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a b s t r a c t

In this study, the effect of Ta, V and Ti in W matrix on characteristics and synthesis of the model alloys
were investigated. The secondary ball milling method and in-situ Y dispersed oxides were used to further
improve material properties. The results showed that the model alloys adding with the V element could
facilitate the grain refinement and microstructure homogeneity of the tungsten alloys. The (Ta,V)-rich
and V-rich oxides were found in the microstructure and have been identified as the TaVO4 and V2O5

phases. The nano-scale of the in-situ oxide particle YTaO4 was observed and coherent with the tungsten
matrix. Moreover, the secondary ball milling method was effective to refine the microstructure and to
increase the relative density and mechanical properties.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten alloys are considered prime candidates for plasma
facing materials (PFMs) in fusion devices due to their attractive
combinations of high radiation resistance, low neutron activation,
high sputtering threshold, high strength at elevated temperature,
low thermal expansion, high thermal conductivity and great
corrosion resistance [1e3]. However, tungsten alloys have critical
drawbacks for structural applications including high ductile-brittle
transition temperature (DBTT), low recrystallization temperature,
and material brittleness due to grain boundary impurities [4,5].

In the last decades, a lot of research has been done towards the
design of plasma facing materials to improve the ductility, me-
chanical properties, and fine grain microstructure of tungsten al-
loys by alloying with other elements such as Ti, V, Ta, Re or adding
oxide dispersion-strengthened (ODS) particles like Y2O3 or La2O3
through mechanical alloying technique [6e9]. The presence of V
and Ta elements in the tungsten matrix can improve the densifi-
cation, morphology and mechanical properties as well as reduces
the irradiation embrittlement of the materials [10e12]. Moreover,
the addition of Ta in tungsten contributes to the refinement of
d., Shoufeng, Hualien, 97401,
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microstructure and resistance to crack growth [13e15]. Most sig-
nificant enhancement of WeTa alloys may be in regards to
hydrogen isotope retention [15]. Addition of Ti acts as a sintering
activator and improves the densification of materials [16]. Ti
addition also alters the slip mechanism and thus increases the
ductility of tungsten-based alloys [16].

In earlier work [17e20], we investigated the effect of Ti contents
onWeTi alloys and also studied onWeTi alloys dispersed with the
different reinforcement particles (Y2O3, Y2Ti2O7, in-situ La oxides)
and the different consolidation methods. In this current study, a
further investigation was carried out to examine the influence of
alloying elements (V, Ta, Ti) and the different milling methods by
mechanical alloying. Moreover, we also studied on the effect of the
rare earth element Y on microstructural evolution and mechanical
properties of tungsten model alloys. It is important to understand
the role of alloying elements and in-situ formed dispersoids in
tungsten alloys and how they interact with tungsten matrix. A
secondary ball milling method was also introduced in this work to
improve the synthesis of the tungsten alloys. The aim of this work is
to develop high performance tungsten-based alloys for plasma
facing materials’ applications.
2. Experimental procedure

PureW, Ti, V, Ta and rare earth element of Ypowders used as the
starting materials. The particles size for all of elemental powders
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Fig. 1. XRD spectra of WeTaeV_S powders milled for different milling durations: 4, 8,
12 and 20 h.
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with 99.9% of purity are in the range of 5e50 mm. The four-tungsten
model alloys with the different alloying elements synthesized by
different milling methods were studied and named as WeTaeV_S,
WeTieTa_S, WeTieV_S, and WeTaeV_P. The details of the
chemical composition and milling methods of the model alloys are
given in Table 1. The samples prepared by the secondary ball milling
method are carried out through two-stages of mechanical alloying.
The first stage, tungsten and yttrium powders are pre-milled as a
matrix for 8 h. Further, the matrix and alloying powders (Ta, Ti, V)
were milled again for 4, 8, 12, and 20 h. Mechanical alloying was
carried out in the planetary ball mill (Retsch PM100) with 350 rpm
of speed under an argon atmosphere for different milling time. Ball
milling process employed a tungsten carbide medium (vials and
balls) with the ball to powder ratio (BPR) of 10:1. The process
control agent (PCA) stearic acid (0.5 wt%) has been used to inhibit
agglomeration of powders during ball milling. The milled powders
were consolidated by uniaxial cold pressing into green compacts
with a pressure of 210MPa in 15 s. The samples in the shape of discs
(diameter of 5 mm and thickness of 2e3 mm) were received after
the conventional consolidation process. The green compacted
samples were then sintered at 1450 �C for 1 h under atmospheric
pressure with a mixed hydrogen-argon atmosphere. The heating
rate of 2 �C/min was used as the sintering temperature increases
from 950 to 1450 �C. The samples were cooled to room temperature
at the cooling rate of 2e5 �C/min. The microstructure and chemical
composition of the model alloys were characterized by X’Pert PRO
X-ray diffractometer (XRD) and a Hitachi-4700 SEM with energy-
dispersive X-ray spectroscopy (EDS). Phase identification and
crystal structure of the complex oxides were further analyzed by a
FEI Tecnai F20 G2 file emission gun transmission electron micro-
scope (TEM) operating at 200 KeV. The crystallite size and lattice
strain were estimated using Scherrer’s formula as follows [21].

