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Abstract: In this study, high entropy FeCoNiMnMoV and FeCoNiMn (Ferro Mo-Ferro-V) alloys were produced by arc melting
method. After the arc melting process, the samples were annealed at 1000°C under argon atmosphere for 15 hours physical and
thermodynamic calculations were performed to determine the properties of the alloy. In the study, both alloys were
characterized. For characterization, XRD, SEM, EDS and Micro hardness were taken from the samples. The aim of my study
is to examine the effect of using low-priced starting materials on the microstructure of HEA. For this purpose, ferro-alloys were
added to the alloy. As a result, similar properties were obtained for the microstructure of both alloys. However, it has been
determined that the hardness of samples containing ferro-alloys decreases more due to their chemical composition, especially
after heat treatment.
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Ark-Ergitme Yontemi ile ﬁre_pilen FeCoNiMnMoV Bilesimine Sahip Yiiksek Entropili Alasimin
Ogzelliklerine Ferro-Alasimlarin Etkisi

Oz:Bu ¢aligmada yiiksek entropili FeCoNiMnMoV ve FeCoNiMn (Ferro Mo-Ferro V) alagimlar ark ergitme yontemi ile
iretilmistir. Ark ergitme islemi sonrasi numenelere 1000°C’de argon atmosferi altinda 15 saat tavlama islemi uygulanmustir.
Alasimin 6zelliklerini belirlemek i¢in fiziksel ve termodinamik hesaplamalar yapilmistir. Caligmada her iki alagim karakterize
edilmigtir. Karakterizasyon i¢in numunelerden XRD, SEM,EDS ,Mikro sertlik alinmistir. Calismanim amaci diisiik fiyatl
baslangi¢ malzemelerinin kullanilmasinin HEA’larm mikro yapisina etkisini incelemektir. Bu amagla alasimi igine ferro
alasimlar ilave edilmistir. Sonug olarak, her iki alasim mikro yapisi i¢in benzer 6zellikler elde edilmistir. Ancak 6zellikle 1s1l
islemden sonra ferro alagimli numunelerin kimyasal bilesimlerinden kaynakli olarak sertliklerinin daha fazla diistiigii tespit
edilmistir.

Anahtar Kelimeler: Yiiksek Entropili Alasim, Ark Ergitme, Ferro Alasimlar, SEM, Sertlik.

Introduction

Some properties are improved and some are worsened by the alloy. The intermetallics that are hard and brittle
and form in the structure make the alloy stronger, but they also make it less plastic[1]. Each new material leads to
a new application area, thus leading to the development of engineering practices. The search for new materials
continues at full speed today. In many traditional alloys, a family of alloys based on the main element is obtained
by adding different types of alloying elements to a main element [2]. For example, Zn, Mg, Si, Mn added to Al
causes the emergence of new alloys with different properties. While Si provides increased strength, Mg causes the
development of corrosion properties. [3]. The formation of complex microstructures, intermetallic compounds and
precipitate phases is the result of adding different metals to the base metal in various proportion [4]. Intermetallic
compounds that are typically hard and brittle are formed when the amount of minor alloy element increases. The
strength of the alloys is enhanced, but the plasticity of the alloys frequently declines. [5]. In the alloy concept first
proposed by YEH and her colleagues in 1995, new generation alloys that are not similar to traditional alloys have
emerged [6] . This new generation alloy concept is called “high entropy alloy (HEA)”. HEAs are groups of alloys
containing 5 or more major elements [7, 8]. Each major element has a concentration between 5% and 35% [9,
10]. The mixing entropy in these alloys is very high compared to conventional alloys. Unlike conventional alloys,
the formation of simple structured solid solution phases is observed in these alloys instead of several dozen phases
and intermetallics that cause embrittlement. These simple structured solid solutions in HEAs make HEAs different
from other alloys. High strength, excellent wear resistance, unusual fatigue resistance, low temperature strength,
good corrosion resistance, antioxidation and excellent microstructural stability are the properties that make HEAs
better than conventional alloys [11-14]. HEAs have the potential to be used in many engineering applications
thanks to the unique properties they exhibit. HEAs have some disadvantages. One of them is their weight. The
other is their cost, which is more important than their weight. Since HEAs are alloys obtained by adding at least 5
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metals in equimolar and/or near-equimolar ratios, this causes their costs to increase [15]. The Ferro-alloy form of
a metal is preferred over its pure form for alloying in the traditional alloy production sector. The reason is that the
Ferro-alloy form of a metal is significantly less expensive than its pure form [16, 17]. The production of HEAs
will be more affordable by using ferroalloys in HEAs. Ferroalloys are of two types; these are those produced in
high quality and those produced in lower quality. Even in high quality Ferroalloys, there are still some impurities.
The effect of these impurities found in ferroalloys on the properties of HEAs is an issue that needs to be
investigated. In this study, HEA alloy in FeCoNiMnMoV composition was also produced using some Ferroalloys
and the changes between the structural and some mechanical properties of both alloys were revealed.

