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Mechanical alloying was performed in a planetary ball mill by using a rotational speed of 400 r/min and a
ball to powder ratio of 20:1 at room temperature. Milling was performed for 5, 15, 25, 36, and 45 h. The
effect of milling time on the microstructure and properties of alloy powders, microstructure of WeNb
alloys, and second-phase distribution were studied through ﬁeld-emission scanning electron microscopy,
high-resolution transmission electron microscopy, and X-ray diffraction analyses. Results showed that
crystalline size, lattice strain, and dislocation density signiﬁcantly changed when the milling time was
increased from 5 h to 25 h. Further increase in the milling time slightly inﬂuenced the parameters. W
eNb alloy powders exhibited the lowest lattice parameters after 25 h of milling. Among the formed W
eNb solid solutions, WeNb alloy milled for 25 h exhibited the lowest porosity and contained homogenously and ﬁnely distributed Nb-rich phases in the tungsten grains and boundaries. Thermal
desorption spectroscopy analysis was also performed to assess deuterium retention after irradiation.
Based on the total amount of deuterium in the WeNb alloys, those milled for 25 h exhibited the optimal
irradiation resistance. In conclusion, 25 h is the optimal milling time for mechanical manufacture of W
eNb alloys.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Tungsten (W) and its alloys are promising candidates for hightemperature applications because of their high melting point,
high mechanical properties, good thermal conductivity, low tritium
inventory, and low sputtering yield [1e6]. However, the applications of these materials remain limited because of their lowtemperature brittleness, recrystallization brittleness, and
radiation-induced brittleness [7e9]. Niobium (Nb) features high
melting temperature and outstanding low-temperature ductility.
This element easily forms alloy with W through sintering at high
temperatures.
The properties of alloy powders affect the microstructure and
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properties of the resulting alloy. Alloy powders can be produced
through wet chemical method, mechanical alloying, and mechanical milling. Mazher [10] synthesized ODSelanthanum oxideetungsten nano-powders through a wet chemical method. Yar
[11] produced nano-crystalline We1%Y2O3powder through solution chemical reaction. Compared with wet chemical methods,
mechanical milling is simpler and shows unique advantages; the
latter can be used to easily fabricate nano-powders and introduce a
high volume fraction of reinforcement phases into the alloy or
composites. Mechanical milling can also easily consolidate milled
powders to full density [12]. The mechanisms of mechanical milling
involve repeated cold welding, fracturing, and rewelding of powder
particles through a high-energy ball mill [13]. Jiten [14] and Sha [15]
successfully fabricated WeNb alloy powders through mechanical
milling. However, the effect of milling time on the microstructure
and properties of WeNb alloys has been rarely investigated. As
such, in the present study, the effects of milling time on the
microstructure and properties of WeNb alloy powders and sintered
alloys were studied.
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2. Experimental procedure

pﬃﬃﬃ 1=2 .
Db

rd ¼ 2 3 ε2

2.1. Sample preparation
Powders containing 99.9% pure W (average particle size
1.0e1.3 mm) and 99.9% pure Nb (average particle size 40e50 mm)
was used for alloy manufacture. The composition of alloy powders
was 15 wt% Nb and 85 wt%W powders. Mechanical alloying was
performed in a planetary ball mill by using a rotational speed of 400
r/min and a ball to powder ratio of 20:1 at room temperature.
Tungsten carbide (WC) jar and tungsten carbide ball were used to
prepare powder mixtures. The milling medium was absolute ethyl
alcohol, and the milling experiment was performed for 5, 15, 25, 36,
and 45 h. The prepared alloy powders milled for 15, 25, 36, and 45 h
were subjected to spark plasma sintering (SPS) at 1700  C for 3 min.
Before the spark plasma sintering, the W-15 wt% Nb alloy powders
after different milling time were loaded into the cylindrical
graphite mould. The size of cylindrical the graphite mould in
diameter was 20 mm, which means that the size of the powder
compacts before the spark plasma sintering was 20 mm in diameter. During sintering process, the temperature was maintained at
800  C and 1300  C for 10 and 5min, respectively. The heat rate was
100  C/min, and the sintering pressure was 43.6 MPa. The speciﬁc
sintering process is shown in Fig. 1.
2.2. Powder characterization
The alloy powders were characterized through X-ray diffraction
(XRD) analysis in an X'Pert PRO MPD machine by using Cu Ka radiation (l ¼ 0.1541 nm). Crystalline size and lattice strain of the
alloy powders were determined based on the evolution of the peak
position and broadening of peak from the XRD pattern. The crystalline size and lattice strain were calculated using the WilliamsoneHall equation [16]:

b cos q ¼

Kl
þ 4εsinq
D
.

b ¼ B  b2 B

(1)

(2)

where q, K, l, D, ε, and b are the Bragg angle, a constant (0.89), X-ray
wavelength (0.1541 nm), crystalline size, lattice strain, and halfwidth with correction for the instrument line broadening, respectively. B is the half-height width, and b is the instrument halfwidth. The dislocation density (rd) of the alloy powders were
calculated using the equation below [17]:

Fig. 1. The spark plasma sintering process of WeNb alloys.

