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a b s t r a c t
In this investigation, TiN-reinforced W–Ti alloys were fabricated through spark plasma sintering of milled TiH2
powders and micro-sized W powders. TiH2 powder was used to prevent oxidation during milling. X-ray,
FESEM, and TEM analyses were adopted to study the microstructures of the powders and sintered samples. As
the Ti content increased from 0 wt.% to 4 wt.%, the grain size of the resultant alloy was signiﬁcantly reﬁned
and a more transgranular fracture was observed. The micro-hardness of the alloys signiﬁcantly increased with
addition of up to 4 wt.% Ti and then decreased with further Ti addition. A Ti/TiN solution in which N probably diffused into other Ti lattices during the sintering process was detected by TEM. The effect of He+ irradiation was
investigated in this work. Samples with 0 and 8 wt.% Ti were exposed to a He+ ion beam (He+ ion beam ﬂux,
1.2 × 1022 ions/m2·s; beam energy, 50 eV) for 1 h through the Large-Power Materials Irradiation Experiment System. Results revealed peeling off of TiN particles after irradiation as well as the presence of pores that could induce erosion in the grain boundaries. The sample with 8 wt.% Ti showed no secondary-phase peeling, and only
a small density of blisters were found in its W-grain and Ti-rich phases.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Tungsten alloys are believed to be potential candidate materials
for application in the International Thermonuclear Experimental
Reactor (ITER) because of their excellent properties, which include
a high melting point, good thermal shock resistance, good thermal
conductivity, high modulus, low coefﬁcient of thermal expansion,
and favorable high-temperature mechanical properties [1–3]. However,
these alloys also present a number of limitations, including high
ductile–brittle transition temperatures, low ductility, and irradiationinduced damage [4]. Tungsten is used as a plasma-facing material in fusion experiments, and future reactors may be loaded with neutron irradiation of several electron- to kiloelectron-volts as well as light element
ions from the D–T plasma reaction, including D, T, and helium (He),
resulting in displacement damage, degradation of mechanical properties,
and surface damage, including erosion, blistering, and sputtering [5–7].
Addition of ductile alloying components to W may improve its mechanical and irradiation behaviors by forming solid solutions or dispersions of
particles such as Ti, Y, and Zr. These alloying elements, which present
high afﬁnity to oxygen, can also modify the impurities (O, N, and P) and

distributions of pure W [8–10]. And several amounts of them would
have less induced activation and in all likehood a higher melting point
and more acceptable microstructure [11–12]. As low-energy and highﬂux He atoms implanted in metallic materials are strongly trapped in vacant clusters, grain boundaries, dislocations, and voids [13], the effects of
He ion irradiation on W materials, which are potential candidates for
plasma-facing applications, have been widely studied [14–18]. Reﬁned
W grains present a large number of grain boundaries that can serve as effective sinks for irradiation-induced point defects [19].
In this paper, the effects of addition of a small amount of Ti to Wbased materials were studied. Because of their high melting point, the
W materials were obtained through powder metallurgy, which requires
sintering of a material at temperatures as high as 2700 °C to achieve full
densiﬁcation and excellent properties. Through addition of Ti, highdensity W alloys were obtained at low temperatures by spark plasma
sintering (SPS) sintering. To prevent Ti oxidation, TiH2 was used to fabricate the nanocrystalline W–Ti prealloyed powders by MA [20]. This work
aims to investigate the effect of Ti addition on the mechanical behavior
and microstructure of W–TiN samples before and after irradiation.
2. Experimental procedure
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W–2 wt.%TiN, W–2 wt.%Ti–2 wt.%TiN, W–4 wt.%Ti–2 wt.%TiN,
W–8 wt.%Ti–2 wt.%TiN, and W–10 wt.%Ti–2 wt.%TiN alloys were

302

S. Wang et al. / Powder Technology 294 (2016) 301–306

Fig. 1. The spark plasma sintering process of W–Ti/TiN composites.
Fig. 2. The Vickers hardness of the samples under different Ti contents.

fabricated from raw W and TiH2 powders (average particle sizes of W
and TiH2, 1.2 and 45 μm, respectively; 99.9% purity) and nano-TiN (particle size, 20 nm; 99.9% purity). First, the TiH2 powders were wet milled
for 50 h at 300 rpm with WC balls at a ball-to-powder ratio of 20:1. The
milling medium used was alcohol. Then, the W, nano-TiN, and milled
TiH2 powders were subsequently wet milled for 10 h using a ball-topowder ratio of 10:1. The prepared mixed powders were subjected to
SPS. As decomposition of the milled TiH2 powders takes place in the
temperature range of 395.6–427.2 °C, the decomposition temperature
was decreased after the milling process [19]. The powders were heated
to 600 °C with a heating rate of approximately 100 °C/min and then
maintained at 600 °C for 15 min to decompose TiH2 sufﬁciently. The
powders were then heated to 1300 °C and maintained for 5 min for sufﬁcient sintering. Finally, the powders were maintained at 1600 °C for
3 min. According to the binary phase diagram of W–Ti, no liquid output
is obtained when sintering is performed at 1600 °C. The maximum pressure was 57.2 MPa. The SPS process is shown in Fig. 1.
The density of the samples was measured using Archimedes' immersion method with high-purity ethanol. Vickers hardness was
measured under a load of 200 gf for 20 s. After milling, the W–
10 wt.%Ti–2 wt.% TiN powders and the sintered samples were characterized by X-ray diffraction (XRD). The resulting surface images
and fracture surfaces were measured through ﬁeld emission scanning electron microscopy. TEM was adopted to investigate the microstructures of the samples. Sintered W–0Ti/TiN and W–8Ti/TiN
sample plates were polished to mirror quality, maintained in a vacuum at room temperature, and irradiated with a He+ ion beam (He+
ion beam ﬂux, 1.2 × 10 22 ions/m2 ·s; beam energy, 50 eV) for 1 h
using the Large-Power Materials Irradiation Experiment System.
The temperatures of the targets were measured by an infrared thermometer during irradiation. Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) were employed
for structural observation and phase identiﬁcation, respectively.

