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a b s t r a c t
W–15 wt.% Ti alloys were fabricated through mechanical alloying with different milling times ranging from 10 h
to 80 h. The powders milled for 10, 30, 60, and 80 h were sintered by spark plasma sintering at 1600 °C. The milled
powders and sintered samples were characterized by X-ray diffraction, scanning electron microscopy, and transmission electron microscopy; and their microhardness and thermal conductivity were investigated. Results revealed that the particles underwent welding, fracturing, and rewelding when the milling time increased. The
grain size decreased, whereas the microstrain increased from 0.344% at 10 h to 0.543% at 80 h and dislocation
density increased with the increase in milling time. However, the WC contamination was induced into the powder after a long milling time, thereby possibly forming the (Ti,W)C1 − x solid solution with the addition of Ti after
sintering. The second phase became uniformly distributed and the W grain size was reduced from 1.48 μm to
0.31 μm after a long milling time. Furthermore, the Vickers hardness increased from 543.05 Hv to 890.30 Hv
and thermal conductivity also increased with an increase in milling time.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
High melting temperature, good thermal conductivity, and low
sputtering rates are excellent properties that make W a potential plasma facing material (PFM) for the International Thermonuclear Experimental Reactor. However, serious problems that limit the use of W
still exist, such as low-temperature brittleness, recrystallization embrittlement, and radiation embrittlement [1–4]. Experiments performed
with W-alloyed Ti, Ta, V, and other elements have reported solutions
to these problems in many aspects [5–8]. Accordingly, Ti cannot only
lower the sintering temperature but can also be a good grain growth inhibitor; this result was demonstrated by the microstructure of the alloys
characterized by the W grains surrounded by a Ti(W) solid solution and
sparsely distributed Ti pools [9–10]. Meanwhile, these alloys are generally fabricated by mechanical alloying (MA) followed by different
sintering procedures, such as vacuum sintering, hot-pressing sintering,
and spark plasma sintering (SPS) [11–13]. Powder metallurgy processing technique is a well-known MA procedure where powders go
through a repetitive process of cold welding, fracturing, and rewelding
in a high-energy ball mill which is possible to produce a ﬁne and homogeneous distribution of particles. This process results in the creation of
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fresh surfaces, decreasing in grain size, increasing defect density concentration, and slight increasing in temperature, thereby contributing
to the alloying between the powder particles in the solid state [14–
20]. It is reported that the second phase particle size and distribution
strongly inﬂuence the properties of the W matrix alloys [21,22]. The variety of milling parameter values includes grain size, distribution, and
constitutional effects, such as the formation of supersaturated solid solutions and amorphous alloys in the starting powders and sintered
products [23,24].
Milling time is the most important parameter in the contamination
of ball-to-powder ratio (BPR), intensity of milling, and so on. Thus, a
substantially long milling time is required in this investigation to obtain
a desirable duration in which the diffusion progress of W–Ti can reach a
saturation level so that the microstructure is uniform and the mechanical properties could be improved. In this work, W–Ti alloys were fabricated through the MA and SPS techniques, and different milling times
ranging from 10 h to 80 h were adapted to investigate the effect of milling time on microstructure of powders and sintered alloys.
2. Experimental procedures
W–15 wt.% Ti alloys were fabricated from raw W and TiH1.9 powders
(with average particle sizes of 1.2 μm and 45 μm, respectively, and 99.9%
purity). The raw W and TiH1.9 powders were shown in Fig. 1. Approximately 30 g of the blends were milled for different durations in the
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Fig. 1. a–b SEM images of raw TiH1.9 and W powders.

Table 1
Parameters of mechanical alloying.
Milling
time (h)

Ball-to-powder
ratio (BPR)

Rotation speed
(rpm)

Protected
gas

Materials of balls
and vessels

10–80

20:1

400

Ar

WC + 8%Co

range of 10–80 h at 400 rpm with WC-balls at BPR of 20:1. All powders
were protected by Ar during the milling process and then handled in a
glove box chamber after milling to prevent O and N contamination
(the parameters were listed in Table 1). Thereafter, the prepared
mixed powders were sintered by SPS at 1600 °C with the same sintering
process reported previously [25].

Fig. 2. a–f SEM images of the W–15 wt.% Ti powders after different milling times for (a) 10 h, (b) 20 h, (c) 30 h, (d) 40 h, (e) 60 h, and (f) 80 h.
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Fig. 3. The change of average particle size of the W–15 wt.% Ti powders with milling time.

Fig. 5. The dislocation density of W grain corresponding to milling time.

