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Abstract: In the hydrogen reduction process of tungsten oxides, it is difficult to avoid some impurity elements (the char-
acteristic alloying elements of Fe, Cr, Co and Ni, etc. from the reduction boats or furnace tubes) entering the powder. In
addition, in order to improve the properties of tungsten related materials (W powder, WC powder, W-based alloys, and
WC-based alloys, etc. ), some alloying elements will also be pre-doped into ammonium paratungstate ( APT) or tungsten ox-
ides powders. It is obvious that the above alloying elements will affect the reduction process of tungsten oxides, and further
affect the properties of tungsten related materials. In this paper, effects of alloying elements (including start state, content,
existence state, distribution, etc. ) on the hydrogen reduction process of tungsten oxides and the quality of tungsten powder
have been summarized. The growth mechanisms of tungsten particles (grains) are classified by analyzing the chemical reac-
tion evolution between alloying elements and tungsten oxides in the hydrogen reduction process, including forming WO, -

nMe, O or Me, O, non-volatile tungstates, volatile alloy oxides, and tungsten solid solution, etc. , and reduction effect of allo-
ying elements to tungsten oxides. Effects of alloying elements on microstructures and properties of final powder metallurgical
tungsten related materials are also proposed by analyzing strengthening, phase-transition, grain growth, and interface struc-
ture forming mechanisms, etc. It is expected that some theoretical assistance can be guided to the actual production of tung-
sten related materials and products.
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1 Introduction

Tungsten powder used in the powder metallurgy industry
is usually prepared in a multi-tube reduction furnace by the
following two techniques: (D directly hydrogen reducing am-
monium paratungstate ( APT)"""*' | as the decomposition and
reduction process are carried out simultaneously, it is relative-
ly difficult to accurately control the quality of tungsten pow-
der; @ the usual or easier control technique; APT is firstly
calcined to obtain tungsten oxides powder, and then which is
reduced by reducing gases (hydrogen or carbon monoxide or
alkane, the first is commonly used) to obtain tungsten pow-
der. In the second technique, the decomposition and reduc-
tion process are separated, to a certain extent, which is bene-
ficial to control the quality of tungsten powder. But in fact,
the composition and crystal structure of tungsten oxides ob-
tained by calcining APT are very complex. Usually, it is a
mixture of yellow tungsten oxide (WO,, YTO), blue tungsten
oxide (WO, ,, BTO), and violet tungsten oxide ( WO, ,,,

Y, crystal
[7-9]

VTO). Therefore, effects of phase composition'*

(5. 6] !, and particle or grain size

structure , morphology!”*®
of tungsten oxide powder, and reduction process'”"*" on the
quality of tungsten powder have been studied sequentially. In
addition, the ineluctable impurity elements during the manu-
facturing process from tungsten ore to tungsten oxides or the
pre-doped alloying elements will also affect the reduction
process of tungsten oxides. In this paper, based on the manu-
facture and application experience of tungsten powder and
published literatures, effect of alloying elements on the hydro-
gen reduction process of tungsten oxides and the properties of

tungsten related materials are summarized and analyzed, and

some future research directions are also suggested.

2 Tungsten oxides hydrogen reduction pro-
cess and mechanisms

There are two main mechanisms' "’ for the growth of tung-
sten particles ( grains) during the hydrogen reduction process
of tungsten oxides.

2.1 Chemical vapor migration growth mechanism

In general, the hydrogen reduction phase transition

process of WO, is WO,—WO, ,—WO, ,,—»WO,—W. The
effects of process factors on the mechanisms can be ultimately
attributed to the reducing temperature and pressure of water
vapor, then the isothermal equation of the above four phase

transitions can be expressed uniformly as equation (1) :

AG, =AG +Rnn(@) SAG + RTIn(K,) (1)
Pu,

where, AG°(n=1, -+, 4) are the Gibbs free energy of the
above four phase transitions at room temperature, respective-
ly; R is the gas constant; T is the reduction temperature (K) ;
K, is the equilibrium constant, K, =p, o/py, . Fig. 1 shows the
hydrogen reduction equilibrium curves of WO,'"*). Though,
the phase transition process of different raw materials of tung-

sten oxides is greatly different at various reduction temperature ,

the following gas-solid phase transition process is inevitable.

