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Abstract: A simple method was proposed to produce tungsten (W) particles with controllable shape and size by
employing the salt-assisted hydrogen reduction. W particles with controlled shape and size were prepared by adjusting
the amount of chlorine salts and the temperature. After adding salt additives, the dispersibility of final particles was
obviously improved and more adequate growth of particles was obtained. It was found that the effect of NaCl and
LiCl is particularly significant. The average sizes of the obtained W particles at 1038 K after adding 0.1 wt.% NaCl and
0.1 wt.% LiCl were 0.924 and 1.128 pm, respectively. With the increase of temperature and amount of chlorine
salts, the dispersity of the produced W particles became much better, the size of W sub-particles was increased,
and the shape of W sub-particles was changed from spherical to polyhedral. At 1349 K, the addition of chlorine
salts even multiplied the particle size, and the average sizes of W particles with 1 wt.% NaCl and 1 wt.% LiCl were
raised up to 21.367 and 29.665 um, respectively. Based on the conventional pseudomorphic transformation and
chemical vapor transport mechanisms, the effects of adding salts on the reaction mechanism were investigated in detail
as well.
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field of high temperature applications [6,7].

1 Introduction

Tungsten (W) is a silvery metal and exhibits
numbers of outstanding properties: high melting
point (the highest of all metals, 3695 K), low
thermal expansion ((4.32—4.68)x10°K™), high
density, excellent electrical and thermal
conductivity, high strength and yield point at
elevated temperature, etc. [1] These advantages
make tungsten and tungsten-base materials very
attractive for a broad range of applications, such as
tungsten-base films [2], filaments [3], electrodes [4],
and electrical contacts [5]. Special performance also
makes it compatible with glass and ceramics in the

Over the past several decades, the powder
production technology has been developing rapidly,
and higher requirements for the quality of powders
were also put forward, including surface property,
fluidity of powders and particle size [8]. Thus,
controllable physical properties of metallic tungsten
powders can ensure the optimal properties of the
product [9] and make them applicable for a
series of high-end products [10,11]. The production
of tungsten powders has been widely studied
and has caught much attention of numerous
researchers with the development of many
production methods [12—14]. However, hydrogen
reduction is still the dominant production method
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widely used in industrial production [15,16]. Due to
the refractory characteristic of tungsten, it is still a
difficult problem to synthesize metallic tungsten
with desired morphologies and sizes in industrial
production. Plenty of mixed oxide materials have
been synthesized by the assisted molten salt
synthesis (MSS) method, such as LaAlO; (formed
after 3 h at 903 K in KCI-KF liquid mixtures),
MgAlL,O, (formed after 3 h at 1373 K in mixed
chloride melts) and other examples including
CaZrO;, KSr,NbsOys, and TiC coatings [17,18]. In
addition, various salts were used as additives in
powder production [19-21]. For example, SUN
et al [20] reported that the ultrafine and uniformed
Mo crystals were obtained by adding few chlorine
salts. ZHANG et al [21] investigated the effect of
adding carbonate on the reduction of MoO, to Mo
by hydrogen. Particularly, lithium and natrium salts
were often used as additives for the preparation of
coarse-grained tungsten powders [22,23]. However,
the previous mainly focused on the
production of coarse-grained tungsten powders, and
the effects of salts on morphology and dispersity of
produced particles, and reaction rate were rarely
reported.

Therefore, the present study aimed to prepare
tungsten with the regulable and desired size and
shape through the salt-assisted hydrogen reduction
method, and further to reveal changes of dispersity
of produced particles and reaction rate after adding
salts (NaCl, LiCl and MgCl,). The effects of
amount and kind of additives and temperature on
the morphologies and size were also studied. The
reduction mechanism after adding chlorine salts
was investigated as well.

studies

2 Experimental

2.1 Materials

The tungsten sources of WO; powders (99.9%)
were purchased from Shanghai Aladdin Bio-
chemical Technology Co., Ltd and the assisted
additives of NaCl (99.5%), LiCl (99%) and MgCl,
(99%) were purchased from Shanghai Titan
Scientific Co., Ltd. In the present study, additives
were first dissolved completely into deionized
water, and then mixed with WO; powders for
30 min under sonication. Whereafter, the mixture
was dried at 373 K until turning into dry powders.