The densities of the samples were measured using Archimedes' immersion method. Vickers hardness was measured with a load of 200 gf
for 10 s. After milling, the composition of the milling powders and the
sintered samples were characterized by X-ray diffraction (XRD). The
resulting surface images and fracture surfaces obtained by manual
breaking were measured using ﬁeld emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray spectrometry (EDS). Transmission electron microscopy (TEM) was adopted to investigate the
microstructures of the powders and samples. Thermal diffusivity (α)
was measured by the laser ﬂash diffusivity system (LFA457, Germany)
at 300 K to 1100 K. The prepared samples were 6 mm in diameter and
graphite coating was sprayed onto its surface to reduce infrared emissivity and increase heat absorption before measurement. Thermal conductivity (γ) was calculated through thermal diffusivity (α), speciﬁc
heat (Cp), and density (ρ) according to the equation γ = α·Cp·ρ
based on ASTM E1461-13 [26].

comprises three main repetitive processes, namely, cold welding, fracturing, and rewelding [15]. During the early stages of milling (e.g.,
10 h; see Fig. 2a), the particles are irregularly shaped with a wide particle size distribution. In addition, raw W particles can still be found in the
powders because of insufﬁcient milling. Cold welding and agglomeration are the dominant mechanisms because of the high energy of the
new surface. By increasing the milling time (e.g., 20–40 h; see Fig. 2b
to c), particle size is signiﬁcantly reduced, thereby indicating that the
cold welding powders are hardened to fracture into small particles
through the fatigue failure mechanism in the absence of strong agglomerating forces. At this time, the tendency to fracture predominated over
cold welding. The particles are equiaxed shape with a narrow size distribution, and the particle size ranged approximately from 1.34 μm to
1.09 μm. At the current stage, particle size reduction is considerably
low. As the milling time progressed (e.g., 40–60 h; see Fig. 2d to e),
the fractured small particles tended to re-weld and the particle size increased. After a certain milling time (e.g., 80 h; Fig. 2f), the particles
were reﬁned again and with a narrow size distribution. At this time, a
steady-state equilibrium was attained when the fracturing rate was
balanced with the welding rate. The average particle size was shown
in Fig. 3 which is in the same trend with the observation of SEM. Furthermore, each particle contained all the starting elements and reached
saturation hardness because of the accumulation of strain energy, which

3. Results and discussion
3.1. Characterization of milling powders
The microstructures of the W–15 wt.% Ti powders after different
milling times are shown in Fig. 2 (EDS analysis were in the top right corner of the images). As reported in a previous paper, the MA process

Fig. 4. The change of grain size and micro-strain of the W–15 wt.% Ti powders with the
milling time.

Fig. 6. XRD spectra of the starting powders as a function of milling time for (a) TiH1.9 unmilled powders, (b)–(g) W-Ti powders milled time ranging from 10 h to 80 h.

4

S. Wang et al. / Powder Technology 302 (2016) 1–7

Fig. 7. TEM images of composite powders ball milled for 10 h. (a) Bright-ﬁeld TEM image, (b) SARD pattern of the powder, (c) HRTEM image of the powder, and (d) EDS mapping.

will be discussed in the succeeding sections. Consequently, the MA process introduced a few crystal defects, such as vacancies, dislocation, and
an increased number of grains. The existence of these crystal defects and
ﬁne grains could enhance diffusivity and shorten the diffusivity distance
between Ti and W. Furthermore, the slight increase in temperature was
beneﬁcial to the alloying process [16].
Fig. 4 presents the changes in grain size and microstrain with the
milling time, which are estimated by the full width at half maximum
(FWHM) of the W reﬂections and the Scherrer's and Williamson–Hall
equations [16,27]. The grain size was determined to decrease during
the early stage of milling (i.e., 10–20 h), enter into a gentle stage (i.e.,
20–40 h), and decrease again. The grain size presented a decreasing
trend with the increasing milling time, which is roughly logarithmic.
At the same time, the microstrain increased rapidly at 10–20 h, changed
slightly at 20–40 h, and then increased after 80 h of milling, which is the
opposite of the grain size trend. The microstrain varied from 0.344% at
10 h to 0.543% at 80 h, except for a slight decrease at 60 h. The dislocation density of the W grain corresponding to the milling time is presented in Fig. 5. Overall, the dislocation density increased with the milling
time. We can determine a gentle stage where the ball impact energy is
lost mostly in the form of heat and only a small amount is utilized in

