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1. Introduction 
 

Due to refractory nature, high melting temperature, 
high strength, good conductivity and low erosion and 
sputtering [1], the tungsten (W) is capable of 
withstanding high temperature and plasma environment 
[2]. However, irradiant induced embrittlement, 
reduction in strength beyond 1000°C and the high 
ductile to brittle transition temperature of W are 
obstacles in commercial utilization of W [3]. In order to 
improve the in-service characteristics of W, thorough 
research on W-based composites [4], new W alloys [5] 
and functionally graded materials [6] are in progress. 

The limitations of conventional W alloys such as 
such as high brittleness, high activation energy for 
dislocation’s mobility [7], reduced mechanical strength 
due to reaction phases [8], poor fabricability [9], 
defective passive layer [9], poor workability [10] and 
unavailability of good number of alloy systems [11] 
have persuaded us to divert research focus towards W-
based high entropy alloys [12]  . 

The core effects of high entropy alloys include 
enhanced mixing entropy, sluggish diffusion, severe 
lattice distortion and cocktail effects [13]. These key 
characteristics of high entropy alloys promote the 
formation of solid solution of 5 to 13 principle elements 
[14] with exceptionally high strength, hardness, thermal 
stability, wear resistance, fatigue and creep resistance 
[7]. 

Although the synthesis and exploitation of high 
entropy alloys have been in progress [15], this study 
comprises of our work in which we developed a 
reduced activation W-based high entropy alloy by not 
incorporating Mo, Cu, Nb and by reducing Ti content 
[16]. In this research a powder metallurgical technique 
has been successfully used for producing novel W-
based alloy with enhanced mechanical properties. 

 
2. Methods and Results 

 
2.1 Experimental 
 

The 99.9% pure elemental powders of W, V, Cr, Ta 
and Ti were mixed to develop the powder mixture of 
tungsten-based high entropy alloy containing 20 to 90at.% 
W with equal amount of remaining elements. Mixing 
was carried out in a plastic vial at a speed of 30 rpm up 
to 3 hours. The consolidation of powder mixture was 
carried out by spark plasma sintering (SPS) at 1500°C 
and 1600°C and 50 MPa pressure for 10 minutes. The 

samples were characterized by X-ray diffraction (XRD) 
and scanning electron microscopy - energy dispersive 
spectroscopy (SEM-EDS). The mechanical behavior of 
the samples was investigated by subjecting the samples 
to Vickers hardness tests. 

 
2.2 Results 
 

A significant effect of composition and sintering 
temperature were observed. The alloys prepared with ≥ 
60% W showed full density when sintered at 1600°C. 

The XRD examination of the powder mixture, see 
fig. 1, shows prominent peaks of all elemental powder 
with no distortion in amplitude and width, which 
distinguishes our methodology with conventional 
mechanical alloying. 

The XRD of the sintered samples, shown in Fig. 2, 
exhibits successful development of solid solutions with 
simple mixing with a BCC lattice structure. 

The microstructures of as-polished x%W(100-
x)/4%(TaTiCrV) high entropy alloys, captured with 
backscattered electrons, as shown in Fig. 3, exhibit 
homogeneously distributed dark phases in a bright 
matrix. The chemical nature, analyzed via point energy 
dispersive spectroscopy (EDS) revealed the presence of 
dark Ti-rich phase in bright W-rich matrix. 

 
 

 
Fig. 1. XRD patterns of HEA powder mixture before sintering. 
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Fig. 2. XRD patterns of HEA samples sintered at 1500°C. 
 
 

 
Fig. 3. SEM micrographs of x%W(100-x)/4%(TaTiCrV) 
samples sintered at 1600°C. 
 

 

 
Fig. 4. Variation in volume fraction of Ti-rich phase with W 
content and sintering temperature. 
 

The analysis of SEM images shows that the fraction 
of Ti-rich phase found increases in x%W(100-
x)/4%(TaTiCrV) with decreasing W content up to 40%, 
where it reached to maximum, further reduction in W 
content, causes the fraction of Ti-rich phases to 
decrease.  A significant addition of Ti rich phases to 

HEA samples can also be induced by increasing 
sintering temperature, as shown in Fig. 4.  

The HEA samples were subjected to Vickers 
hardness tests to assess their mechanical behavior. The 
results of hardness tests, as shown in Fig. 5, illustrate 
enhanced hardness due to inhomogeneous stress and 
severe lattice distortion produced by the constituents of 
the HEA [86]. It can also be observed that by changing 
the composition by varying W content from 90at.% to 
40at.%, the hardness can be increased to an impressive 
extent ~750 Hv (when sintered at 1500°C), which is 
much higher than the hardness of pure tungsten i.e. 
~350 Hv. 

The successful development of W-based high 
entropy alloys by simple mixing with enhanced 
physical and mechanical properties emphasizes upon 
the potential of this novel method in the development of 
materials for high temperature and fusion applications.  
 

 
Fig. 5. Variation in hardness with W content and sintering 
temperature. 
 

 
3. Conclusions 

 
An undiscovered potential of an unusual and so far 

disregarded powder metallurgical technique i. e. simple 
mixing in the development of W based material for 
future fusion power plants has been exploited by 
fabricating and analyzing a novel tungsten based high 
entropy alloy system x%W-(100-x)/4%(TaTiCrV). 
Various compositions were prepared by varying ‘x’ 
from 20at.% to 90at.% in the powder mixture of HEA 
followed by spark plasma sintering. The density of the 
alloys was found increasing with decreasing W content 
and higher sintering temperature 

The characterization of HEA samples by XRD 
showed BCC crystal structure of the alloys. 
Microstructural examination SEM-EDS revealed the 
presence of bright and dark regions as W and Ti-rich 
phases, respectively. The evaluation of microstructures 
by using image processing software and Vickers 
hardness via micro-Vickers hardness tester showed the 
similar dependency of phase fraction and hardness on 
composition and sintering temperature. The amount of 
Ti-rich phase was found to decrease in pre and post 
40at.%W-HEA. An analogous behavior of hardness was 
observed when plotted against composition at different 
temperatures. The alloys sintered at 1600°C were found 
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harder than previous samples which were sintered at 
1500°C. This study revealed the potential role of simple 
mixing in the fabrication of reduced activation W-based 
alloys with enhanced physical and mechanical 
characteristics for high temperature and plasma facing 
applications. 
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