2. Experimental Procedure

High purity V (Merck, 99.5%), Co (Merck, 99+%), Fe (Merck, 99%), Ni (Merck, 99.5%), Mo (Merck,
99.5%), Mn (Nanography, 99.5%) metals were used in the first method, and high purity Al, Co, Fe, Ni were used
in the second method to produce HEA with FeCoNiMnMoV composition in this study. However, instead of high
purity Mo and V, high quality Ferrovanadium and Ferromolybdenum were used. Ferrovanadium and
Ferromolybdenum were obtained from Acarer Metal company and their compositions are given in Table 1.

Table 1. Compositions of Ferroalloys used in the study

Ferrovanadium Ferromolybdenum
\ 65 % min Mo 70 % min
Al 1.5 % max Cu 0.5 % max
Si 2 % max Si 1.5 % max
P 0.1 % max S 0.01 % max
C 0.25 % max C 0.1 % max
P 0.05 % max

Table 2. Sample codes, composition, processes

Sample Code Composition Treatment
S1 (As-Cast) Only Elemental Metal Powders Arc Melting
S2 (As-Cast) Ferroalloys and Elemental Metal Powders Arc Melting
SG1 (Cast-Annealing) Only Elemental Metal Powders Annealing after Arc Melting
SG2 (Cast-Annealing) Ferroalloys and Elemental Metal Powders Annealing after Arc Melting

Sample codes and the procedures performed on the samples are given in Table 2. The powders weighed in
appropriate proportions were mixed and turned into pellets. Then, the obtained pellets were melted 3 times
consecutively using Arc-melting to obtain alloys. The other group of samples were subjected to annealing at
1000°C under argon atmosphere for 15 hours after the arc melting process (Table 2). The flow chart for the
experiment is given in Figure 1.
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Figure 1. Experiment flow chart
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The obtained samples were subjected to X-ray diffraction spectra (XRD, RIGAKU Miniflex 600) analysis
for morphological examinations. Then, the samples were examined with scanning electron microscopes (SEM,
Hitachi SU3500) and energy dispersive spectroscopy (EDX, Oxford AZtech) and Mitutoyo Corporation brand
microhardness tester. Additionally, formulas for determining the properties of alloys are given in Table 3.

Table 3. Formulas required for physical and thermodynamic calculations of alloys

Formulation Amorphous Solid solution (SS) SS-+Intermetalic
Im
6 2
5= ’Z ¢ (=) 829 [19] 0< 5 <8.5[19] SS and IM
r 3.6% < 31 < 6.6%
[18] M ,8r > 6.6 %
[20]
Q Ty ASpmix - Q>1.1[18] MI<Q<2
= AH SSandIM 1.1 <Q < 10
[18] [20]
- VEC <6.87 BCC -
VEC > 8 FCC
VEC n 6.87 <VEC >8:
VEC = Z C; (VEC); FCC+BCC
7 [22]
[21]
ASnix - 7< ASmix <14 Jmol-! 11< ASpmix <19.5 -
ASpmix = —R Z C;Ing; K- [19] Jmol! K-'[19]
1A
[21]
AHyix = . -35< AHpix <-8.5 -22< AHpix <7
AHp = Z 4AHT™ kJmol-1[19] kJmol-1[19] Containg IM;
i=1j#i AHpix <-7.5
[20]
[21]

In the given equations, the value of n represents the number of components (ci and cj). i and j give the mole
fractions of the elements in the alloy. In addition, the binary mixing enthalpy values (4 Hijmix) between the elements
i and j can be calculated with the Miedema approach [23].ASmix, represents the mixture entropy, ASconf represents
the configuration entropy. 8 gives the atomic size difference. In the formula (r) refers to the atomic diameter of the
alloying elements. The term Q refers to the probability of forming a solid solution. In this expression €2, is a symbol
of the conflict between entropy and enthalpy. VEC describes the valence electron configuration. Using the
formulas in Table 3 and the Miedema approach, the thermodynamic and physical properties for the S1 and S2
alloy are given in Table 4.

