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a b s t r a c t

Functionally gradient material (FGM) is promisingly effective in mitigating the thermal stress between
plasma facing materials (PFM) and structural materials. However, the corresponding research with
respect to W/V FGM has not been reported yet. In this work, we firstly report the successful fabrication of
W/V FGM by a combined technology of mechanical alloying (MA) and spark plasma sintering (SPS). The
microhardness and microstructure of the consolidated sample were both investigated. W/V stacks show
significantly enhanced microhardness (>100%) compared with pure W plate, which is beneficial to the
integral strength of the hybrid structure. Furthermore, we clarify that the different ductility of W and V
should be carefully considered, otherwise W/V powder might aggregate and lead to the formation of
compositional segregation, and simultaneously unmask the impact of V proportion on the distribution of
second phase in WeV binary alloy system. This work provides an innovative approach for obtaining W
eV connections with much better performance.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The intrinsic properties, such as highmelting point, outstanding
thermal conductivity and excellent resistance to plasma erosion
and sputtering, make tungsten (W) and its alloys the most prom-
ising candidates for plasma-facing material (PFM) [1e5]. The
enormous stress arouse from the temperature differential between
PFM (W) and the heat sink materials (Cu based alloy) has been a
non-negligible issue during the design and construction of ITER [6].
In recent years, functionally gradient material (FGM) has become
an attractive connectingmaterial to mitigate the heat stress [7e10].

FGM is a multilayer composite material with gradual varied
characteristics, such as structure, chemical composition, density,
grain size, etc. aiming at the capability optimization through the
spatially distribution of these properties [10e15]. For the purpose
of reducing the thermal stress, FGMwas first used in aeronautics or
astronautics where the temperature gradient is quite large [15]. Up
to now, investigations about various FGM including W/Cu which
may be capable to apply in the divertor have been broadly reported
Chen), tangjun@scu.edu.cn
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[7,11,16e20]. For another perspective, the rather high activation of
Cu under neutron irradiation prevent it to be the ideal heat sink
materials, especially in future commercial fusion reactor whose
service period is longer [4,5,21]. Reduced activation ferritic
martensitic (RAFM) steel would be another suitable candidate, but
the inherent magnetism imposes large limitation on application
[22,23].

Vanadium has been employed as the barrier material in fission
reactor in the 1950s due to its excellent mechanical properties
under high temperature and resistance to neutron irradiation
[24e29]. Coupled with the advantage of non-magnetism and
compatibility with liquid metal, V-based alloy is a superior selec-
tion to Cu or RAFM-steel as the futuristic material applied in
structural materials for fusion reactor. The problem of the
connection between the V-based alloy and the PFM is inevitable.
However, few researches have been presented on the joint between
W and V as an FGM utilization.

In this paper, mechanical alloying (MA) and spark plasma sin-
tering (SPS) methodwere applied to prepare amono-block-typeW/
V FGM with six layers. In order to densify the pure W layer, a two-
step sintering method was adopted. The sintering parameters were
optimized by the comparison of the relative density, surface
morphology and the connection condition of the interfaces.
Furthermore, the microstructure observation and the XRD
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Fig. 1. The SPS sintering temperature and pressure curve for (a) pure W plate and (b)
WeV FGM plate.

Fig. 2. The schematic model of the stacked structure.
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characterization of the ball-milled powders were carried out. The
comparison of the microstructure and microhardness of different
layers helps to investigate the connecting condition of W/V FGM.
Though this paper, we expect to obtain the method to fabricating
W/V FGM with excellent bonding strength and stability.

2. Materials and methods

The functionally gradient WeV alloy was manufactured by
mechanical alloying (MA, high energy ball-milling) method to get a
homogenous milled powder and spark plasma sintering (SPS) for
high densified ingots.

2.1. Preparation of the gradient powders

Commercially available pure fine W powder (average particle
size 3.33 mm; purity > 99.9%, Zigong Cemented Carbide Corp. Ltd.)
and pure V powder (average particle size <45 mm, purity > 99.7%,
Chengdu Huarui Industrial Corp. Ltd.) were used as starting pow-
ders in this experiment. These two kinds of powders were weighed
according to the mass fraction of We20%V, We40%V, We60%V and
We80%V, and then loaded into the ball milling jars within a glo-
vebox. The ball/powder ratio was 5:1. The mechanically alloying
process was performed in the planetary high energy ball mill sys-
tem (QM-3SP04, China) for 40 hwith the rotation speed of 320 rpm.