(3)

pﬃﬃﬃﬃﬃﬃﬃ
Where b is the Burgers victor of dislocation, b ¼ a 3 2 is the bcc
structure, a is the lattice parameter, D is the crystalline size, and ε is
the lattice strain. Lattice parameter was calculated from the XRD
pattern by using the precise lattice parameter calculation method
[18].
The distribution of alloy powders particles size was analyzed by
laser particle size analyzer (MS-2000) manufactured by UK Malvern.
The microstructures of the prepared alloy powders after different
milling times were investigated using ﬁeld-emission scanning
electron microscopy (FESEM; SUe8020) and high-resolution
transmission electron (HRTEM) microscopy (JEMe2100F) analyses.
The alloy powders were added into absolute ethyl alcohol and ultrasonically dispersed for 30min to prepare the TEM sample.
=
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2.3. Alloy sample characterization
Alloy powders ball milled for 15, 25, 36, and 45 h were subjected
to SPS at 1700  C for 3 min. The as-received alloy compacts were
characterized through XRD analysis in an X'Pert PRO MPD machine.
The microstructure of the We15 wt%Nb alloy was determined
through FESEM (SUe8020) and HRTEM microscopy (JEM-2100F).
The porosity of the samples was measured using Archimedes' immersion method with used deionized water. The sample for thermal desorption spectroscopy (TDS) was 3 mm in diameter and
0.1 mm in thickness. The surfaces were mechanically polished until
a mirror-like ﬁnish was obtained. We15 wt%Nb alloys milled for
different durations were irradiated by Dþ
2 with 5 keV and irradiation dose of 1.0  1020 ions/m2 under high vacuum at room temperature. After ion implantation, TDS measurements were
performed from room temperature to 1050 K through infrared
irradiation at a heating rate of 1 K/s to investigate the D retention
behavior. In all cases, the samples were stored in air between the
end of exposure and the beginning of the TDS measurement.
3. Results and discussion
3.1. Powder characterization
3.1.1. XRD pattern analysis of the milled powders
The XRD patterns of alloy powders milled at different durations
are shown in Fig. 2. The peaks broadened, and their intensity

Fig. 2. The XRD pattern of the milled alloy powders after different milling time.
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Fig. 3. Inﬂuence of milling time on W crystallize size and lattice strain.

reduced as the milling time increased. The shift in the (110)Nb,
(110)W, (200)W, (211)W, and (220)W peak leaned toward low angles.
The shift could be due to decrease in crystalline size and increase in
lattice strain during milling. Fig. 3 shows the variations in the
crystalline size and lattice strain calculated from the XRD data of W
by using Equations (1) and (2) as well as the two stages of the
milling process. In the ﬁrst stage, which lasted up to 15 h, the
crystalline size decreased rapidly to 33.9 nm and the lattice strain
increased rapidly to 0.275% within 15 h of milling. The signiﬁcant
increase in the lattice strain could be due to reﬁning of the powders
during milling. Moreover, the number of matrix dislocations
increased because of severe plastic deformation of the powders.
The consecutive accumulation and interaction of the dislocations
led to rapid decrease in crystalline size and rapid increase in lattice
strain [19]. Fig. 4a shows the dislocation density and lattice parameters. And the dislocations were also observed under HRTEM
microscopy, which was exhibited in Fig. 4b and c. Fig. 4b and c
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showed the HRTEM microscopy of the alloy powders after 25 and
45 h of milling. In the second stage, the crystalline size decreased
slightly and the lattice strain increased slightly. The crystalline size
and lattice strain reached 28.3 nm and 0.347%, respectively, after
45 h of milling. These results could be due to dislocations generated
by plastic deformation and annihilation through the recovery
mechanisms [20]. During the second stage of milling, the ﬁne
crystals caused difﬁculty in generating dislocations; existing dislocations were rearranged, and some of them were annihilated
[20]. Thus, the slight increase in crystalline size and lattice strain
was attributed to the slight increase in dislocation density (Fig. 4a).
The lattice parameters of the milled powders are shown in Fig. 4a.
The variations in the lattice parameters were categorized into two
stages. In the ﬁrst stage, which lasted up to 25 h, the lattice
parameter decreased rapidly and reached 0.31559 nm. This ﬁnding
could be due to compressive residual stress suffered by the powders during the ﬁrst stage of milling. In the second stage of milling
that lasted between 25 h and 45 h, WeNb solid solution was
formed and the atomic radius of Nb (0.198 nm) was larger than that
of W (0.193 nm) [21]. The formation of the WeNb solid solution
induced increases in the lattice parameters.
3.1.2. Morphology analysis
SEM analysis was performed to observe the morphologies of
alloy powders milled for different durations (Fig. 5aee). As the
milling time increased, the particle size decreased to some extent.
In addition, the morphologies of the alloy powders changed from
spherical to ﬂake-like shape. After 36 h, particle agglomeration
started, which could be attributed to micro-welding among the
particles. Particle agglomeration intensiﬁed when milling was
prolonged to 45 h. This phenomenon could be due to the ductile
behavior of the superﬁne particles as a result of the dominant
repeated cold welding over fracturing of the alloy powder particles
during milling. The equilibrium between cold welding and fracturing was not achieved, and the agglomerated particles did not
break into small particles after 45 h of ball milling. Fig. 5f revealed