3. Results and discussion
3.1. Microstructure of sintered composites
The experimental and theoretical densities of the composites are
listed in Table 1. While the experimental densities of W–4Ti/TiN,
W–8Ti/TiN, and W–10Ti/TiN were higher than their theoretical densities, those of W–0Ti/TiN and W–2Ti/TiN were not. SEM photographs
of the fractures revealed that the samples presented good relative densities because of their formation of a solid solution. The Vickers hardness of the samples is also presented in Table 1 and Fig. 2. The Vickers
hardness of all of the composites was higher than that of pure W,
which indicates that addition of Ti and TiN improved the microhardness of the samples. Hardness evidently increased with addition
of up to 4 wt.% Ti because of improvements in grain size and density
but descended with addition of 8 wt.% and 10 wt.% Ti because of coarsening of the grain size and the lower hardness of Ti compared with that
of W [21]. Although the grain size of W–2Ti/TiN was lower than that of
W–4Ti/TiN (as shown in Table 1), the density of the former was lower
than that of the latter. Thus, W–2Ti/TiN presented a lower microhardness than W–4Ti/TiN.
The XRD patterns of the W–10TiH2/TiN powders and sintered sample are shown in Fig. 3. Four W peaks and a TiH2 peak representing
the (111) plane was observed. The diffraction intensity of the TiH2

Table 1
The real density, theoretical density, Vickers hardness and grain size the sintered
composites.
Composites

Density
(g/cm3)

Theoretical density
(g/cm3)

Vickers hardness
(Hv)

Grain size
(μm)

W–0Ti/TiN
W–2Ti/TiN
W–4Ti/TiN
W–8Ti/TiN
W–10Ti/TiN

18.3519
16.1792
16.8616
14.8525
14.0744

18.38
17.30
16.35
14.73
14.03

651.44
830.18
891.07
830.65
782.87

1.3
0.51
0.62
0.74
0.83

Fig. 3. XRD analysis of W–10Ti/TiN powders and sintered composite.
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peak was low because of grain reﬁnement and the limited availability of
TiH2 particles. We thus speculate that the MA process cannot decompose TiH2 completely. The TiN peak was not detected in the samples,
likely because this species was only present at amounts well below
the detection limit of the instrument. In the sintered samples, although
four W peaks and one TiN peak were detected, TiH2 peaks were not observed; this result conﬁrms the decomposition of TiH2 during annealing.
Compared with the four W peaks of the milled W–10Ti/TiN powders,
the main W peak of the sintered sample slightly shifted toward a
lower angle. The TiN peak detected could be attributed to the formation of a Ti/TiN solution [22,23]. N may diffuse into other Ti lattices
during sintering, which can be proven by the TEM analysis showing
that TiN exists in the interstitial phase and N atoms occupy octahedral interstices.
SEM images of the fracture surfaces of the samples are shown in
Fig. 4. The Ti contents of the samples varied from 0 wt.% to 10 wt.%,
as shown in Fig. 4a–e. In Fig. 4a, we observed that the fracture surface
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of W–0Ti/TiN exhibits a dominant intergranular fracture (i.e., cracks
propagate along the W/TiN and W/W intergranular boundaries) and
several transgranular fractures caused by cleavage of large W grains
with a river pattern and cleavage facets (marked by a black circle)
with increasing addition of TiN. Fig. 4b and c shows that when the
Ti content is less than 4 wt.%, the obtained grains are ﬁne, the fracture surface is complex, and the fracture of W grains occurs by cleavage. Transgranular fractures were observed and crack propagation
appeared to be circuitous; these features may improve the fracture
strength of the alloys. Fig. 4d and e reveals that as the Ti content increases from 8 wt.% to 10 wt.%, the fractures revert to intergranular
fractures, resulting in Ti phase aggregation and grain coarsening. In
Fig. 4e, EDS results characterized light-gray areas as W phases with
a small amount of Ti and dark-gray areas as Ti-rich phases. More Ti
pools were found in Fig. 4d and e than in Fig. 4b and c because of
the high extent of Ti aggregation in the former. Fig. 4a shows that
the equiaxed W grains are reﬁned to an average size of 1.3 μm by