2.2. Sintering process

The sintering process was performed within a SPS equipment
(LABOX-325, Japan). A two-step sintering strategy was adopted to
obtain high relative density samples. Firstly, a sintering parameters
of 1750 �C and 80 MPa (as presented in Fig. 1(a)) were adopted to
obtain a pure W plate with high relative density (above 98.8%). The
plate was well polished and placed into a graphite mould with a
height of 40 mm. Powders with different proportions were stacked
in the graphite mould layer by layer. The schematic model of the
multilayer structure is shown in Fig. 2. Secondly, the stacked
sample was sintered under 1350 �C and 60 MPawith a heating rate
of 100 �C/min. The holding time at target temperature was set to
12 min, which is an optimized parameter for obtaining ingot with
high relative density. The SPS temperature and pressure curve of
the WeV FGM during the sintering process was illustrated in Fig. 1
(b).

Simultaneously, a one-step sinteringmethod was carried out for
comparison. Under this strategy, all the powders including pure W
and V, as well as those with proportion gradient were loaded in the
graphite mould. The comparison of the samples fabricated by the
two different sintering strategies was listed in Table 1.

Afterwards, the ingots were cut in half along the diameter using
a wire cut electrical discharge machining (WEDM), and the cross-
sections were mechanically polished to a mirror-like surface.

2.3. Characterization methods

The density of the sample was measured by Archimedes'
methods. The theoretical density of the WeV functionally gradient
material was estimated by

rt ¼
1
6

X6

n¼1

rtn ¼
X6

n¼1

100
%mVn
rV

þ %mWn
rW

(1)

, where rt and rtn are the theoretical density of the overall alloy and
the layer n; rV and rW are the density of V and W (rV ¼ 6.11 g/cm3,
rW ¼ 19.25 g/cm3); %mVn and %mWn are the mass percentage of W
and V in the layer n, respectively. For the two-step sintering
method, the mass value of the pure W powder layer was replaced
by that of W plate. The microstructure of the powders and ingots
were characterized through field emission scanning electron



Table 1
Detail information of WeV FGM samples sintered by the two methods.

Sintering method Sample number Sintering Temp. (�C) Dwelling time (min.) Pressure (MPa) Density (g�cm�3) Relative density (%)

One-step sintering 1 1400 3 80 10.3984 94.33
2 1200 3 40 9.2416 83.80
3 1300 3 40 9.9638 90.40
4 1350 3 60 10.2634 93.10

Two-step sintering 5 1350 8 60 11.3630 97.36
6 1350 12 60 11.2270 97.90
7 1350 12 60 11.1800 96.70
8 1350 12 60 11.1540 97.22
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microscope (FE-SEM). Chemical composition of the specific areas
was analyzed by energy dispersive X-ray spectrometer (EDS)
attached to FE-SEM. The phase identification ofmilled powders was
carried out via X-ray diffraction (XRD) spectrometer. Microhard-
ness test was performed at room temperature with a Vickers dia-
mond pyramid under a load of 200 gf for 30 s.
3. Results and discussion

3.1. Powder characterization

The morphologies of the powders are shown in Fig. 3. The pure
W and V layers are loaded using the unmilled commercial powders
Fig. 3. FE-SEM micrographs of (a) pure W powder; (b) We20 V powder; (c) We
as displayed in Fig. 3 (a) and (f). Fig. 3(b)~(e) show the WeV
powders with different ratios after ball milling for 40 h. Compare
Fig. 3(a) with (b), when the proportion of V is relatively low, the
mixed powder is more similar to pure W in terms of particle size
and shape. As the proportion of V increases, the morphology of
WeV powders transform towards pure V. Considering the huge
difference of ductility between W and V [30], a small proportion of
V tends to crush and wrap up the W particles during ball milling as
displayed in Fig. 3(b). While the W powders turn to be the minor
component, they are inclined to embed into the aggregated V
particles when ball milling as shown in Fig. 3(e).

The X-ray diffraction (XRD) spectra of the powders is displayed
in Fig. 4 (a), where the inset shows the crystallite size distribution
40 V powder; (d) We60 V powder; (e) We80 V powder; (f) pure V powder.



Fig. 4. (a) XRD q-2q spectra for the samples with various V content. Inset: V content (%) as a function of crystallite size; (b) the enlarged 2q interval near W/V (110) peaks.

Fig. 5. XRD q-2q spectra of the We60 V powders with different ball-milling time.

