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Abstract

TiTaVWCr HEA alloy is a refractory material that is often used as nuclear material. This research
uses powder material and milling using the mechanical alloy method. This research aimed to
determine the microstructure and mechanical properties of the TiTaVWCr HEA alloy milling process
for 4 h, 8 h, 16 h, and 24 h. Tests were carried out using XRD spectra and Secondary Electron
Microstructure-Energy Dispersive Spectroscopy (SEM-EDS) to determine the characteristics of the
material and its microstructure. The results showed that the HEA model with low milling (4 h and 8
h) microstructure distribution was not uniform, and there was agglomeration in certain areas. After
milling was increased to 16 hours, the distribution of elements became uniform, but oxides appeared
on Ti became in the formation of Ti-O. The hardness value shows that the longer the milling time,
the higher the hardness. This phenomenon is related to the increase in grain dimension, and
dislocation density.
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1. INTRODUCTION

High entropy alloys (HEA) are alloys of materials with atomic concentrations of 5% to 35% and
consist of a minimum of five elements in molar ratios or near [ 1]. HEA is one of the most promising structural
materials in current developments for various industrial, aerospace, automotive, and nuclear energy
applications.[2][3]. In addition, HEA exhibits wonderful properties such as having high strength, high
hardness value, good wear, and oxidation, and besides that, it is also resistant to corrosion, has high thermal
stability, and has highly reputable mechanical properties [4][5]. Mixing HEA elements is a concept in the
design of multi-component systems, and this concept will accelerate the development of new system alloys
[6]. There are several techniques used in HEA fabrication, namely casting, arc-melting, sputtering, laser
cladding, and mechanical alloying [7][8][9]. The melting temperature of HEA requires a very high
temperature, hence it is made by melting and vacuum arc casting methods. Furthermore, the heat treatment
process forms a homogeneous microstructure.

Recently, a mechanical alloying method has been developed for HEA production [10][11][12]. In this
method, it is hoped that a smoother and more homogeneous mixture will be obtained.[13][14][15]. In
addition, the mechanical alloying method can also combine and mix materials that have a high melting point
with a low melting point [16][17]. Previous studies have reported by Owais A et al [18] that nuclear fusion
devices such as WTaTiVCr at high temperatures and having a high melting point exhibit high mechanical
properties. In addition, this type of HEA has recently been investigated such as TixWTaVCr [19],
MoNbCrVTi [20], NbMoTaWVCr [21], and Wx(TaTiVCr)1-x [22]. Their results showed that the HEA
had high strength and hardness and a BCC crystal structure. Likewise in the TiTaVWCr alloy, the BCC
matrix occurs because of the Cr element which encourages the formation of the Laves phase. This happens
because the element Cr has the smallest radius [23]. At high temperatures, the refractory HEA microstructure




can affect the mechanical properties that it can increase strength, while at room temperature, it decreases.[24]

In this study, the materials used for the HEA refractory alloy were powder elements Ti, Ta, V, W, and
Cr using the mechanical alloy method and thoroughly characterized. This study aims to study the effect of
variations in milling time 4 h, 8 h, 16 h, and 24 h on the mechanical properties and microstructure after
sintering at 1450°C.

2. METHODOLOGY

In this study, a powder material consisting of Ti, Ta, V, W, and Cr elements was used. These elements
have particle sizes between 1 - 50 microns and purity above 99.5%. The chemical composition is the same
for all elements. The method used in this research is to mix the elements first with the same percentage.
After these elements were mixed, they were milled using a mechanical alloy method for4 h, 8 h, 16 h, and
24 h. The milling process uses a planetary ball mill machine with a rotation speed of 300 rpm and the ratio
between balls and powders is 10:1. During the milling process to prevent agglomeration, stearic acid was
given as a process control agent.

Furthermore, the powder that has been milled is compacted with a pressure of 5 tons within 5 seconds
to become a green compact. Then the compacted green compact was sintered at 1450°C and held for 1 hour.
The XRD spectrum test was used to characterize the phase of the powder, while SEM-EDS was used to
determine the microstructure and composition. Furthermore, the Vickers method was used to measure the
hardness value using a 1 kg load held for 15 seconds, while the Archimedes method was used to determine
the relative density.

3. RESULTS AND DISCUSSION
3.2.1. Characterization of Powders

Figure 1 shows the change in characteristics of powder using XRD spectrum analysis on mixed
powders between Ta, Ti, V, W, and Cr after milling for 4 h, 8 h, 16 h, and 24 h. The un-milled powder
showed very strong peak detection on some of these elements, in this case, the W element had the highest
peak. This is because element W has the highest atomic mass compared to the other elements in this
alloy[25]. In addition to showing strong peak reflections from these elements, there are also elements whose
peaks overlap between Ta and Ti. This happens because the two elements have atomic radii that are close
together[26].
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Figure 1. XRD spectra results of TiTaVWCr powder




After the milling time was increased from 4 h to 24 h there was a broadening of the peaks and the intensity
decreased. This indicates that the milling process causes a decrease in crystal size. In addition, grain
refinement and the occurrence of lattice strain are due to the grinding process. [27]. At the end of milling
(24 h), BCC single-phase alloy powder structure was formed. [28], also due to the high-impact energy of the
grinding medium and the long milling duration [29].

