 °C causes coarsening (Fig. 3, d).

The average microhardness and the microhardness of the structural components of the alloy are
presented in Table 3. In all heat treatment conditions, the interdendritic regions demonstrate significantly
higher microhardness compared to the dendritic cores.

Table 3
Microhardness of AICoCrFeNiNb,, , alloy in the as-cast state and after heat treatment
Measurement area T30 HV 7900 HV T1000 HV 71100 HV
Dendrites 614 £ 44 582 +37 489+ 53 520 +35
Eutectic 640 + 47 902 + 66 620 + 45 636 + 46
Average value 625 £28 730 £47 545+ 52 572 £56

The maximum microhardness in dendrites of the as-cast alloy is attributed to the unique structure of
the solid solution of the alloy components, which forms during crystallization and cooling. The spinodal
decomposition of the disordered solid solution coupled with the precipitation of the ordered B2 phase
strengthens the alloy. However, heating of the alloy during heat treatment leads to a partial loss of the order
characteristic of the B2 phase, resulting in a decrease in the microhardness of dendrites. Nevertheless, the
precipitation of o-phase particles upon heating to 900 °C allows the microhardness to remain at a high
level. When the heating temperature increases to 1,000 °C, the strengthening effect of the 6-phase particles
disappears. During heat treatment at 1,100 °C, coalescence of the basket weave structure occurs, leading to
the formation of more distinct phase boundaries, possibly due to the increased heterogeneous segregation
of atomic components within the solid solution. This, in turn, slightly increases the microhardness in the
dendritic zones of the alloy.

In the interdendritic space of the as-cast alloy, the microhardness of the eutectic is only slightly higher
than that of the solid solution in dendrites. This means that strengthening due to spinodal decomposition is
comparable in magnitude to that due to the Laves phase (a solid intermetallic compound) in the eutectic.
During heating at 900 °C, as mentioned above, ¢-phase particles precipitate from the solid solution and
concentrate in the Cr-rich interdendritic space. This significantly increases the microhardness of the
eutectic due to strengthening of the solid solution with 6-phase particles in its composition. Dispersed
o-phase particles precipitate in the solid solution of all structural components, significantly enhancing the
microhardness in dendrites. Heating to 1,000 °C and 1,100 °C leads to the dissolution of 6-phase particles
in the primary phase [11], which contributes to a decrease in the microhardness in the interdendritic space
to the values of the initial structure. This is due to the removal of the effect of strengthening due to 6-phase
particles.

When evaluating the integral microhardness of all structural components of the alloy, the overall trend
in the variation of microhardness with heating temperature is retained (Table 3).
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Fig. 4 illustrates compressive stress-strain
responses of the as-cast and heat-treated alloys.
The offset yield strength, compressive strength,
and residual strain are presented in Table 4. The
as-cast alloy exhibits good strength and plasticity
characteristics. Structural transformations in the
alloy during heating to 900 °C have little effect
on the strength properties of the material but
significantly reduce its plasticity. This reduction is
attributed to the precipitation of the brittle 6 phase
in the structure. The authors of [32] also pointed
out the effect of decreased plasticity within a

similar temperature range of heat treatment.
During heat treatment at 1,000 °C and
Fig. 4. Compressive stress-strain curves of the 1,100 °C, a significant increase is observed in the
AlFeNiCoCrNb, , alloy in the as-cast state and after strength characteristics of the alloy. At 1,100 °C,
heat treatment the residual strain also increases. Based on the
results of XRD analysis and optical microscopy, it
can be suggested that the main reason for this effect is transformations occurring both in the solid solution of
the BCC phase (B2-phase dissolution, substructure rearrangement, and an increase in the lattice parameter)
and in the eutectic (increase in the proportion of the Laves phase and refinement of eutectic cells). The
simultaneous increase in plasticity is likely due to the relief of internal stresses, a reduction in the number
of crystalline defects, and coalescence of structural components in dendrites and the eutectic. However, a
more precise analysis of this unique effect on the properties of the 4/CoCrFeNiNb,, , . alloy requires further

research.

Table 4

Offset yield strength, compressive strength and residual strain of A/CoCrFeNiNb,, ,; alloy
in the as-cast state and after heat treatment

o,,(MPa) ¢ (MPa) € (%)
T30 1356 1962 7.7
7900 1605 1894 2.8
T1000 1502 2438 9.8
T1100 1369 2494 16.4
Conclusions

Doping of the 4/CoCrFeNi high entropy alloy with niobium in a molar ratio of 0.25 led to the stabilization
of the solid solution based on the body-centered cubic (BCC) phase both in the as-cast state and after heat
treatment involving heating to 900 °C, 1,000 °C, and 1,100 °C followed by air cooling. The resulting
structure of the alloy, regardless of the heat treatment modes, consisted of dendrites of the solid solution
and a eutectic with the Laves phase in the interdendritic space.

Heat treatment altered the phase composition of the alloy and improved its structural components. Upon
heating to 900 °C, alongside the already formed solid solution and Laves phase, the ¢ phase precipitated in
the structure, which increased the microhardness of the alloy. However, this did not improve the strength
properties due to the low plastic characteristics of the ¢ phase.

The strength characteristics of the alloy significantly increased during heat treatment at 1,000 °C
and 1,100 °C. At 1,100 °C, the residual strain also rose. The main reasons for this effect may include
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transformations both in the solid solution of the BCC phase (such as the B2-phase dissolution, substructure
rearrangement, and an increase in the lattice parameter) and in the eutectic (an increase in the proportion of
the Laves phase and refinement of eutectic cells).
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