Br ¼ 0:9l
t cos q

þ h tan q

where Br is the total broadening due to crystal refining and lattice
strains; l is the X-ray wave length; t is the crystallite size, q is the
Bragg angle and h is the strain in the material. The Vickers hardness
measurements were performed at room temperature by using a
1 kg load for 15 s. The nanoindentation tests (MTS Nanoindenter
XP) were conducted to obtain indentation hardness and elastic
modulus using the continuous stiffness measurement (CSM)
method. Meanwhile, the relative density was measured using the
Archimedes method.
3. Results and discussion

3.1. Characterization of the milled powders

Fig. 1 shows the XRD spectra of theWeTaeV_S alloyed powders
as a function of milling time. The main peaks of W along with very
small peaks of Ta and V elements were clearly detected in the un-
milled powders. However, after 4 h of milling, the reflection
peaks of Ta and Vwere disappeared, suggesting that Ta and V atoms
dissolved into the W crystalline lattice and lead to the formation of
Table 1
Chemical composition of the four model alloys (wt.%).

Model alloys W Ta Ti V Y Milling methods

WeTaeV_S Bal. 2 e 2 0.5 Secondary
WeTieTa_S Bal. 2 2 e 0.5 Secondary
WeTieV_S Bal. e 2 2 0.5 Secondary
WeTaeV_P Bal. 2 e 2 0.5 Primary
a solid solution during mechanical alloying. It was also found that
the XRD peaks showed reduction in peak intensity and broadening
of peak with themilling time increasing, which was related to grain
refinement and lattice distortions.

Fig. 2 shows the change of the crystallite size and lattice
distortion of the WeTaeV_S alloyed powders as a function of
milling time. It can be seen clearly that the crystallite size decreases
rapidly at the early stage of milling and approaches to 10 nm at 20 h
of milling. The high-energy impacts during ball milling not only
decrease the crystallite size but also increase the lattice strain as
shown in Fig. 2. A high lattice distortion was generated after pro-
longed milling (20 h), resulting in a large number of crystal defects
formed at the milled powders such as dislocations, vacancies, twin
faults, and stacking faults [8].

3.2. Characterization of the sintered model alloys

3.2.1. SEM observation and EDS analysis
Fig. 3 shows the SEM-BSE images of the WeTaeV_S model al-

loys milled for 4, 8, 12 and 20 h by a secondary ball milling method.
At the initial stages of milling (see Fig. 3a and b), large number of
small dark particles (less than 1 mm) were obtained and non-
uniformly distributed in the tungsten matrix. As the milling time
increased to 12 h and 20 h, see Fig. 3c and d, a larger size of dark
particles (~5 mm) containing a high concentration of C, O, V and Ta
Fig. 2. Variation of crystallite size and lattice distortion of the WeTaeV_S powders as
a function of milling time.



Fig. 3. SEM images of the sintered WeTaeV_S samples secondarily milled for (a) 4 h, (b) 8 h, (c) 12 h and (d) 20 h.
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elements was observed and uniformly dispersed in the tungsten
matrix. It suggests that Ta and V have greater affinity for oxygen or
carbon and thereby contamination (e.g., C, O etc.) during the ball
milling and high temperature sintering can promote the formation
of (V,Ta)-rich oxides or carbides.