Fig. 4. SEM pictures of fracture surface of the composites: a) W–0Ti/TiN composite; b) W–2Ti/TiN composite; c) W–4Ti/TiN composite; d) W–8Ti/TiN composite; e) W–10Ti/TiN
composite.
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TiN, which presents an average grain size of 0.5 μm and a similar heterogeneous distribution. The W grain size was signiﬁcantly reﬁned
when Ti was added to the W–TiN composites; in fact, the W grain
size obtained was smaller than that reported by M.V. Aguirre
(shown in Table 1) [24]. When the Ti content was increased to
8 wt.%, the grain size coarsened to around 0.84 μm. Thus, addition
of excess Ti inhibits grain growth and addition of more Ti to the alloys is not expected to reﬁne the grain size further [11,24].
TEM was performed to characterize the microstructures of the samples and conﬁrm the presence of TiN and Ti in the W–10Ti/TiN composites. The TEM bright-ﬁeld image shown in Fig. 5a reveals W particles as
dark areas (marked by the red rectangle) and TiN as light areas (marked
by the red circle). The selected area diffraction patterns of the samples
are also presented in Fig. 5a, and their HRTEM results are presented in
Fig. 5b and c. Fig. 5a identiﬁes Ti-rich phases as bright areas (marked
by the black rectangle). EDS analysis indicated that this area (presented
in Table 2) is composed of 2.26W–87.56Ti–10.18N, which implies that
the area represents a W/Ti/TiN solution wherein N and W atoms diffuse
into the Ti atom lattice. The grain size of the solution was around 0.3 μm,
and W grains were reﬁned to 0.7 μm. Some TiN was found to exist with
the W grains.
3.2. Irradiation properties
Fig. 6 shows SEM surface images of W–0Ti/TiN and W–8Ti/TiN irradiated at room temperature and a ﬂuence of 1.2 × 1022 ions/m2·s. The
surface morphology of the samples before irradiation was smooth,
and grain boundaries could not be found without etching. In Fig. 6a, a
secondary phase was observed in the grain boundary of the samples.
EDS results revealed that the dark particles appear to be the TiN
phase. While some TiN particles were not affected by irradiation,
other particles peeled off from the grain boundaries, causing many cavities to develop at these regions. These cavities can induce sputtering
erosion as grain boundaries are considered strong traps for helium particles. Fig. 6b shows dense step-like structures and very small blisters on
the W-grain surface. Fig. 6c–e shows SEM images of the samples with Ti
addition; the two phases (i.e., W and Ti phases) could be clearly distinguished in these ﬁgures. No particles peeled off from these samples and
no obvious cavities were found. Both small and large blisters were observed in the W-grain and Ti-rich phases, and no dense step structures
were found in the W-grain phase. The Ti-rich phase featured a nearly
ﬂat surface with a small amount of blisters with diameters of about
5 nm (Fig. 6e). The micro-hardness of the samples after irradiation increased from 651.44 and 830.65 MPa to 807.1 and 1053.34 MPa, respectively, indicating an increase of about 200 MPa. Therefore, irradiation
can increase the micro-hardness of alloys to some extent. The effect of
irradiation at higher temperatures will be investigated in future work.
4. Conclusion
In the present work, raw W powders, milled TiH2 powders, and
nano-TiN powders were processed through MA, and W–Ti/TiN alloys
were fabricated through SPS sintering with no liquid output at
1600 °C. The effects of Ti addition on the microstructure and properties
of irradiated W–TiN were investigated.
The results may be summarized as follows:
(1) The relative density, micro-hardness, and grain sizes of the resultant alloys were enhanced by Ti addition. The properties of the
alloy containing 4 wt.% Ti were the best among those of the
other alloys obtained.
(2) TEM observations of the Ti/TiN solution indicated that N probably diffused into other Ti lattices during sintering.
(3) Addition of Ti enhanced the He+ irradiation resistance of the resultant alloys. The TiN peeled off after irradiation, and vacancies
that could induce erosion were found at the grain boundaries.

Fig. 5. TEM analysis of W-10Ti/TiN composites: a) bright ﬁeld image of W–10Ti/TiN;
selected area diffraction pattern of TiN; selected area diffraction pattern of W; b) HRTEM
of W phase; c) HRTEM of TiN phase.

Table 2
The atomic percent of element N, Ti and W in selected area.
Element (K)

wt.%

at.%

N
Ti
W
Total

3.00
88.27
8.73
100.00

10.18
87.56
2.26

S. Wang et al. / Powder Technology 294 (2016) 301–306

305

Fig. 6. He+ irradiation surface of W–0Ti/TiN and W–8Ti/TiN samples: a) and b) W-0Ti/TiN sample; c), d), and e) W–8Ti/TiN sample.

The sample with 8 wt.% Ti showed no secondary-phase peeling,
and only small densities of blisters were found in its W-grain
and Ti-rich phases. W-grain boundaries were observed in both
samples after irradiation.
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