1100 1000 9200 800
1.0 r

1/7,10°K*

Fig. 1 The hydrogen reduction equilibrium curves of W03[]4:

WO, reacts with water vapor to form the volatile WO_ -
nH,0 (x<3), which is reduced in a gas phase, then the re-
duced tungsten atoms deposit on low valence tungsten oxides
grains or the formed tungsten grains. The “volatilization-depo-
sition” process is called as the chemical vapor migration
mechanism. The volatilization temperature of WO, -nH,0
(x=<3) increases with x value decreases, and the gas-phase
migration rate of WO _+nH,0 (x <3) decreases. Therefore,
this is also one of the reasons why VTO is more suitable for
preparing ultrafine tungsten powder.

Similar to the effects of alloy elements on austenitic phase
region in Fe-C phase diagram, the addition of alloying ele-

ments can also change the “volatilization-deposition” phase



468 Fh BB

541 %

transition during the hydrogen reduction process of WO, , and

in further affects the characterization of the final tungsten pow-
der! 15+ 167

700 °C, alloying elements strongly inhibit the hydrogen reduc-

When the reducing temperature is lower than

tion process of WO, , and the inhibition effect decreases with
the temperature increases; when the reduction temperature is
raised to 700~ 800 °C, the reduction rate for WO, without allo-
ying elements is faster than that for WO_ with alloying ele-
ments, when the completion ratio of the reduction reaction is
less than 60% , but there is an opposite result when the comple-
tion ratio is more than 60% ; when the reduction temperature is
higher than 800 °C, the reduction rate for WO, without alloying
elements is slower than that for WO, with alloying elements'"® .

The alloying elements can also react with WO, to form
various compounds, which are usually deposited on the surface
of particles as the nucleation cores to promote the nucleation of
tungsten grains and to inhibit the “volatilization-deposition”
process.
2.2 Short-range order growth mechanism

Oxygen atoms in WO, are in-situ taken away by H, remai-
ning tungsten atoms, which leads to ordered short-range rear-
range according to the crystal structure of tungsten, finally
growing into tungsten grains. The alloying elements will be
partially solid-dissolved in tungsten lattice to change the short-
range order diffusion energy, and in further to change the sur-

face morphology and size of tungsten grains.

3 Alloying elements’ effects

3.1 Alkali metal elements (Li, Na and K)

Alkali metal elements can act as carriers of oxygen atoms
(by forming WO_-nMe,O or Me,O (Me=Li, Na, or K)) to
prolong the retention time of oxygen in the powder layer, so the
chemical vapor migration reaction'”™' between WO, + nMe, 0
and H, is promoted to lead to the growth of tungsten grains
(particles). The volatilization temperature of WO_ - nMe,O or
Me,O increases with the increase of the atomic number of Me
element, and the order for promoting the growth of tungsten
grains (particles) in a descending manner is Li>Na>K"™".

WO, - nMe, O is deposited on the crystal surface of tung-
sten nucleus, then tungsten grains grow up. WO, - nMe,O is
deposited on the region between the adjacent tungsten grains
will form a sintered neck ™’ | then these tungsten grains merge
and grow into polycrystalline particles.

The study of Walter et al. ™’ showed that tungsten grains

nucleate firstly in the concentration region of K atoms, which
are easily buried or absorbed in tungsten particles during the
subsequent deposition and growth. A bimodal size distribution
of tungsten powder is also easily caused because of the inho-
mogeneous distribution of K atoms. The research results of

%) showed that the residual amount of K atoms in

Lux et al.'
tungsten powder increases because the existence of Si or Al el-
ements causes a decrease of the volatilization rate of K atom,
but Si or Al elements do not affect the coarsening effect of K
on tungsten grains. However, the research results of Lake et
al. " showed that Na plays a role of refining tungsten grains
because of the existence of Si element, but the authors did not
give a clear explanation.

It needs to be pointed out that alkali metal elements will
cause a strength decrease of sintered tungsten related materials
(pure tungsten, tungsten alloys and cemented carbides,
etc. ) so the holding time should be prolonged as much as
possible before liquid-phase sintering or closed pores formation
during solid state sintering, in order to decrease their residue.
3.2 Mg and Ca

Many studies'”"*" have shown that Mg and Ca have a
slight refining effect on the reduced tungsten grains. After
calcining APT, Ca with a form of CaWO, is remained in
tungsten oxides powder, then after hydrogen reduction, is re-
mained in tungsten powder with the forms of CaWO, and
Ca, W ,,0,,"7"", which can probably pin on the migration of
tungsten grain boundary.