Fig. 4 shows the microstructure of the four different tungsten
model alloys. The SEM-BSE images of the WeTaeV_S, WeTieTa_S
and WeTieV_S model alloys milled for 20 h by the secondary ball
milling can be seen in Fig. 4aec. In the WeTaeV_S sample, see
Fig. 4a, a large number of particles appearing as a dark area were
found in the microstructure, which contain a high concentration of
Ta, V and O elements. The (Ta,V)-rich oxide with dark gray contrast
and the V-rich oxide with black contrast have been confirmed by
Fig. 4. SEM images of the sintered (a) WeTaeV_S, (b) WeTieTa_S
EDS, see the points “A” and “B”. However, a large size of an irregular
shape particle (~5 mm) was observed at the WeTieTa_S sample as
shown in Fig. 4b. The large particles have been identified as the Ti-
rich oxide (see the point “C” for the black particle) or the (Ta,Ti)-rich
oxide (see the point “D” for the dark gray particle). In case of the
WeTieV_S model alloy, it demonstrates the formation of a small
particle with black contrast, which indicates as the (Ti,V)-rich oxide
as shown in Fig. 4c at the point “E”. On the contrary, Fig. 4d shows
the WeTaeV_P model alloy fabricated by the primary ball milling.
It exhibits a large grain structurewith a non-uniform distribution of
the large particles. In this case, the (Ta,V)-rich oxide and V-rich
oxide have been identified by EDS analysis as shown in Fig. 4d at
the points “F” and “G”. Determined chemical composition of each
(c) WeTieV_S, (d) WeTaeV_P model alloys milled for 20 h.



Table 2
EDX analysis of the model alloys showing in Fig. 4. (wt.%).

Element W Ta V Ti O C

Point A 16.38 36.37 26.63 e 19.62 e

Point B e e 70.26 e 29.74 e

Point C e e e 59.22 40.78 e

Point D 8.08 43.36 e 25.10 23.46 e

Point E e e 29.38 52.78 17.85 e

Point F 15.65 36.28 27.43 e 20.63 e

Point G e e 58.94 e 41.06 e

Point H 85.94 e e e e 14.06
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point in the different model alloys by EDS analysis is listed in
Table 2.

According to the SEM-EDS results, see Fig. 4 and Table 2, there
are several interesting findings about effects of alloying elements
and milling processing on microstructure development that should
be emphasized. First of all, the addition of Ti can promote the for-
mation of a large size of Ti-rich oxide particles, as shown in Fig. 4b.
It is believed that the reactive Ti powder could create an increase in
Fig. 5. EDS mapping of the WeTaeV_S sample milled for 20 h and sintered; (a

Fig. 6. EDS mapping of the WeTieTa_S sample milled for 20 h and sintered; (a
surface energy and residual oxygen contamination during ball
milling facilitates the nucleation sites for the formation of titanium
oxides. The subsequent high temperature sintering can further
accelerate the rapid growth of titanium oxides formed on the
tungsten matrix. Secondly, the presence of V element can refine the
second phase particles with a uniform distribution as shown in
Fig. 4a and c. It has been suggested that Ta and V elements in W
matrix could facilitate a uniform distribution of particles on the
microstructure for tungsten alloys [10,11]. Furthermore, Ta addition
seems to change the morphology of oxide particles from an irreg-
ular shape to a more spherical shape. Thirdly, in comparison be-
tween theWeTaeV_S andWeTaeV_Pmodel alloys, see Fig. 4a and
d, it is believed that the different milling method strongly in-
fluences the size and distribution of the secondary phase particles
and microstructure evolution. It can be seen clearly that the sec-
ondary ball milling can lead to the grain refinement and the uni-
form distribution of fine oxide particles as shown in Fig. 4a. In
additional, tungsten matrix also contains a small amount of carbon
content, implying contamination created from grinding media us-
ing tungsten carbide vial and balls [22].

Fig. 5 shows EDS mapping images of the WeTaeV_S model
) SEM image, (b) C map, (c) O map, (d) W map, (e) Ta map and (f) V map.

) SEM image, (b) C map, (c) O map, (d) W map, (e) Ta map and (f) V map.



Fig. 7. EDS mapping of the WeTieV_S sample milled for 20 h and sintered; (a) SEM image, (b) C map, (c) O map, (d) W map, (e) Ta map and (f) V map.

Fig. 8. EDS mapping of the WeTaeV_P sample milled for 20 h and sintered; (a) SEM image, (b) C map, (c) O map, (d) W map, (e) Ta map and (f) V map.
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alloy. Themaps ofW, Ta and C reveal a homogeneous distribution of
elements in the microstructure; however, the V and Omaps display
noticeable segregation. This corresponds to the formation of V-rich
oxides appeared as small particles in the microstructure as shown
in SEM image (Fig. 4a). Figs. 6e8 also demonstrate EDS mapping
images of the WeTieTa_S, WeTieV_S and WeTaeV_P model al-
loys. The results indicate that Ti has a high reactivity with oxygen
atoms and thereby Ti-rich oxides have been often found in Ti-
containing alloys fabricated by the mechanical alloying rote [17].
It can be concluded that in this study, Ti and V have greater affinity
for oxygen and promote the formation of Ti-rich or V-rich oxides
during ball milling process or subsequent high temperature
sintering.
3.2.2. TEM investigation
TEM techniques were further used to investigate the crystal