Table 4. Physical and thermodynamic properties for samples S1 and S2

Sample Code AScont ASmix AHwmix VEC Q o Tm
S1 1.79R 14.88 -4.377 7.47 6.07 7.28 1990.9
S2 1.77R 14.71 -2.91 7.55 9.92 7.36 1961.7

3. Results and Discussion

Figure 2 shows the XRD analysis results of samples S1, S2, SG1 and SG2. S1 sample is the sample produced
using elemental metal powders and arc melting. Sample S2 is an HEA sample produced by arc melting using both
elemental powders and ferro-alloys. 3 characteristic peaks are seen in both the XRD spectra of the S1 sample and
the S2 sample (Figure 2.a - b). The most intense and broad peak at approximately 43¢ is the peak showing BCC
and FCC structure. Since the peak is strong and broad, the (111) FCC peak and the (110) BCC peak are on top.
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Other characteristic peaks are the FCC peak at approximately 52° (200). The peak at approximately 73° is the (220)

FCC peak.
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Figure 2. XRD spectra a) S1, b) S2, ¢) SG1, d) SG2

Figure 3. a) S1 (500X), b) S (5000X), ¢) S2 (500X), d) S2 (5000X)
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XRD spectra of SG1 and SG2 samples are given in Figure 2c and d. SG1 and SG2 samples are the samples
of SI and S2 annealed at 1000°C for 15 hours after arc melting. As can be seen from the XRD spectra, the
characteristic peaks at 43°, 52° and 73° are also present in the SG1 and SG2 samples. However, at the end of the
annealing process, it is seen that Cos.ssFeis47 Vizz, CoMo:Ni, Fe:Mo and FeMns structures precipitate.
Additionally, Co3Al3Sis and various aluminides are observed to precipitate in the SG2 sample. The high annealing
temperature of 1000 °C and the long annealing time of 15 hours caused the precipitation of such structures. Because
both temperature and time contributed to the diffusion conditions for the formation of these structures. The main
reason why these phases cannot precipitate in S1 and S2 samples is that cooling occurs very quickly after the arc
melting process and there is not enough time for the metals in solid solution to come out of the cage. Therefore,
solid solutions seen in classical HEAs were observed in samples S1 and S2. Although there is no Al and Si in the
composition of the alloy, it was observed that Co3Al3Si4 and various aluminides were formed in the SG2 sample.
The reason for this situation is due to the ferro-alloys used in the SG2 sample. As seen in Table 1, Ferro-alloys
contain up to 1.5% Al and Si.

Figure 3 shows the SEM images of S1 (Figure 3.a-b) and S2 (Figure 3.c-d) samples at different magnifications
after casting. It is seen that the S1 sample has a thinner casting structure than the S2 sample and the dendritic
structure is longer and more continuous. It is seen that the dendritic structure in the S2 sample is discontinuous
and the grains are coarser compared to the S1 sample.

Each sample was inspected and analysed by scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS), and mapping was carried out to verify the spatial distribution of the alloy components. A
SEM image and typical mapping of a 6-component alloy is shown in Figure 4.(a-b). The regions in the mapping
with a good distribution of alloying elements showed the formation of the high-entropy alloys that were the
objective of this study. From these results, when the elemental mapping given in Figure.4 for the S1 sample of the
microstructure of this alloy is examined, it is seen that Mo, V, Co, Fe elements are concentrated in the dendritic
phase, while Ni and Mn are in the dendritic phase in less density. The mapping for each element is shown in the
Figure.4 (c-h). It is seen that the regions rich in vanadium element are concentrated as a separate phase within this
dendrite phase. In the interdendritic structure, Mn, Fe, Ni, Co elements are predominantly seen. V is not seen in
the interdendritic structure.