Fig. 4. (a) Inﬂuence of milling time on W the dislocations density and the lattice parameter; and the dislocations HRTEM microscopy of the alloy powders: (b) 25 h; (c) 45 h of
milling.
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Fig. 5. The SEM morphologies of the alloy powders after different ball milling time: (a) 5 h, (b) 15 h, (c) 25 h, (d) 36 h, (e) 45 h, (f) the distribution of the alloy powders particles size
after different milling time.

the distribution of the alloy powders particles size. The right side
peak of We15 wt%Nb alloy powders after 15 h milled was presented due to the rewelding process dominated the milling process
during short milling time. The medium particle diameter of
We15 wt%Nb alloy powders after 5, 15, 25, 36, and 45 h were
2.922 nm, 2.590 nm, 1.192 nm, 2.932 nm and 3.073 nm, respectively. The width of particle size distribution was also analyzed by
formula: (D90-D10)/D50, with values were 5.883, 48.96, 2.118,
27.57 and 14.36, respectively. The We15 wt%Nb alloy powders after
15 h milled exhibited wider the distribution interval of powders,
and the narrower distribution interval of powders was presented in
The We15 wt%Nb alloy powders after 25 h milled. And Fig. 5f also
revealed that high-energy ball milling also led to some agglomerations, which was proved by the right side peak of We15 wt%Nb
alloy powders after 45 h milled.
Fig. 6 shows the morphology, selected areas (marked by cycle
Fig. 6aec) for electron diffraction (SAED), and HRTEM images of the
powders milled for 5, 25, and 45 h. The powders milled for different
durations exhibited different particle sizes and shapes. The shape of
the milled powders changed from strip to ﬂabelliform as the milling time increased. The change in shape could be due to the impact
and compression effects of ball collision, which lead to ruptured
and ﬂat powder mixture. The inset in Fig. 6aec show the HRTEM

and SAED images of the powders milled for 5, 25, and 45 h,
respectively. The map EDS pattern of the alloy powders after 5, 25
and 45 h of milling, were shown in Fig. 6def. And Fig. 6def corresponded to Fig. 6a and b and c, respectively. Otherwise, Fig. 6f was
local region (as the black cycle shown) of Fig. 6c. Fig. 6def revealed
that the interdiffusion between W and Nb was nonuniform, however, a small extent of interdiffusion between W and Nb occurred.
And no clear evidence could prove that the W(Nb) solid solution
formed during the ball milling. The grain size decreased with the
milling time extended. The degree of disorderliness of the microstructures obviously increased as the milling time increased to 25 h.
It means that a large amount of strain energy was stored, which
leads to non-stabilization of the lattice, yielding the ﬁne grain sizes
with the milling time increased, and the blurry lattice structure
formed. The alloy powders were subjected to the impact,
compression, attrition and shear effects during MA process. The
number of matrix dislocations increased because of severe plastic
deformation of the powders. Additionally the interaction of dislocations led to destruction of the complete lattice structure with
defects and formation of a blurry lattice structure [22]. Sequentially,
the degree of disorderliness of the microstructure did not change
signiﬁcantly when the milling time was extended to 45 h. The inset
in Fig. 6a and b shows the HRTEM images of the lattice fringes
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Fig. 6. The bright morphology, inset HRTEM images and selected area electron diffraction (SAED) of the milled powders: (a) 5 h, (b) 25 h and (c) 45 h; and the map EDS of the alloy powders after (d) 5 h, (e) 25 h, (f) 45 h of milling.
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Fig. 7. The XRD pattern of the We15 wt%Nb alloys with different milling time.

corresponding to the {110} plane of tungsten and niobium, whereas
the inset in Fig. 6c shows the lattice fringes corresponding to the
{022} plane of tungsten and {112} plane of niobium.