structure of the second phases formed in the WeTaeV_S model
alloy as shown in Fig. 9. The chemical composition of the phases
was also determined with TEM-EDS. A coarse particle of about
700 nm in radius was observed and it is composed of two different
types of phases (see Fig. 9a). The phase in the left hand side, point” I
“, has the composition of 63.7O-18.7Ta-15.0 V (at.%), which corre-
sponds to the (Ta,V)-rich oxides as shown in the SEM image (see
Fig. 4a). Phase identification was performed using selected area
diffraction (SAD) and the (Ta,V)O phase has been indexed as the
TaVO4 phase with a tetragonal structure: a: 4.68 Å and c: 3.04 Å
along the zone axis of [0�1 1], see Fig. 9b. On the other hand, the
right hand side of the particle phase, see point “II”, has the
composition of 54.12O-42.03 V (at.%), indicating the formation of
the V-rich oxide. According to the SAD pattern (see Fig. 9c), this
oxide particle has been identified as the b-V2O5 phase with a
monoclinic structure: a: 12.07 Å, b: 4.73 Å, c: 5.384 Å, b: 103.52
along the zone axis of [0�1 0], see Fig. 9c. It has been reported that
the a-V2O5 (orthorhombic) is the most stable oxide in the VeO
system; however, it can be transformed to b-V2O5 (monoclinic or
tetragonal) or g -V2O5 (orthorhombic) under high pressure and
high temperature [23,24].

The small particle of about 50 nm in radius, point “III “, was also
observed in the TEM image, see Fig. 9a. The nano-particle contains a
high level of O, Y and Ta (the composition of 60.05O-17.80Y-12.18Ta



Fig. 9. TEM images of (a) the WeTaeV_S model alloy and the SAD patterns of (b) the TaVO4, (c) b-V2O5, (d) YTaO4 and (e) W/YTaO4 phases.
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(at.%)). Nano-beam diffraction (NBD) has been used in phase
identification of the nano-oxide particle, which has been indexed as
the YTaO4 phase with a monoclinic structure: a: 5.32 Å, b: 10.93 Å,
c: 5.05 Å, b: 95.50 along the zone axis of [1 0 0], see Fig. 9d. In order
to clarify the YTaO4 oxide phase precipitated from the tungsten
matrix, phase identification was performed at the region of the
point “IV “, see Fig. 9a, using selected area diffraction (SAD) as
shown in Fig. 9e. It demonstrates that the orientation relationship
betweenWmatrix (W, rad circle) and YTaO4 oxide (O, blue circle) is
[100]W//[100]O, which implied that the interface between YTaO4
and W is coherent, as shown in Fig. 9e.

It is believed that the addition of Y in the tungstenmatrix during
the first stage of milling could promote the formation of in-situ
yttrium oxide (Y2O3), which can further interact with alloying el-
ements (Ta, V) during the secondary ball milling. In this case, the
chemical bonds of YeTaeO elements might easily occur and form
the monoclinic YTaO4 phase as the interaction of the Y2O3/Ta2O5
oxides during the process of mechanical alloying. The existence of
the strain energy during the collision-friction energy in ball-milling
process facilitates the nucleation of the YTaO4 phase by forming
coherent interface on the tungsten matrix. It should be pointed out
that in-situ formed dispersoids can effectively inhibit movement of
dislocations and pin migration of grain boundaries, which increase
the resistance of the alloy to creep deformation [25].



Fig. 10. Relative density of the sintered model alloys at different milling durations.

Table 3
Hardness and elastic modulus of different model alloys measured by nano-
indentation tests.