In Figure 5.(a-b),SEM image and the elemental mapping for the sample S2 is given. The mapping for each
element is shown in the Figure.5 (c-h). Here, similar to the S1 sample, it is seen that Mo, V are more concentrated
in the dendritic phase, Mn and Ni elements are more concentrated between the dendrites, and Co and Fe are
concentrated in both regions.

Figure 6 shows the microstructure images of SG1 (Figure 6.a-b) and SG2 (Figure 6.c-d) samples at different
magnifications. SG1 and SG2 samples are the samples after heat treatment. Therefore, especially in the SG1
sample, it is seen that the dendritic arms in the structure have transformed into equiaxed grains. The structure is
coarser in the SG2 sample. This suggests that the different elements in the ferro alloy cause a slow diffusion effect
in the homogenization annealing.

Figure 7. (a-b) shows SEM image and the elemental distribution mapping for the SG1 sample. The mapping
for each element is shown in the Figure.7 (c-h). With the effect of heat treatment, the elements are distributed
more homogeneously between grains and grains. We can say that only Mo is present in the grain and the other
elements are more homogeneously distributed. According to the XRD analysis given in Figure 2, different
precipitates formed in the structure due to the effect of heat treatment. These precipitates are Coa.3sFe13.47 Viza,
CoMo:Ni, FexMo and FeMny
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. 27% Mol 20% VK 12% MnK . 16% FeK . 14% CoK . 11% NiK

Figure 4. S1 sample a)SEM image b)Elemental distribution mapping for the sample c-h) The mapping for each
element
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. 18% Mol 25% VK 11% MnK . 20% FeK

. 13% CoK . 11% NiK

Figure 5. S2 sample a) SEM image b) Elemental distribution mapping for the sample c-h) The mapping for
each element
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. 31% Mol 19% VK . 11% MnK . 15% FeK . 13% CoK 10% NiK

Figure 7. SG1 sample a) SEM image b)Elemental distribution mapping for the sample c-h) The mapping for
each element
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- 22% Mol 25% VK . 9% MnK . 19% FeK . 14% CoK 10% NiK

Figure 8. SG2 sample a) SEM image b)Elemental distribution mapping for the sample c-h) The mapping for
each element

Figure 8. (a-b) shows the elemental distribution mapping and SEM image of the SG2 sample. The mapping
for each element is shown in the Figure.8 (c-h). In Figure 8.a is seen that the regions rich in the V element have
expanded. The Mo element is also present in the grain. Unlike SG1, Mn and Ni elements are concentrated at the
grain boundary in the SG2 sample. According to the XRD graphs, Co3Al3Sis and various aluminides were
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precipitated for the SG2 sample. Although they are not included in the alloy, structures containing Al and Si come
from ferroalloys.

Il Grain
[ Intergranular

Microhardness (Hv)

Samples

Figure 9. Microhardness of samples

In Figure 9, microhardness analysis was performed on the grain and intergranular regions of the samples.
Accordingly, when S1 and SG1 samples were compared with each other, the hardness of the grain and intergranular
region changed as a result of the separation and diffusion in the elements after the heat treatment. The same changes
are observed in S2 and SG2 samples. Comparing S1 and S2, while the hardness within the grain does not change,
the hardness in the intergranular region is higher than the S1 sample. In SG1 and SG2 samples, the effect of heat
treatment is seen; while the hardness of the intragranular region decreases, an increase is observed in the
intergranular region. This situation was considered as the expected effect of homogenization annealing. Because
the elements had enough time to diffuse during annealing. The effect of lattice distortion provided by high entropy
decreased with annealing. This caused a decrease in hardness.

4. Conclusions

This study focuses on investigating the effect of lower-priced starting materials to create high-entropy alloys.
For this purpose, FeCoNiMnMoV and FeCoNiMn (Ferro Mo-Ferro-V) alloys have been successfully produced by
the arc melting method. As a result of the microstructure research, a coarser grained structure was observed,
especially in the samples with ferroalloy addition, after casting and after heat treatment. As a result of the
microhardness test, it was observed that the hardness decrease was greater in ferro-alloy samples, especially after
heat treatment.
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