the deformation of the powder particles, which is the reason for the
low particle reduction.
Fig. 6 shows the XRD spectra of the starting powders as a function of
milling time. Fig. 6a shows the XRD spectra of the TiH1.9 unmilled powders. Fig. 6b to g show the XRD spectra of W–15 wt.% Ti powders ballmilled for different durations ranging from 10 h to 80 h. Sharp diffraction peaks related to four W peaks are evident in the powder mixture
of 10 h, thereby explaining the existence of coarse particles. With the increase of milling time, the sharp peaks were considerably broadened
and the intensity reduced because of the development of nano-sized
grains and increased lattice strains and crystalline defect density (see
Fig. 6b to g). Otherwise, the TiH1.9 peaks can only be observed in Fig.
6b and c, which can be attributed to the reduction in the TiH1.9 particle
size and decomposition. In addition, the Ti peaks cannot be found in any
pattern, thereby indirectly implying the formation of the Ti–W solid solution and an increase in solid solubility with the milling time [16].
Amorphization process should occur during milling, which can be inferred from the continuous broadened intensity because of the continuous reduction of the crystallite size, to reduce the internal strain and
system energy. The TEM observation of 80-h milled powders could
also prove the existence of the amorphous phase.

Fig. 8. TEM images of powders milled for 80 h.
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Table 2
The real density, grain size, and Vickers hardness of the sintered W–15Ti alloy.
Milling time (h)

Density (g/cm3)

Grain size (μm)

Vickers hardness (Hv)

10 h
30 h
60 h
80 h

12.9817
13.4536
13.0991
12.9726

1.48
1.08
0.47
0.31

543.05
627.55
862.25
890.30

The powders milled at varied times were characterized by TEM to
study the microstructure. Fig. 7 shows the TEM images of the composite
powders ball milled for 10 h. A bright-ﬁeld TEM image of the powders is
shown in Fig. 7a. Two phases can be distinguished, namely, light and
dark phases. A SARD pattern and a high-resolution TEM (HRTEM)
image are presented in Fig. 7b and c, respectively, thereby showing
that the light and dark phases were TiH1.9 and W, respectively. Fig. 7b
shows that the SARD pattern consists of many incomplete circles, thereby revealing that the powder is polycrystalline, which is composed of
many little crystallines with different orientations (Fig. 7c). Fig. 7d
shows that the energy-dispersive X-ray spectroscopy (EDS) map results
revealed the uniform distribution of W and TiH1.9. The TEM images of
the powders milled for 80 h are displayed in Fig. 8a. Only one phase
can be observed and its selected area diffraction pattern (SADP) pattern
is displayed in Fig. 8b, which corresponds to the TixW1 − x phase with a
lattice space of 2.2437 Å, 1.5832 Å, 1.2834 Å, and 0.8393 Å. Thus, TiH1.9
was decomposed with the long milling time [28]. The relevant HRTEM
image is shown in Fig. 8c (the fast Fourier transform (FFT) image is in
the top right corner). The FFT image shows that the selected region
was still polycrystal and several amorphous phases (marked by arrows
in the top of the picture) were observed. The EDS map (Fig. 8d) shows
that with the distribution of W, Ti became uniform and the complete
solid solution formed with the increase in milling time. Otherwise, the
particle size was approximately 100 nm in diameter for 10 h of milling
and 30 nm in diameter for 80 h of milling time, thereby indicating a signiﬁcant reduction.
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3.2. Characterization of sintered samples
After milling, the powders milled for 10, 30, 60, and 80 h were
sintered by SPS. Table 2 lists the densities of the sintered samples,
which were 12.9817, 13.4536, 13.0991, and 12.9726 g/cm3, respectively. Signiﬁcant differences exist between them. The theoretical density
was obtained based on the absence of interdiffusion between W and
Ti, which was 12.98 g/cm3. The actual theoretical density was slightly
larger than the W–Ti solid solution that exists [29]. In general, the relative density was good, which we can observe from the fracture surface
images.
Fig. 9 shows the SEM images of the sintered samples prepared by
alloying powder milled at different durations. At the beginning of the
milling stage (Fig. 9a and b), the microstructure was not uniform, thereby indicating an incomplete milling from which we observed second
phase particles aggregation. As the milling time increased, an evident
change in the microstructure with a uniform ﬁne second phase is presented in the W matrix. Fig. 9d shows that the light and dark areas
(marked by spectrum 5, 7) were obtained by EDS. The EDS results revealed that W comprised the main element in the light area, whereas
Ti, W, and C comprised the dark area. The Ti content in the W matrix
was low, thereby suggesting that a small amount of Ti dissolved into
the W lattice; by contrast, the W content in the dark region was
63 wt.%, which means that substantial W was dissolved in the Ti lattice
because the former dissolve easily in the latter [27]. Consequently, increasing the milling time can improve the second phase distribution,
thereby considerably preventing the formation of clusters in the W matrix. Table 2 lists the grain sizes of the samples and shows that the grain
was reﬁned from 1.48 μm to 0.31 μm.
Fig. 10 shows the XRD pattern of the sintered samples milled for
10, 30, 60, and 80 h. The ﬁve main diffraction peaks corresponding to
the W matrix can be seen clearly. Small peaks in the samples for 30,
60, and 80 h milling times can be observed, which correspond to the
(Ti,W)C1 − x peaks. The phenomenon may be attributed to the contamination of WC induced by MA. Most Ti could form a solid solution with