3.2. Alloy sample characterization
Fig. 7shows the XRD patterns of the We15 wt%Nb alloys with
different milling time. Only one phase of W was evident in the
We15 wt%Nb alloys. The peak position of W shifted to lower angles
in the XRD patterns of We15 wt%Nb alloys after 15 and 25 h of
milling. As shown in Fig. 2, the peak of the Nb phase disappeared.
Based on XRD pattern, the calculated W lattice parameters of
We15 wt%Nb alloys after 15 and 25 h of milling were 0.31677 and
0.31679 nm, respectively. As shown in Fig. 4, the W lattice

parameters of We15 wt%Nb alloy powders were 0.3160 and
0.3156 nm, respectively, after 15 and 25 h of milling. The results
indicated the presence of inter diffusion between W and Nb at the
W/Nb interface; where in a small amount of Nb was dissolved in the
W matrix to form W/Nb solid solution. In addition, the crystalline
size of the ﬁne particles and the high dislocation density promoted
the inter diffusion between W and Nb. However, after 36 h of
milling, particle agglomeration occurred and inhibited the inter
diffusion between W and Nb during SPS. The formation of a WeNb
solid solution was restrained, and the peak position of W shifted to
higher angles in the XRD pattern of We15 wt%Nb alloy after 36 h of
milling. As a result, the new phase of Nb4C3 was evident in the XRD
pattern. The formation of the Nb4C3 phase was possibly due to the
transformation of the WC phase, which was introduced by the ball
milling. The Gibbs free energy of carbides formed by carbon and
niobium reaction was lower than that formed by carbon and
tungsten reaction [23]; hence, Nb4C3 was more stable than WC
during sintering. Nb absorbed carbon from WC and formed Nb4C3
during the sintering process. The reaction between Nb and C impurities in W also induced the formation of Nb4C3. Nb exhibited
high afﬁnity to and reacted with C purities to form composites at
high temperatures. The formed Nb4C3 acted as the second phase,
which inhibited grain growth and shift in grain boundaries.
The Secondary electron SEM was used to characterize the surface micro-images of the We15 wt%Nb alloys with 15, 25, 36, and
45 h ball milling, which were shown in Fig. 8aed, respectively.
Porosity was observed in all alloys (Fig. 8a, c, and d; marked by
arrow A in Fig. 8a), except for the We15 wt%Nb alloy after 25 h of
milling (Fig. 8b). This ﬁnding indicated that We15 wt%Nb alloy
after 25 h of milling exhibited low density, which prevented
porosity detection. The inset EDS pattern (Fig. 8a) indicates that
particles dispersed at the tungsten grain boundaries as well as
within the grains (marked by arrow B in Fig. 8a) contained Nb-rich
phase. As shown in Fig. 8a, c, and d, the Nb-rich phase particles
were homogenously distributed in the tungsten grains and
boundaries of We15 wt%Nb alloy after 25 h of milling. This result
could be due to the small powder size obtained after 25 h of milling

Fig. 8. The surface micro-images of We15 wt%Nb alloys with different milling time: (a) 15 h, (b) 25 h, (c) 36 h and (d) 45 h.
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Table 1
The grain size and the porosity of the WeNb alloys after different milling time.
Samples
15
25
36
45

W/Nb
W/Nb
W/Nb
W/Nb

alloy
alloy
alloy
alloy

Grain size (um)

Average porosity (%)

3e8
3e5
3e7
3e8

0.45
0.19
0.28
0.34

Table 2
Total deuterium amount retained in the investigated samples irradiated by Dþ
2.
Samples
15
25
36
45