2.2 Experimental procedure

The experimental apparatus used in this study
was presented in Ref. [19]. An ALO; crucible
(8 mm x 8 mm) with around 100 mg samples was
put into the system first, and then high-purity argon
as the protective gas was injected into the furnace to
eliminate air. Then, the furnace was raised to
desired temperatures with a ramping rate of
10 K/min. After stabilizing the temperature,
reaction atmosphere was switched from argon to
hydrogen for a certain reaction time, and then pure
argon would replace hydrogen and be introduced
into the furnace again to protect samples during the
cooling process. The gas flow rate was hold at a
constant of 60 mL/min in all experimental runs. The
phase compositions of all samples were analyzed by
X-ray diffraction (XRD, PANalytical X’Pert,
Panalytical B.V.) with Cu K, radiation as the X-ray
diffraction. Morphologies of these samples were
characterized by SEM (TESCAN VEGA 3 LMH,
Czech Republic) technique.

3 Results and discussion

3.1 Isothermal reduction

A thermo-gravimetric analyzer (TGA) (HCT-3,
Beijing Hengjiu Instrument Ltd., China) was used
to monitor the continuous change of samples during
the process of isothermal reduction (1038—1349 K).
Under all experimental conditions, the mass change
increases smoothly to around —20.71% (Fig. 1) and
XRD results confirm that the final products are pure
W (Table 1). Because of only adding a small
amount of salts, the diffraction peaks of additives
are undetectable. It is worth noting that two slope
discontinuities are observed in the TG (thermo-
gravimetry) curves: the mass loss of 1.9% is for the
reduction from WOs to W 3049 and 6.9% is for the
formation of WO, from WO;, and thus the
reduction pathway is expected as WO;—W 304—
WO,—W. With the influence of the reaction
temperature and additive, the visible change occurs
in the reaction process. As shown in Fig. 1, the
completion time of the reduction of pure WO;
by H, at 1038, 1130, 1245 and 1349 K, corresponds
to around 40, 17, 10 and 6 min, respectively. The
reaction is noticeably accelerated with the
temperature increasing. Changes in the kind of
additives affect the reaction time in different ways
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Fig. 1 Reduction curves of pure WO; and mixed powders (by adding salts) with H, at different temperatures: (a;, a,) TG
and DTG at 1038 K, respectively; (b, b,) TG and DTG at 1130 K, respectively; (c;, ¢;) TG and DTG at 1245 K,
respectively; (d;, d;) TG and DTG at 1349 K, respectively
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Table 1 Phases in samples with or without additives at
different temperatures (based on XRD results, W PDF
No. 4-806)

Temperature/K Additive Phase
1038 - W
1130 - w
1245 - W
1349 - W
1038 0.1 wt.% NaCl w
1130 0.1 wt.% NaCl w
1245 0.1 wt.% NaCl W
1349 0.1 wt.% NaCl W

based on analyzing DTG (differential thermo-
gravimetry) curves and the reaction rate varies with
different rules with changing the kind of additives.
At the low temperature of 1038 K, the initial
reaction rate (WO;—W504—WO,) of samples
with 0.1 wt.% MgCl, is very close to that of sample
without additives, while other additives (LiCl, NaCl)
more or less extend the reaction time, but in the
later reduction stage (WO,—W) the reduction rates
of samples with adding LiCl and NaCl increase
apparently. With temperature increasing to 1130 K,
the reaction rate of sample with 0.1 wt.% NaCl is
accelerated significantly compared with that at low
temperature. However, the reaction of sample with
adding 0.1 wt.% LiCl still occurs slowly. While at
1245 and 1349 K, the reaction rates of samples with
0.1 wt.% NaCl and 0.1 wt.% LiCl are very close
and higher than that of samples without additives,
respectively. By contrast, the initial reaction rate for
sample with 0.1 wt.% MgCl, is the lowest at
1349 K.