Fig. 6. (a) SEM images of the polished cross section of WeV FGM sintered at 1350 �Cand 60
selected for EDS mapping analysis; (b) EDS line profile of W and V elements from A to B; (
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of the W/V mixed powders with different proportions. The crys-
tallite size is calculated by Scherrer formula. The tendency of the
size distribution shows a good correspondence to the appearance
displayed in Fig. 3 (b)e(e). The maximum size is obtained when the
V content reaches 60%. Having a similar atom size and the same
crystal structure, V and W can be infinitely dissolved and form a
continuous solid solution systemwith bcc structure [31]. Therefore,
no miscellaneous peaks are observed in the diffraction spectra,
which means W and V are merely dissolved rather than alloying.
For all the milled powders, the width of peak shift increases at the
early stage and then decreases, reaching the maximumwhen the V
content is 60%, which is consistent with the results in the inset of
Fig. 4(a). This is mainly because of the substitution of smaller V
atoms on the larger W atoms in the lattice. Fig. 5 shows the XRD
spectra of the We60 V powder after being milled for different time
periods. As the milling time increase, both W and V peaks slightly
broaden and decrease in intensity. Despite the W and V powders
are sticking together when the V content is over 50%, the grain
MPa, showing the well-graded composition transition. Region 1e4 indicate the regions
c) SEM image of the region marked with the black dotted frame.



Fig. 7. (a)e(e) SEM images of the detailed morphologies of the interfaces of the polished WeV FGM sample; (f) The results of EDS element analysis of the points marked with yellow
stars in (b) and (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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refinement enhanced with the ball milling, which resulted in the
diffusion strengthening of W and V element during sintering
process.

3.2. Characterization of the consolidated sample

3.2.1. Densification process
It is known to all that temperature, heating rate, dwelling time,

pressure, and sintering atmosphere are the critical factors in the
powder consolidation process of the SPS [18,19,32]. Based on the
existing experiment results, the optimum condition of the sintering
cycle can be described in Fig. 1 as mentioned before. Reflected by
Table 1, samples with higher relative density (RD) can be obtained
via two-step sintering process and the highest one reaches 97.90%.
In comparison, one-step sintering was not able to fabricate high RD
samples. This is because that the melting point of W was relatively
higher than that of V. Pure W layer can't reach densification at
relatively low temperature, leading to a lower density of entire
block than two-step sintering. The degree of the densification of
pure W layer is a basic indicator of the PFM [33]. The independent
sintering step of pure W layer can guarantee the high densification,
while the strong bonding between the plates and gradient powder
can be realized by extending dwelling time and reducing the
cooling rate as shown in Fig. 1(b). Under the optimal sintering
conditions, all the density of WeV FGM samples was promoted to
higher than 11.180 g/cm3 (r/rth ¼ 96.70%, theoretical density:
11.562 g/cm3). It can be verified by the sparse pores observed in the
SEM images as displayed in Fig. 9. The following section is focusing
on sample 6 which possesses the highest RD.

3.2.2. Cross-section morphology
The successful consolidated sample with the size of

415 mm � 5 mm was obtained under the densification process as
mentioned before. Fig. 6(a) shows the SEM photo of the polished
cross section of the six-layer WeV FGMs sintered by SPS (1350 �C,
60 MPa). In Fig. 6(b), the EDS line profile qualitatively manifests



Fig. 8. Element mapping analysis of the WeV FGM sample.
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that a smooth gradient proportion transition of W and V was found
in the scanning direction from A to B throughout the polished cross
section of the WeV FGM sample, as shown in Fig. 6(a). Neither
crack nor sharp interfaces are observed. It is also indicated that the
gradient continuity ofWelement is better than V due to the distinct
elemental distribution stairs of W. In Fig. 6(c), it is noteworthy that
on the concerning interface between pure W and We20 V, WeV
solid solution phase diffuses through a considerable depth of
2e3 mm into the pure Wmatrix meaning the successful connection
between the gradient powder and pure W plate. It is mainly
attributed to themodest increase of the dwelling time and decrease
of the cooling rate.

