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The effects of different sintering techniques on the densification, microstructure, and mechanical properties of
tungsten–vanadium composites were investigated. The precursor powders were conventionally mixed with a
combination of W–5 wt.%V in a blender and then sintered by three different sintering techniques. A good
dense sample with the lowest porosity, and the highest bending strength and micro-hardness was obtained by
hot-press sintering, reached up to 3.5%, 508.9MPa and 589.8 HV0.2, respectively. Spark plasma sinteringwas ben-
eficial to obtain more refined tungsten grains as compared to hot-press sintering and conventional sintering
under hydrogen atmosphere. However, the insufficient sintering conditions of spark plasma sintering were not
able to highly suppress the porosity, and thus the mechanical properties were inadequate in comparison with
hot press sintering. The propertiesmeasured for hydrogen furnace sintered samplewere very poor in all respects.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Tungsten (W) due to its attractive properties, such as high melting
point, low sputtering yield, high thermal conductivity and low thermal
expansion coefficient is considered as a promising candidate material
for high temperature applications [1]. However, a major drawback for
its use is the inherent high ductile-brittle transition temperature
(DBTT), poor ductility and low fracture toughness, recrystallization brit-
tleness and radiation induced brittleness [2]. Fine-grained W materials
have shown attractive properties in terms of reduction in brittleness
and improvement in toughness and strength [1,3]. However, the
mechanical properties of these materials at higher temperatures
(higher than the recrystallization temperature) for long time are highly
deteriorated.

Fabrication techniques influence the densification, microstructures
and all related properties of the sintered metals [4,5]. The grain growth
usually occurs at the peak sintering temperature where the tempera-
ture and dwell time are highest [4]. In hot pressing (HP) and spark plas-
ma sintering (SPS), a uniaxial pressure is applied to densify the sintered
sample [6,7]. Thus in comparison with conventional sintering in hydro-
gen furnace (HF), relatively low sintering temperature and short dwell
time are required for HP and SPSwhich thereby inhibit the grain growth
during sintering [4,8].

Due to the high melting point of W, full densification of W-based
materials is rather difficult to be obtained by sintering. Post-processes
(e.g. hot rolling, subsequent repressing, resintering and hot isostatic

pressing) are occasionally used to improve the density [9,10]. However,
these post-processes meanwhile affect the microstructures (e.g. recrys-
tallization and grain growth) andmechanical properties of targetedma-
terials [11]. An alternative approach is the addition of small amounts of
doping elements, such asV, Ti, Y, La2O3, andY2O3, to activate sintering of
W powder and thus to achieve good density [12–15]. Our recent studies
suggest that the addition of V inW constrains the grain growth and im-
proves the densification and mechanical properties [12,16]. V addition
enhances the thermal stability of the microstructures and mechanical
properties of W-based materials [17]. Moreover, V shows high stability
against the activation and transmutation under neutron irradiation as
compared to W, Re, Ta etc. [18].

In this study, we used different sintering techniques, including HP,
SPS and HF, to produce W–V composites and investigated the effects
of these techniques on the consolidation behavior, microstructures
and mechanical properties of W–V composites. In this context, we ex-
pect to obtain a better sintering method for the development of W-
based materials.

2. Experimental procedure

W and V powders of purity N99.9% with an average particle size
of 2 μm and 0.8 μm respectively, were conventionally mixed with W–

5wt.%V combination in a blender for 8 h. For HP,W–V powderwas load-
ed into a graphitemoldwith a 35×30mm2 inner space and thenheated
to a peak temperature of 1800 °C. An axial pressure of 20 MPa was ap-
plied on the sample after 1100 °C. The furnace was switched off imme-
diately after sintering at 1800 °C for 2 h and the sample was cooled
down under vacuum. For SPS, the mixed powder was loaded into a
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graphite mold with an inner diameter of 20 mm. The sample was then
sintered by SPS at 1600 °C for 3 min in vacuum. The sintering tempera-
ture and dwell timewere selected according to themaximum capability
of SPS device. An axial pressure of 20MPa was applied on the sample at
the start and then increased to 50MPa above 1500 °C. For HF, themixed
powder was initially compacted by cold isostatic pressing and then
sintered by the HF technique. The heat rate, sintering temperature and
dwell time for HF were the same as HP, with the only difference that
no pressure was applied on the sample during sintering in the case of
HF.

The morphology of cracked and polished surfaces of the sintered
samples was characterized by scanning electron microscopy (SEM).
The porosity level of different sintered W–V materials was estimated
from themeasured density by theArchimedes'method and the theoret-
ical calculated density [16]. Vicker's micro-hardness values of well
polished bulk samplesweremeasured at room temperature by applying
a load of 1.96 N for 10 s. The micro-hardness value of each sample was
determined by averaging 8–10 different indents. A well polished
2 × 3 × 18 mm3 specimen of each sintered material with a span of
13.1 mm was subjected to a three point bending test with a cross
head speed of 0.5 mm/min at room temperature.

3. Results and discussion

The SEM images along with elemental map distribution of polished
surfaces of W–V samples consolidated by different techniques (HP,
SPS and HF), named as SHP, SSPS and SHF respectively, are illustrated in
Fig. 1(a–c). The respective quantitative energy-dispersive X-ray spec-
troscopy (EDS) analysis of SHP, SSPS and SHF samples is presented in

Fig. 1(d–f). The EDS mapping of SHP (Fig. 1(a)), demonstrates that
dark gray regions as pointed out by a red arrow are W–V alloy zones
and the alloying formation and mutual diffusion of W and V took
place during HP sintering process. Fig. 1(d) shows that the EDS analysis
of the part of dark gray region as marked by cross (yellow color) also
confirms a large peak of W in V enrich zone which further proves the
alloying formation for SHP. Moreover, few small pores are found as
pointed out by a white arrow. The SEM image along with its EDS map-
ping of SSPS as shown in Fig. 1(b) reveals that the V-enriched phases
are unevenly distributed in W matrix (indicated by a red arrow) and
small white spots are pores (indicated by a white arrow). The EDS anal-
ysis of SSPS as shown in Fig. 1(e) demonstrates that the large dark black
regions on polished surface are V-enriched phases and almost no
alloying formation took place during SPS, as a very small W peak is de-
tected in that region. Similar results of EDS analysis of the milled SPS
sintered samples can also be found in our article [16]. The phenomenon
of alloying formation during SPS consolidation is not obvious due to its
relatively low sintering temperature and short dwell time [16].
Fig. 1(c) clearly illustrates large size pores with irregular shapes on
the polished surface of SHF as pointed by a white arrow, due to the dis-
advantage of pressureless sintering and dark V-enriched phase uneven-
ly distributed similar to SSPS up to some extent, as pointed by a red
arrow. The alloying formation is also not observed for SHF as indicated
by EDS analysis (Fig. 1(f)).

Fig. 2 shows the fracture surfaces of SHP, SSPS and SHF respectively.
The comparative SEM analyses reveal that SHP (Fig. 2(a)) is highly
compacted and has the lowest porosity as also shown in Fig. 1(a). Al-
though the cracking pattern exhibits mix cracking, it is mainly
transgranular and it is expected to have high mechanical strength. The

Fig. 1. The elementalmap distribution of themirror polished surface: (a) SHP, (b) SSPS, and (c) SHF, and thewhite and red arrows represent pores and V-enriched phases, respectively. EDS
analysis of the small region pointed by yellow cross for different samples: (d) SHP, (e) SSPS, and (f) SHF, respectively.
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