3.2 Effect of additives on morphologies and size

distributions

Figures 2—5 show the morphologies and size
distributions of the as-prepared metallic W particles
obtained under different conditions. In order to
figure out the effect of additives on the particle size,
the statistical particle size is estimated from SEM
images as well. As shown in Fig. 2, W powders
obtained at 1038 K for reducing pure WO; remain
the raw shape of WO;, except forming some
fissures and cracks because of the deoxidation. It
should be noted that few sub-particles (around
0.486 um) exist in the cracks, which was caused by

the humidity (tiny amount of water vapor was
formed and not carried out by the gas flow timely).
With the increase of temperature, the surface of
particles becomes more and more rough, and these
dominant particles degrade gradually. Eventually,
W powders degrade to a number of aggregated,
irregular sub-particles (1.257 um). The dispersity
and size of W sub-particles are obviously affected
by the reaction temperature.

3.2.1 Addition of 0.1 wt.% NaCl

Figure 3 shows the morphologies and size
distributions of obtained metallic W by reduction of
WO; (with 0.1 wt.% NaCl) at different temperatures.
The addition of 0.1 wt.% NaCl makes radical
changes in the shape of sub-particles. At 1038 K,
although the large particles also maintain the
parallelepiped-shaped and irregular blocky-shaped
morphology, a great number of small spherical
sub-particles (0.924 pum) are formed in the large
particles. This is similar with the products obtained
by reducing pure WO; at 1130 K; however, the final
product for samples with 0.1 wt.% NaCl has a more
uniform size and a more spherical shape. With the
temperature increasing and under the action of
NaCl, the large particles degrade dramatically and
become more and more dispersed, the size of
sub-particles increases and the shape changes from
spherical to polyhedral. Especially at 1245 and
1349 K, the sizes of obtained sub-particles are
6.696 and 7.961 um respectively, being over two
times larger than those obtained at 1130 K.

3.2.2 Addition of 0.1 wt.% LiCl

Figure 4 shows the effect of addition of
0.1 wt.% LiCl on the morphologies and sizes of
as-prepared W sub-particles. It can be clearly seen
that the addition of LiCl has a similar effect on the
final products compared with the addition of NaCl
as a whole: the obtained W sub-particles are more
dispersed and become larger with increasing
temperature. However, the obtained sub-particles
are around 1.5 times as large as those of adding
NaCl at 1245 and 1349 K, respectively. Moreover,
the shape of sub-particles is more regular, and at
1130 K, even regular polyhedrons appear.

3.2.3 Addition of 0.1 wt.% MgCl,

The morphologies and size distributions of
samples with 0.1 wt.% MgCl, completely reduced
at different temperatures are shown in Fig. 5. At
1038 K, it seems that the addition of MgCl, has
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little effect on the products, but it hiders the

dispersion of final sub-particles at 1130 K. However,

when the temperature increases to 1245 K, large
particles begin to degrade into a large number of
irregular small sub-particles (1.126 um). With
further increasing temperature to 1349 K (Fig. 5(d))
the obtained sub-particles have a similar shape with
smaller and more uniform size (3.624 um), which is
larger than those prepared by the reduction of pure
tungsten oxides (1.257 pum) but smaller than those
obtained by reducing samples with adding NaCl
and LiCl. What’s more, the shape is more regular at
1349 K.

By summarizing the above morphological
analyses, the schematic diagrams of final products
obtained under different conditions are shown in
Fig. 6. Both additive and temperature affect the
evolution tendency obviously: (1) addition of salts
and the increase of temperature cause the shape of
sub-particles changing from spherical to polyhedral;
(2) besides, additives can also promote particles to
degrade to different degrees, making them more
dispersed; (3) at higher temperature (especially
1349 K), chlorine salts are visible to promote the
growth of sub-particles. Here, the effect of amount
of additives on the morphologies and size
distributions of the final product was studied with