Ca can deteriorate the properties of WC-Co cemented car-
bide due to the non-uniform growth of WC grains'”” and the

formation of Ca aggregation pores'”" *'.

3.3 B

B can slow down the reduction rate of WO,—W process.

When the doping content of B is higher than 1000 ppm, B has
a refining effect on tungsten grains, but the reduced tungsten
particles are aggregates of nanoparticles, no distinct single
crystals can be detected, even if the reduction temperature is
higher than 900 °C"**'. When K and B are co-doped, B can
inhibit the volatilization of K due to the formation of potassium
borate during calcining APT and hydrogen reduction of tung-

*’. However, the evolution of B during hydrogen

sten oxides'”
reduction of tungsten oxides is still not very clear.

B can inhibit the growth of tungsten grains in an arc-
melted dilute W-B alloy due to the grain boundary pinning

effect of tungsten boride phase ™.
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B can improve the distribution uniformity of cobalt phase,
the strength and hardness of WC-Co cemented carbides, due
to the formation of Co W B, phase, the optimum B adding
content is about 0. 01wt% "', Based on the principle of B dif-
fusion into cemented carbide during liquid phase sintering, the
boron gradient cemented carbide with boronized wear
resistance in the surface and high toughness in the core can be
prepared ' .

3.4 Al

Many studies'™ * ** have shown that Al has a refining
effect on the reduced tungsten grains, and there are three refi-
ning mechanisms: (O when the doping content of Al is less
than 80 ppm, it can be completely solid-dissolved in tungsten
lattice, which changes tungsten’s lattice constant during reduc-
tion, and then inhibits the growth of tungsten grains by chan-
ging the formation of the growth steps on the surface of tung-
sten grains'”'; in addition, Al also inhibits the aggregation
and coalescence growth of tungsten grains due to the change of
their surface morphologies, and the inhibition effect is not af-
fected even if the alkali metal element exists; @ when the do-
ping content of Al is higher than 80 ppm, the growth of tung-
sten grains are inhibited due to the formation of a thin layer of
oxide with high stability on their surfaces, and the change
process of the morphology of tungsten grain is as follows; cube

¢

with a rough surface—>polyhedron—sphere"™ ; @ the “volatil-

ization-deposition” process of tungsten atoms has been inhibited
due to the formation of AIWO, and AL(WO, ), phases"* .

Al atoms exist in the Co binder phase and the collection
region of small WC grains, resulting in the decrease of densi-
ty, hardness and fracture toughness of WC-Co cemented car-
bide"™. Al has the effect of solution strengthening and pre-
cipitation hardening on the binder due to the formation of
Ni, Al in the WC-Ni( Co)-Al cemented carbides ™ *'. Al can
also improve corrosion and high temperature oxidation resist-
ance of WC-Co cemented carbide due to the formation of

Co-Al intermetallic compounds'”’.

3.5 C

The pressure of water vapor in the reduction system with
C impurity will decrease because C can react with H,O ( gas)
to form CO and H,, thus the * volatilization-deposition”
process of tungsten atoms is inhibited. So C can strongly in-
hibit the growth of tungsten grains, do help to obtain ultrafine
or even nanometer tungsten powder, and the growth mecha-

nism is dominated by solid-state diffusion mechanism"™'.

Spherical tungsten powder with a grain size of 56. 4 nm can be
obtained when C and W mole ratio is 2. 6. The research re-
sults of Mizukami et al. ™ showed that WC powder with a
grain size less than 100 nm can be obtained when WO, is re-
duced and carbonized directly by carbon, and the evolution
process is WO,—WO, ,,—»W0,—>W—>W,C—WC, and the
key process to control the size of final WC grains is WO, ,,
—WO,.