Model Alloys Hardness (GPa) Elastic Modulus (GPa)

WeTaeV_S 7.32 353.2
WeTieTa_S 7.17 346.2
WeTieV_S 7.20 350.4
WeTaeV_P 6.59 256.5
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3.2.3. Relative density
Fig. 10 shows the relative density of the four model alloys at

different milling time. It can be seen clearly that the relative density
increases as the milling time increases, suggesting a high degree of
densification can be achieved after a long milling duration. Addi-
tionally, the use of the secondary milling method has an increase in
relative density compared to that of the primary milling method.
The highest relative density of 89% was obtained at the WeTaeV_S
sample milled for 20 h, while the WeTaeV_P sample is only about
83%. It should be also noted that the addition of V tends to increase
the relative density of the tungsten model alloys. It has been pro-
posed that the V element can improve the densification and me-
chanical properties of the tungsten based materials by mechanical
alloying [10]. It is believed that the V addition could facilitate the
grain refinement and homogeneity of the microstructure of tung-
sten alloys as shown in SEM images (Fig. 4a and c). The results
indicate that the secondary milling method and the addition of V
have a significant influence on the relative density of tungsten al-
loys. It should be also mentioned that the relative density of the
model alloys obtained in this work is low (~85%), which could be
attributed to the use of a conventional uniaxial compaction and a
large number of oxide particle formation in the tungsten matrix.

3.3. Hardness and nanoindentation

Fig. 11a shows Vickers hardness of the WeTaeV_S model alloy
as a function of milling time. The results showed that hardness of
Fig. 11. Vickers hardness of (a) the WeTaeV_S model alloys as a fu
the model alloy has increased as the milling time increased from
442HV at 4 h of milling to 506HV at 20 h of milling. It can be
attributed that high strain energy and fine crystallite size were
obtained after complete milling process, leading to grain refine-
ment and the formation of uniform oxide particles.

Fig. 11b exhibits Vickers hardness of the four model alloys. The
model alloywith the addition of Ta and V elements using secondary
milling method indicates the highest hardness value (506HV). It
can be ascribed to the presence of a homogeneous and dense
microstructure as well as the formation of fine (Ta,V)-rich or V-rich
oxide particles uniformly dispersed in the tungsten matrix. The
results also suggest that the model alloy with the primary milling
procedure has the lowest hardness value (418HV), which is strongly
related to a large size of second phase formation and in-
homogeneity of microstructure.

Nanoindentation was used to determine the hardness and
elastic modulus of the tungsten model alloys milled for 20 h as
listed in Table 3. The results demonstrate that WeTaeV_S model
alloy has the highest indented hardness and elastic modulus values
up to 7.32 GPa and 353.1 GPa compared to other model alloys. The
curves of hardness-displacement and modulus-displacement, see
Fig. 12, also demonstrate that the model alloys containing V
element by using secondary ball milling tend to a higher hardness
and modulus; however, the lowest hardness was found in alloys
with the primary ball milling. The tendency of variation is similar to
the results of Vickers hardness illustrated in Fig. 11. It should be also
noted that an increase in the hardness with decreasing indentation
depth was clearly observed in all the model alloys, see Fig. 12. This
phenomenon is commonly referred to as the indentation size effect
(ISE) [26].

Fig. 13 shows a typical load-displacement curve of the
WeTaeV_S andWeTaeV_P in a nanoindentation testing. The load-
displacement curve of WeTaeV_S describes a higher hardness and
elastic modulus compared to WeTaeV_P model alloy. The result
suggests that the secondary ball milling methods with Ta and V
elements could facilitate the grain refinement and microstructure
homogeneity of the tungsten alloys.
nction of milling time and (b) the four different model alloys.



Fig. 12. The hardnessedisplacement curve of the four model alloys at different milling times.

Fig. 13. A typical load-displacement curve of the WeTaeV_S and WeTaeVeP model alloys.
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4. Conclusions

Tungsten based alloys are promising candidate materials for
plasma facing components in advanced nuclear energy system. In
this study, the W-(Ta,Ti,V) models alloys dispersed with in-situ
yttrium oxides were synthesized by mechanical alloying. The ef-
fect of Ta, V and Ti elements on microstructure evolution and
properties of the tungsten model alloys were investigated. The
results show that the presence of V element can refine the second
phase particles with the uniform distribution of microstructure.
The addition of Ta seems to change the morphology of oxide par-
ticles from an irregular shape to a more spherical shape. Ti addition
can promote the formation of a large size of Ti-rich oxide particles.
The (Ta,V)-rich and V-rich oxides were found in the microstructure
and have been identified as the TaVO4 and V2O5 phases. The pres-
ence of Y in the tungstenmatrix could promote the formation of in-
situ yttrium oxide (Y2O3) and then further interacted with Ta and V
during ball milling. Therefore, the YTaO4 phase has been obtained
by forming coherent interface on the tungsten matrix, suggesting
the interaction of the Y2O3/Ta2O5 oxides during the process of
mechanical alloying. Moreover, the secondary ball milling method
was effective to refine the microstructure and to increase the
relative density and mechanical properties.
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