1349 K

1245 K

1130 K

1038 K

Initial status

o o S

NaCl and LiCl as representatives, and SEM images
of samples (with 1 wt.% NaCl and 1 wt.% LiCl)
completely reduced are shown in Figs. 7 and 8,
respectively. It can be seen that the size of final
products by adding 1 wt.% NaCl (Fig. 7) is larger
than that obtained by adding 0.1 wt.% NacCl (Fig. 3)
apparently, and the amplification increases rapidly
with the increase of temperature. Furthermore, at
1349 K (Fig. 7(d)), the molten matter appears on
the surface of sub-particles and the sub-particles
have a fairly obvious polyhedral shape with edges
and corners. The changes of morphology and size
of final products for sample with 1 wt.% LiCl have
similar rules with those of the sample added with
1 wt.% NaCl, but the particle size is much larger for
sample added with 1 wt.% LiCl (Fig. 8).

4 Reduction mechanism

In industrial production process of tungsten
by hydrogen reduction [15,16], pseudomorphic
transformation and chemical vapor transport (CVT)
are two different reaction mechanisms which have
significant effects on the properties of the product.
These are also verified in the production of Mo [24].
The volatile phase (WO,(OH),), formed via the
following Reaction (1), makes the morphologies of

e e e e e e e . e e - e e e -

Without additive

Fig. 6 Schematic diagram of as-prepared metallic tungsten

0.1 wt.% NaCl

0.1 wt% LiCl 0.1 wt.% MgCl,
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the products different through its formation,
transference and reduction (Eq. (2)). The change of
reaction mechanism with temperature increasing

should be the main reason resulting in different
shapes and sizes of final products for the precursor
without any additives. And visible results obtained
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from Fig. 2 support the hypothesis directly.
WO;(s)+H,0(g)=WO,(OH)x(g) (1)
WO,(OH)x(g)+3H,(g)=W(s)+4H,0(g) (2)

However, the morphologies and sizes of W
particles change visually after adding additives. The
effects of additives on the reaction mechanism can
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be analyzed as follows.

(1) The melting points of chloride salts
NaCl, LiCl and MgCl, are 1074, 878 and 987 K
respectively. When chloride salts are used as
additives, during the reduction (1038—1349 K), the
reaction temperature will exceed all the salts’
melting points except NaCl at 1038 K, and the
added salts will melt and act as high-temperature
solvents. WO; or W can then dissolve and undergo
reactions in the molten salts. When the solubility of
WO; or W exceeds the limit, precipitation will
occur in molten salts. The liquid salts promote the
rapid diffusion of reactant species at low
temperatures and can give a product with better
quality in a shorter time and at much lower
temperature. Oxides and salts can disperse
spontaneously on the surface of particles with
diminishing free energy G (AG<0) [25], and molten
salts can adhere to the surface of sub-particles and
promote the dispersion of sub-particles in the
solvent. XIA et al [26] found that the molten salt
was capable of accelerating the material formation
kinetics and improving the product crystallinity.
Therefore, for large parallelepiped-shaped and
irregular blocky-shaped particles, the dissolution—
precipitation cycle will make some sub-particles
dissolve and others will crystallize and then grow
up. This may break up the original WO; particle
and make it degrade, which has been observed in
our experiments. It is worth nothing that the relative
molecular masses of NaCl and LiCl are less than
that of MgCl,, which means that the additives of
NaCl and LiCl have larger mole numbers with the
same mass fraction of 0.1%, which can improve
mass transfer much more effectively.

(2) According to SEM analysis, with adding
salts, the large particle degrades and transforms to a
great number of small sub-particles at lower
temperatures. This phenomenon strongly suggests
that the CVT mechanism also plays an important
role to some extent during the reduction.
Investigation has proved that the formation of the
volatile oxide hydrate can be accelerated by the
catalytic action of liquid alkali compounds in the
reaction [27]. Therefore, the CVT mechanism will
be enhanced. In addition, Li and Na, as the first
main group elements, have the similar chemical
properties with H, and their compounds can
combine with water vapor to form volatile
substances (WO;'nX,0, X represents Na and Li

elements) [23], which can also intensify CVT
process and the dispersity of sub-particles although
water vapor is difficult to form at a relatively low
temperature. That is why sub-particles with adding
NaCl and LiCl are much more dispersed than those
with adding MgCl,. At higher temperature, a large
amount of W atoms will be produced in a short time
to attach to the surface of pre-nucleated W and
molten salt particles. Thus, W sub-particles become
more dispersed but larger than those without
additives. Therefore, the separated sub-particles are
formed and the dispersity of products is greatly
improved.