3.3. Microstructural Characterization
3.3.1. Microstructure Analysis

Microstructure of the TiTaVWCr equiatomic alloy with variations in grinding time for 4 h,8 h, 16
h, and 24 h using the mechanical alloying method. The distribution of the structure is shown in Figure 2. At
4 hours of milling, the distribution of the structure was unequal in the HEA matrix; there was an
agglomeration of Ti elements in certain areas. This shows that the milling is not complete and that diffusion
occurs between the constituent elements. In addition, the solid solution has not been completely formed. The
same thing happened to milling for 8 hours, as shown in Figures 2. a and 2. b, following the XRD test in
Figure 1. After milling was increased to 16 hours. The distribution of the elements begins to be uniform, and
a solid solution has occurred. However, element W still dominates the distribution and has a particle size of
about 10 ym there are still significant differences in particle size. Increased milling time leads to even
element distribution and smaller grains, and oxygen contamination. This is due to the grinding medium
during the mechanical alloying process. [30]. In the final stage of milling, there is an even distribution of the
oxide in the matrix. ( Figure 2.d ). In addition to the oxide dispersion, there is also elemental shrinkage and
grain size refinement. As a result, the oxide particles that are produced when a Ti-rich precipitate is present
form a core-shell, which reduces particle size and raises density. [31].
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Figure 2. Results of optical microstructure with grinding time variation: (a). 4 h, (b). 8 h,
(c). 16 hand (d). 24 h

3.3.2. EDS point Analysis

Figure 3 shows the EDS points of TiTaVWCr with variations in grinding time of 4 h, 8 h, 16 h, and
24 h. Milling for 4 h showed that the distribution of elements was incomplete that the distribution of elements




was unequal and that some elements agglomerated in certain areas. Point 1 shows the TiTaVWCr HEA
matrix with dominant tungsten other than Cr and Vanadium with a gray color, and from the milling and
sintering process, there is still agglomeration in certain areas. High concentrations of Ti and O were also
found at point 2 in Figure 2.a. This shows that point 2 means that the oxide is rich-T1, it also contains a small
amount of element V. Furthermore, point 3 shows that Ti-oxide and elements V and Ta also appear, as well
as what happened at milling of 8 h (Figure 3. b).
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Figure 3. EDS images of the TiTaVWCr at grinding time of (a). 4 h, (b). 8 h,(c). 16 hand (d).24 h

The presence of other elements appearing in the 8 h milling process indicates that the process has not
completed the formation of a complete solid solution. After the milling time was increased to 16 h, a solid
solution began to occur, and the distribution of elements spread evenly. At the end of 24 h of milling (see
Figure 3.d) that the distribution of the elements is equal and a solid solution is formed. The distribution of
elements is even between the HEA matrix and the other elements. The presence of oxides in the
microstructure facilitates the formation of Ti oxide. The high oxide content in Ti can cause unwanted phase
deposition during the sintering process. The deposition of this phase causes microstructure segregation.[17].

3.3.3. EDS Mapping Analysis

The results of mapping the TaTiVWCr alloy at a milling time of 24 h are shown in Figure 4. This
was done to determine the composition of each element. In this figure, the distribution of each element is
clearly visible. On the element Ti, the oxide is also clearly visible. This indicates that the Ti-rich oxide can
be easily formed by mechanical alloys with long milling times and high-temperature sintering[32][33]. In
addition, the uniform distribution of elements in HEA materials can be correlated with single-phase BCC
solid solutions.




Figuré 4. EDS mapping analysis of the TiTaVWCr after milling 24 h

3.3.4. Hardness Analysis.
Figure 5 shows the value of hardness that occurs during the milling process. It can be seen in the
figure, that the longer the milling time, the higher the hardness value. At the beginning of milling (4 h), the
hardness value was 432 HV. Furthermore, the milling time was increased to 8 h, there was a change in the
hardness value that increased but was not significant (approximately 13%). This is correlated with the
observation of the microstructure in Figure 2, that the distribution of the elements is not equally distributed,
and there is no complete solid solution. After the milling time was increased to 16 h, there was a very
significant increase in the hardness value (about 58%). This increase in hardness value is caused by the
composition of the elements that have been equally distributed and a solid solution formation. At the end of
milling for 24 h, the hardness value also increased to 1306 HV, apart from the uniform elements distribution
and the solid solution formation, oxides and carbon also appear as a result of the sintering process at high
temperatures (1450%). As for the sintering process, in addition to identifying an increase in the hardness
value, there is also an improvement in grain size and an increase in dislocation density and strain energy.
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Figure 5. Vickers hardness value of the TiTaVWCr

The value of the relative density of TiTaVWCTr is based on variations in milling time, the longer the
milling time causes the density to be higher, as shown in Figure 6. Archimedes method was used in this
measurement. At 4 h milling has a relative density of 83.75 gr/cm?; after the milling time is increased to 8
h, there is no significant change. This happens because, during the 4 h and 8 h milling process, the results
are not perfect; there is still agglomeration in certain areas in the TiTaVWCr HEA alloy, as shown in Figure
2 (microstructure). Furthermore, after the milling was raised again until the end of milling (24 h), the relative
density was very high (98.38 gr/cm’). It is closely related to the previous test (Figure 2. ¢ — d and Figure 4),

that after milling for 24 h a solid solution occurs.
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Figure 6. Relative density of the TiTaVWCr

4. CONCLUSIONS

Research has been carried out with variations in grinding time for 4 h, 8 h, 16 h, and 24 h on
TiTaVWCr HEA equiatomic. The findings indicated that the solid solution phase of BCC was completely
formed after 24 h milling, which was clearly visible on the XRD spectra test. The distribution of
microstructure was equally distributed after 16 h, and at 24 h of milling time, oxides appeared which
facilitated the Ti-oxide formation. Phase deposition is formed due to the presence of high oxide content in
Ti which causes the microstructure separation. Furthermore, the hardness value shows an increase with the
length of milling time. This can be attributed to smaller grain size, dislocation density, and increased strain
energy
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