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1. Introduction

High entropy alloys (HEA) have been defined as
multicomponent alloys composed of more than 5
constituent elements and the composition of each
element is in the range of 5 to 35at.%. [1] Recently,
high entropy alloys have been studied with increasing
attentions because HEAs have unique characteristics
such as high entropy of mixing, solid solution hardening,
and lattice distortion. [1-3] Therefore, various alloy
systems of HEAs are being investigated for various
applications including high strength alloys, refractory
alloys, cryogenic alloys, etc. [2, 3]

Among those HEAs, W-Nb-Mo-Ta and W-Nb-
Mo-Ta-V  systems have presented outstanding
hardnesses and high-temperature strengths [4,5].
Therefore, those refractory alloys can be promising high
temperature structural materials for future nuclear
energy systems. Senkov et al. fabricated those systems
by vacuum arc melting at a high temperature of 2700°C
[4]. However, HEAs fabricated by mechanical alloying
(MA) can be an interesting study because lower
temperature processing might be possible.

While the vacuum arc melting has been reported as
a primary method for fabrication of single phase HEAs,
powder metallurgical (PM) processing has not been
reported for the W-Nb-Mo-Ta-V HEA system yet.
Generally, it is reported that PM processed HEAs
prepared by MA consist of multiple phases after
sintering [6].

In this study, a W-Nb-Mo-Ta-V alloy was
fabricated for HEAs by using Spark Plasma Sintering
(SPS). The microstructure of sample was observed by
Scanning Electron Microscopy (SEM) and the
crystalline structures and chemical compositions of
mechanically alloyed and sintered sample were
measured by X-ray diffraction (XRD) and energy
dispersive spectroscopy (EDS), respectively. The
mechanical property of the sintered sample was
measured by Vickers microhardness.

2. Experimental Procedure

Five different elements of powders; W, Nb, Mo,
Ta, and V, were mixed to prepare a HEA. Well mixed
powders were ball milled for 30 hours by planetary ball

milling in an Ar atmosphere to protect from oxidation.
Mechanically alloyed powder was sintered by SPS at
1700°C at a heating rate of 100°C/min. Boron nitride
was used as a lubricant and it also reduced carbon
contamination. The sintering atmosphere was set at a
vacuum level less than 1.5x107 torr. The diameter of
cylindrical samples was 1.3cm. Sintered pellets were
polished mechanically to remove surface areas which
may have been contaminated by the graphite mold. The
microstructure and XRD patterns were characterized to
analyze the crystalline structures of HEAs after MA and
SPS. Vickers microhardness was measured on polished
surfaces with 500 g load in 10 different locations.

3. Results

3.1 Microstructure

An SEM image of the sintered pellet was shown in
Fig. 1(a) and (b). Three Kkinds of different phases were
observed in the HEA sample. Bright (1), grey (2), and
dark (3) phase were identified as W-rich, Ta-rich, and
well mixed phases by EDS, respectively (Fig. 1(b)).
While the initial elements primarily reacted for
intermetallic compounds (IMC) during the vacuum arc
melting [7], mechanically alloyed powder did not show
diffraction peaks for IMC, but the BCC diffraction
peaks were broaden due to the MA [6].

The grain size of the sintered alloy was

approximately 1um, which was 20 to 200 times smaller
than that of reported vacuum arc melted HEAs [4, 5].
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Fig. 1. An SEM image of spark plasma sintered HEA.

3.2 XRD analysis

Fig. 2 shows the XRD patterns of before and after
SPS. Mechanical alloyed powder was identified as
having a BCC structure. It means the powder might be
already fabricated as a HEA by MA. The average
mixing enthalpy of the W-Nb-Mo-Ta-V is -4.6 ki/mole
and atomic size difference parameter “3” is 3.0 which
are suitable to form HEAs. The enthalpy of mixing and
the parameter & are identified as ones of the most
important factors to fabricate various HEAs. [2] X-ray
peaks of either mechanical alloyed powder and the
sintered pellet were matching BCC structures,
respectively. However, two kinds of BCC peaks were
overlaped in the XRD patterns of the sintered sample.
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Fig. 2. XRD peaks of the HEA samples before and after
sintering.

3.3 Vickers Hardness

The average value of hardness was measured 10.8
GPa, which is approximately 7 times larger than the
hardness value calculated from the rule of mixtures, 1.6
GPa. This high hardness is attributed to solid solution
hardening and grain size refinement.

4, Conclusions

A W-Nb-Mo-Ta-V HEA was fabricated by MA
followed by SPS. The sintered HEA consisted of three
different phases which are characterized as W-rich, Ta-
rich, and well mixed phases. Two different kinds of
BCC peaks were overlaped in the XRD patterns of the
sintered sample. The average grain size of the sintered
HEA was approximately 1um, which are 20 ~ 200 times
smaller than that of vacuum arc melted HEAs. The
measured hardness value of the HEA pellet was 7 times
larger than the hardness value from the rule of mixtures.

Acknowledgments

This  study  was
2015M1A7A1A02002190.

supported by  NRF-

REFERENCES

[1] Y. Zhang, Y.J. Zhou, J.P. Lin, G. L. Chen, P. K. Liaw,
Solid-Solution Phase Formation Rules for Multi-component
Alloys, Advanced Engineering Materials VVol.10, No.6 p. 534-
538, 2008.

[2] Y. Zhang, T. T. Zuo, Z. Tang, M. C. Gao, K. A. Dahmen,
P. K. Liaw, Z. P. Lu, Microstructures and properties of high-
entropy alloys, Progress in Materials Science Vol.61, p. 1-93,
2014.

[3] S. Guo, Q. Hu, C. Ng, C. T. Liu, More than entropy in
high-entropy alloys: Forming solid solutions or amorphous
phase, Intermetallics, VVol. 41, p.96-103, 2013.

[4] O. N. Senkov, G. B. Wilks, D. B. Miracle, C. P. Chuang,
P. K. Liaw. Refractory high-entropy alloys, Intermetallics,
Vol. 18, p.1758-65, 2010.

[5] O. N. Senkov, G. B. Wilks, J. M. Scott, D. B. Miracle,
Mechanical properties  of  NbxMo,sTaxW,s — and
Vo oNbyMo,gTayW,,  refractory  high  entropy alloys,
Intermetallics, Vol. 19, p. 698-706, 2011.

[6] Y. L. Chen, C. W. Tsai, C. C. Juan, M. H. Chuang, J. W.
Yeh, T. S. Chin, S. K. Chen, Amorphization of equimolar
alloys with HCP elements during mechanical alloying, Journal
of Alloys and Compounds, Vol. 506 p. 210-215, 2010

[71 M. F. del Grosso, G. Bozzolo, H. O. Mosca,
Determination of the transition to the high entropy regime for
alloys of refractory elements, Journal of Alloys and
Compounds, Vol. 534 p. 25-31, 2012.