W/Nb
W/Nb
W/Nb
W/Nb

Total retained deuterium amount
alloy
alloy
alloy
alloy

2.77
0.69
2.91
3.97
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and particle agglomeration after 36 h. The We15 wt%Nb alloys
exhibited similar grain sizes (Table 1). However, the distribution of
the Nb phase was signiﬁcantly distinct; the Nb phase comprised
ﬁne particles and exhibited a lamellar shape after15, 25, and 36 h of
milling. The ﬁnest lamellar shape was observed after 25 h of milling, which could be attributed to the decrease in the size of ductile
Nb phase as the milling time increased from 15 h to 25 h. When the
milling time was extended to 36 h, the agglomeration of the ﬁne
lamellar Nb phase started. However, large-sized Nb-phase particles
were distributed at the W grain boundaries after 45 h of milling.
This phenomenon was attributed to the ruptured lamellar Nb phase
because of the large size of Nb phase particles after the milling time
was extended to 45 h.
TEM was employed to characterize the microstructure and
interface between the W and Nb phases during SPS (Fig. 9aeb).
Fig. 9 displays the low-magniﬁcation TEM bright images, and the
inset represents the selected area diffraction (SAD) of the W and Nb
phase diffraction patterns. Fig. 9b shows the high-magniﬁcation
image of the interface between W and Nb phases, indicating the
200 nm-wide interface between them. Element scan mapping was
employed to analyze bright TEM images to conﬁrm W and Nb
phases (Fig. 10). In element scan mapping, the bright area was the
Nb-rich phase and the black area was the W-rich phase. The inter
diffusion between W and Nb phases occurred during SPS at 1700  C,
and WeNb solid solution was formed at the inter diffusion interface
between W and Nb (Fig. 9b). The results are consistent with those
presented in Fig. 7.
Table 1 shows the grain size and porosity of the We15 wt%Nb
alloys with different milling time. The We15 wt%Nb alloy after 25 h
of milling exhibited the lowest porosity (0.18%). This ﬁnding could
be due observation was attributed to the decrease in crystalline size
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and particle size of the alloy powders as well as the increase in the
dislocation after 25 h of milling. These changes reinforced the inter
diffusion between Nb and W phases and promoted densiﬁcation
during sintering. Particle agglomeration occurred, and the crystalline size decreased slightly after 36 h of milling, thereby weakening
the inter diffusion between Nb and W. In addition, decreased sintering densiﬁcation and higher porosity were recorded after 36 h of
ball milling.
Fig. 11 shows the D2 release spectra as a function of the sample
temperatures. The amounts of D retained in We15 wt%Nb alloy
after 25 h of milling were signiﬁcantly lower than those in
We15 wt%Nb alloy with other mill time in this paper. The lowtemperature desorption peaks appeared at almost the same temperature (400 Ke500 K), which indicated that D was retained in the
same types of trapping sites for We15 wt%Nb alloy with different
milling time. The high-temperature desorption peaks at 800 K and
900 K were observed in We15 wt%Nb alloy after 15 and 25 h of
milling, respectively. The low-temperature desorption peak of
We15 wt%Nb alloy after 25 h of milling was lower than that of the
other alloys. The total deuterium amount retained in the investigated alloys irradiated by Dþ
2 was then calculated (see Table 2). The
total amount of D2 retained in the We15 wt%Nb alloy after 25 h of
milling was lower than that in the other alloys; hence, the concentration of trapping sites decreased in the We15 wt%Nb alloy
after 25 h of milling. This result was attributed to the small powder
size after 25 h of milling, and particle agglomeration that started at
36 h. The dislocation density increased as the milling time
increased. The Nb-rich phase particles were homogenously
distributed in both the tungsten grains and boundaries of the
We15 wt%Nb alloy after 25 h of milling. The We15 wt%Nb alloy
milled for 25 h exhibited the lowest porosity (0.18%) and the ﬁnest
grain size (about 3e5 mm), which reinforced the inter diffusion
between Nb and W phases and decreased the number of defects
during sintering. To sum up, the W/Nb alloy produced after 25 h of
milling exhibited the optimal deuterium irradiation resistance.

4. Conclusion
WeNb alloy powders were prepared by mechanical alloying
with different milling time. The crystalline size of the WeNb
mixture powders decreased, whereas the lattice strain and dislocation density increased as the milling time increased. The minimum lattice parameter was observed during the 25-h milling. In
addition, the inter diffusion between W and Nb occurred after15
and 25 h of high-temperature sintering. The 25 h WeNb alloy
exhibited the lowest porosity, and the Nb-rich phase became small
and uniformly distributed in the tungsten grains and boundaries of
this alloy. The formation of WeNb solid solution was determined

Fig. 9. TEM images of We15 wt%Nb alloys after 25 h of milling: (a) low-magniﬁcation TEM bright images, and the inset picture was the selected area diffraction (SAD) pattern, (b)
the high-magniﬁcation of the interface between the W and Nb phase.
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Fig. 10. Elemental mappings of W and Nb elements in We15 wt%Nb alloys after 25 h of milling.
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Fig. 11. The TDS spectra for the investigated samples of W/Nb alloys from 273 to
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The WeNb alloy milled for 25 h exhibited the optimal deuterium
irradiation resistance. Overall, the optimal milling time for WeNb
mixture powders was 25 h.
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