Fig. 7 (a)-(e) show more detailed morphologies of the different
interfaces. In general, four characteristic distributions are able to be
distinguished from all cross-section images. The EDS point analysis
results of the four different regions marked with yellow stars in
Fig. 7(b) and (e) are illustrated in Fig. 7 (f). The darker black region
(point 1) represents the aggregation of V, whose distribution on
size and space become more homogeneous as the V proportion
increases, lightning and fading away layer by layer. The light gray
region (point 2) represents theWeV solid solution phasewhere the
W/V ratio is close to the powder blending mass ratio. The augment
of V proportion in solid solution phase results in the lighting and
shrinkage of the gray regionwhich turns out to the emerging of the
bright white region in Fig. 7 (c)e(e) denoted by point 4, and
concurrently leads to the transformation of the second phase from
V particle to WeV solid solution phase. Obviously from Fig. 7 (b)
and (e), that W dissolves into V seems far simpler than that V
dissolves into W which appears to be unreasonable for the theo-
retical infinitely solid solution betweenWand V. At the meanwhile,
second phase (WeV solid solution phase) observed from Fig. 7 (e)
demonstrates a more homogeneous distribution, which can be
further proved from the EDS element mapping results of the
gradient layers illustrated in Fig. 8. It is noteworthy that second-
phase particles with uniform distribution are beneficial to the
strengthening of mechanical properties [34e36], which will be
verified in the data of microhardness hereinafter. Furthermore, the
existence of second phase and porosity causes the severe fluctua-
tion in the EDS line profile. Thewide difference on the average peak
height can be explained by the difference on the mutual solubility
of Wand V. In layers with more V proportion, W dissolves all into V
and exists as solid solution, while V merely partially dissolves into
W and the remain exists as precipitated phase. Practically, Arshad
et al. [30,31,34,36,37] observed the V precipitated phase in WeV
alloy with a lower V content sintered at elevated temperature.
The high ductility of V itself, heterogeneous alloying in mechanical
milling and V segregation during the sintering process might
contribute to the formation of the precipitated phase.

The fracture surface morphologies of each layer in WeV FGM
sample are exhibit in Fig. 9. Fig. 9(a) shows a typical W fracture
morphology with distinctive grain boundaries and the character-
istics of intercrystalline fracture. In pure V layer of Fig. 9(f), the
typical river-like texture and fuzzy grain boundaries are clearly
observed. The morphologies of the gradient layers can be consid-
ered as the combination of pure W and pure V and they gradually
varies subject to the chemical composition. Thereinto,the grain
boundary in Fig. 9 (b) and (c) is discernible when W content is
predominant. Apparently, the grain size has been fined throughMA
process. Furthermore, the porosity number of the gradient layers
decreases with the increment of V content, indicating the
enhancement of the densification degree. The above results imply
that gradient layers should perform a superior mechanical behavior
to pure metal layers.



Fig. 9. The fracture morphologies of different layers in WeV FGM samples.

Fig. 10. The microhardness value of different layers on the W/V FGM sample.
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3.2.3. Microhardness
Fig. 10 shows the average Vickers microhardness of each layer of

the polished cross section tested at room temperaturewith the load
of 200 gf for 30 s 10 dispersive test points were selected on every
layer. Generally speaking, the bond strength between the W and V
phase determines the hardness of various layers [18], which can be
illustrate by the theoretical equation of mixtures stated as follow:

Hwv ¼Hw ,Vw þHv,ð1�VwÞ (2)

where Hwv, Hw and Hv are the microhardness of W/V gradient layer,
pure W, and pure V, and Vw is the volume fraction of W. The
hardness of pure W and pure V are displayed in Fig. 10. Obviously,
the hardness of the gradient layers increases linearly with the
increment of V content, which is quite consistent with the theo-
retical predictions according to Eq. (2). The hardness value of
We20 V layer is more than twice that of W plate. Moreover, from
the analyze of the microstructure mentioned above, we can acquire
that on the one hand the mechanism of solution strengthening and
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refinement strengthening existing in gradient layers results in the
enhancement of its microhardness, on the other hand the impact of
V content on the dispersive uniformity of second phase results in
the existence of greater microhardness value in the layer with the
elevated V content.

4. Conclusions

The purpose is to conduct a trial on the connection between W
and V in the form of gradient mono-block, both of which are the
promising materials for fusion reactor in the future. In this paper,
mechanical alloying (MA) and spark plasma sintering (SPS) method
has been validated to be successful on the fabrication of WeV
functionally gradient material with a six-layer structure. Consoli-
dated samples with high densification and smoothly transitional
interface have been obtained through the experiment process
mentioned above. The optimized condition is two-step sintering
method at 1350 �C and 60 MPa. Moderate increment of the
dwelling time and reduction of the cooling rate is contributed to the
bond between the pure W plate and gradient powder. The ductility
of V causes the aggregation of gradient powder after the ball milling
process. This is partly contributed to the accumulation of V in the
gradient block. From the results of cross-section microstructure, V
proportion will affect the distributive uniformity of the second
phase, and layers with higher V proportion behave more homo-
geneous. Meanwhile, the fracture morphology and porosity num-
ber behave a gradient evolution with the increment of V content.
Wherefore, microhardness value of the gradient layer is more than
twice that of W plate, and behave a gradient trend as V proportion
increases.
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