(3) At lower temperatures, the morphology of
the particles presents an irregular shape which
is approximately spherical (Figs.2-5), and the
inherent agglomeration of sub-particles is very
remarkable. Through spontaneous agglomeration,
the surface energy will be decreased [28]. The
aggregation is formed by the solid phase bonding
between the particles, which is very hard to separate,
instead of the electrostatic interaction or the VDW
(van der Waals force) between the particles. In
order to obtain stable and dispersed particles, the
surface modification of particles using additives is
especially important. Thus, the chlorine salts (NaCl,
LiCl and MgCl,) can work as dispersants to weaken
the force between particles, and the surface energy
is also decreased.

(4) It is well known that crystals can
spontaneously present closed, regular polyhedral
shapes under suitable conditions, and the formation
of W crystal is also related to this law. However, the
experimental results show that W sub-particles
present different shapes under different production
conditions caused by different reaction mechanisms.
The sublimation of WO; appears when the
temperature is over 1173 K, and higher temperature
increases reaction and sublimation rates, and
sintering behavior. At higher temperature, these
effects will work together and promote the growth
of W particles during the reduction process. When
the temperature is lower, low reaction rate will lead
to incomplete development of W particles, resulting
in the formation of spherical particles. After adding
salts, the sublimation of WO; and volatile
substances (WO;-nX,0, X represents Na and Li
elements) is facilitated. Hence, more adequate
growth of particles will be obtained with the
addition of additives.
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In addition, with temperature increasing, the
above mechanisms and the sintering of W particles
will promote the growth of product particles.
Finally, in order to improve the purity of the
product, the chlorine salts (NaCl, LiCl and MgCl,)
can be removed by water washing or acid leaching
without losing W because of the chemical stability
of W [1]. The inductively coupled plasma optical
emission spectrometry (ICPOES) (iCAP 6300 Duo,
Thermo Scientific) analysis results of the obtained
W after hydrochloric acid leaching and water
washing are given in Table 2.

Table 2 Element contents of produced metallic tungsten
with 0.1 wt.% LiCl (wt.%)

\\% Li Mo Fe Ni
>99.99 0.0010 0.0026 0.0035 0.0013

5 Prospect of application

As shown in Fig. 6, spherical sub-particles
with improved dispersibility and uniformed particle
size (~2 um) can be obtained at lower temperature,
which will significantly improve the formability,
physical and mechanical properties of tungsten-
based products [29]. Furthermore,
multiply the particle size of polyhedral particles
significantly at higher temperature, and coarse-
grained tungsten powders are the important
precursor for the production of coarse-grained
tungsten carbide. Compared with fine or medium
grain tungsten carbide, coarse grain tungsten
carbide can be widely used in geological mining
tools, petroleum drill bit, hard wear-resistant
materials due to the advantages of less high-
temperature defects, less micro-strain and higher
micro-hardness, etc [30]. The present study
provides a method of producing both large and
small tungsten particles.

additives

6 Conclusions

(1) The salt-assisted method to prepare
different morphologies and
tungsten particles was investigated, and the
reduction and affecting mechanisms of the additives
were proposed as well.

(2) Without additive, W sub-particles with
poor dispersion were produced and the large
particles almost maintained the shape and size of

sizes of metallic

raw WO; at low temperature; while uniform,
regular and dispersive W sub-particles were
obtained by adding 0.1 wt.% additives (especially
NaCl and LiCl).

(3) With the increase of temperature and
amount of salts, the produced particles become
more dispersed and the size of sub-particles is
increased. Furthermore, the shape of sub-particles is
changed from spherical to polyhedral.
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