It needs to be pointed out that the temperature must be

higher than 900 °C for WO, being reduced and carbonized di-

rectly to prepare WC powder by solid-carbon+hydrogen™ | or

[42]

methane + hydrogen'*" | or methane'*’ | although WO, reacts
with C at higher than 750 °C'*'. The complete reduction-car-
bonization temperature ( 1215 °C) for the milled WO, and
graphite mixture powders is about 150 °C lower than that for

un-milled mixture powders'*’

3.6 Si

In 750~1000 °C, Si has no significant influence on the
reduction process of tungsten oxides and the morphology of
tungsten grains, and the morphology of tungsten grain mainly
presents the shape of tetrahexahedron or cube'*!. But the

46]

study of Ge et al. "™ showed that Si has a slight coarsening
effect on tungsten grains because the volatilization rate of water
vapor is affected due to the formation of SiO, -nH,0 gel.

The solid-solution strengthening of the nickel binder by Si
will significantly improve the mechanical properties of the WC-
Ni-Si cemented carbides in comparison with WC-Ni cemented
carbides, and the strength and toughness of WC-Ni-Si cemen-
ted carbides is also higher than those observed in similar WC-
Co cemented carbides, without sacrificing the hardness signifi-

cantly™’ .

3.7 P

To some extent, P can refine the tungsten grain because
the reduction rate of WO, ,,—WO, is increased therefore pro-
moting nucleation of WO, grains, and these ultrafine WO,
grains easily aggregate to form small flower like (starlets) ag-

gre(’atesm' 48, 49]
)

, the size of which depends on the water vapor
content of the hydrogen atmosphere, and the formation of star-
let shaped WO, can be a controlling factor in determining the
final grain size of tungsten powder *'. Normally, P is basical-
ly evaporated before WO, is formed during the hydrogen
reduction process, but if P is remained in WO, powder, it will
[48]

be retained in the final tungsten powder

P can play a role in activated sintering for WC-Co cemen-
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[50, 51] , and

ted carbides by decreasing sintering temperature
the research results of Kobylanshi et al. "> and Pan et al. "™
showed that the segregation of P at the grain boundary during
sintering causes brittle fracture of sintered tungsten related ma-
terials. So it is suggested that the doping content of P in tung-
sten related materials should not be more than 0. 3wt%.
3.8 S and halogens

Usually, S remains in APT during the tungsten ore smel-
ting process to APT. In the process of hydrogen reduction of
tungsten oxides, S can be removed by volatilizing itself or by
transforming to highly volatile hydrogen sulfide, it is very im-
portant to extend the reduction time appropriately, avoiding to
affect the size of tungsten particles ( grains ). Because S
remained in WC-Co cemented carbides can deteriorate alloy
strength due to the formation of S aggregation pores'”” | S must
be removed as far as possible.
3.9 As

During calcining APT, part of As atoms or the gaseous
As,O; can be volatilized causing the formation of the porous
WO, particles, which is beneficial to the entry of hydrogen
and the discharge of water vapor during the hydrogen reduc-
tion. In addition, the “volatilization-deposition” process of
tungsten atoms can also be inhibited because the pressure of
water vapor in the reduction system is decreased by the volatile
As and As,0,. The formation of WAs, phase on the surface of
tungsten grains during the reduction can provide more nuclea-
tion cores for tungsten grains, and can also inhibit the migra-
tion of tungsten grain boundary. So As plays a role of refining

tungsten grains s

in the hydrogen reduction process of tung-
sten oxides. The decomposition rate of APT is accelerated by
co-doped As and P, and the porous tungsten oxide particles
(which is beneficial to the hydrogen reduction process) are
formed due to the release of large amount of As,0; and P,0,
gas. The release of P,0, gas can further lower the water pres-
sure during the hydrogen reduction of tungsten oxide. Thus,
compared with only doping As into APT, a finer tungsten pow-
der with an average particle size of 79 nm can be obtained by
co-doping 0. 3wt%As and 0. 3wt%P">.

As has a positive effect on improving the sinterability,
grain refinement, strengthening and toughening of WC-Co
cemented carbide ™"’

3.10 Ti
When nanometer WO,-TiH, mixed powders obtained by

co-ball-milling TiH, and WO, powders is reduced by H, atmos-

phere, the reduction process is changed to WO,—WO0,—W at
800 °C, and WO, was deoxidized to W at 850 C. The forma-
tion of a small amount of nanoscale TiO, can pin tungsten grain
boundary, which is beneficial to refine the size of tungsten

grains o)

. The diffusion of Ti into W matrix was suppressed
due to nanoscale TiO, in grain boundaries during sintering of
W-Ti alloys™'. The research results of Kang et al. """ showed
that a WO,-TiH, powder mixture can be reduced by hydrogen to
W at 800 °C and a TiW alloy phase was also formed.