Fig. 9. SEM images of sintered samples prepared by alloying powder milled for different times. (a)–(d) 10 h, 30 h, 60 h, and 80 h.
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Fig. 10. XRD pattern of sintered samples milled for 10 h, 30 h, 60 h, and 80 h, respectively.
Fig. 12. The variation in micro-hardness of samples milled for different times.

W, and redundant Ti can react with WC to form the (Ti,W) C1 − x solid
solution [30,31].
The TEM analysis of the sample sintered by milled powders for 80 h
was conducted to explore the effect of milling time on the phase (shown
in Fig. 11). Three phases can be distinguished from the bright ﬁeld
image shown in Fig. 11a, namely, dark phase, light phase, and intermediate region. Fig. 11b illustrates that the EDS map results show that the
dark phase was a W-rich phase, the light phase was a Ti-rich phase, and
the intermediate phase has both elements. The HRTEM images and
SADP pattern were used to study the microstructure to conﬁrm the existence of a transition area between W and Ti. Fig. 11c and d show the
SADP pattern and HRTEM of the intermediate region, respectively,
which correspond to the β(Ti, W) phase; the crystal plane spacing of
β(Ti, W) phase agrees well with the corresponding calculated crystal
plane of (011).
Fig. 12 shows the variation in the microhardness of the samples
milled for different durations. Microhardness increased with the milling
time. In particular, the microhardness of the sample milled for 10 h was
an average of 543.05 Hv, which is close to the data reported by P. K.

Sahoo [32], whereas the Vickers hardness increased to an average of
890.30 Hv after 80 h of milling (see Table 2). A ﬁne and uniform Tirich second phase is anticipated to enhance microhardness. Otherwise,
the small grain-sized W can also increase microhardness [32].
The thermal conductivities of the sintered samples corresponding to
the different milling times at different temperature levels were also detected (Fig. 13). The thermal conductivity of all sintered samples corresponding to different milling times increased with the temperature. In
addition, the thermal conductivity increased with the milling time.
The result may be attributed to the improved interface bonding between W and Ti [33].
4. Conclusion
In this study, the different milling times (i.e., 10–80 h) were used as
the variable to investigate its inﬂuence on the W–15 wt.% Ti alloyed
powder and sintered samples. The main results are presented as
follows.

Fig. 11. TEM analysis of the sample sintered by milled powders for 80 h.
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Fig. 13. The thermal conductivity of the sintered samples corresponding to different
milling times at different temperature levels.

With the increasing milling time, the powder particles experienced
the welding, fracturing, and rewelding processes. The grain size of the
powders was reﬁned to nanocrystalline; thereafter, an amorphous
phase was determined after 80 h of milling. The microstrain and dislocation density increased with the milling time. The W and TiH1.9 phases
were determined after 10 h of milling, whereas only the WxTi1 − x solid
solution was determined after 80 h, thereby revealing the decomposition of TiH1.9 and the formation of the W–Ti solution.
After sintering, large Ti-rich clusters were determined in the matrix
for the 10-h and 30-h millings, whereas a reﬁned uniform distribution
of the second phase was obtained by the sintered samples at the 60-h
and 80-h milling times. These results mean that increasing the milling
time can improve the second phase distribution, thereby considerably
preventing the formation of clusters in the W matrix. The TEM analysis
of the 80-h milling samples showed that an intermediate region between the W and Ti phases exists, which corresponds to the β (Ti,W)
phase.
Microhardness and thermal conductivity increased with the milling
time, and the highest value for samples prepared by the 80-h milling
powder was obtained. These results are attributed to the grain reﬁnement and improved interface bonding between W and Ti, respectively.
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