3.11 VandCr

The formation of V, ; W, ,0,(V-O-W bonze) on the sur-

face of WO, grains can provide more nucleation cores for tung-
sten grains, and could also lead to the decrease of reduction
rate with the V content increases ™"

Cr usually exists in tungsten oxides powder as the form of
Cr,0,( the reduction temperature of Cr,0, to Cr by hydrogen
should be at least more than 1000 °C ") | which is distribu-
ted on the surface of tungsten grains during the hydrogen
reduction, then inhibits the “ volatilization- deposition ”

(9] " The research results of Wu et

process of tungsten atoms
al. ) showed that the maximum effective addition of Cr,0, is
about 0. 9wt%.

In the WC-Co cemented carbides, V and Cr are widely

fet] " and there are three

used as WC grain growth inhibitor
main inhibiting mechanisms: (O dissolving into liquid phase
Co to inhibit the dissolution-precipitation of WC; @ forming a
W-V(Cr)-C solid-solution thin layer with a thickness of about
30~50 nm on the WC grains surface to lower the surface ener-
gy; @ precipitating on the WC grain boundaries to play a pin-
ning role. The formation of W-V( Cr)-C solid-solution can al-
so increase the shear modulus of WC .

Cr can also improve the corrosion resistance of WC-Co
(Ni) cemented carbides due to the formation of more protec-
tive chromium containing oxide on the binder phase'®’.

3.12 Mn

Similar to Al element, during the hydrogen reduction
process of WO, , Mn can be partly solid-dissolved in tungsten
lattice to change tungsten’s lattice constant, which causes edge
passivation of tungsten grain, namely the shape of tungsten
grain transforms from polyhedron to sphere. In fact, most of
Mn atoms by the form of MnWO, are distributed on the surface
of tungsten grains, inhibiting the “ volatilization-deposition”
process of tungsten atoms'*®’. In the ongoing reduction process,

MnWO, is easily incorporated into the tungsten grains, which
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will form a significant open porosity in the final particles'®’.

In tungsten heavy alloys, Mn can purify grain boundaries by
reacting with oxygen and sulfur to form oxides and sulfides, and
can also play a role in activated sintering and grain refining'®’.
The optimum content is about 0. 25wt% for W-Ni-Fe alloys *"'.

In WC-Co cemented carbides, Mn can improve the
strength and hardness by refining WC grains and solid-solution
strengthening Co binder'®’ .

3.13 Fe

When the mass content of Fe is 200 ppm, the clear
growth steps structure is formed on the surface of tungsten grain
(particle). When the content of Fe is higher than 200 ppm, Fe
easily reacts with WO, to form FeWO, during the early stage of

¢

reduction, which inhibits the “ volatilization- deposition”
process, and eventually is reduced to W and Fe, W, '®'.

The friction coefficient of WC-Co-Ni-Fe cemented carbide
can be reduced by adding appropriate Fe, and the optimum
addition content is m,, :mg,=1:1""". Fe plays a role in refi-
ning WC grains for WC-Co cemented carbide used for rock-
drilling, but results in the decrease of the transverse rupture
strength (TRS) due to the increase of porosity, and it is sug-
gested that Fe content should not be more than 0. 3wi%'”" .
3.14 Co

Co plays a role of the catalyst to improve the reduction rate
of tungsten oxides ®’. Co can also promote the formation of nee-
dle-like WO, ., grains with a larger length-diameter ratio'™'. To
some extent, Co improves the nucleation rate of tungsten grains
to form ultrafine or even nano-grains. In turn, Co can also easily
lead to the agglomeration of tungsten grains into a large poly-
crystalline particle!™ . The study of French et al.'™ showed
that Co,W (which disappears at above 900 C) and Co,W,
phase are formed during hydrogen reduction. The final Co, W
phase, which is formed by the decomposition of CoWO, in the
early stage of reduction, is easily incorporated into the tung-

[65]

sten grains Co can also improve the carburizing rate of

tungsten powder, and the complete carburization temperature
of W-Co mixed powders is 800~900 °C ™.
3.15 Ni

Ni can slightly decrease the reduction temperature to in-
hibit the growth of tungsten grains, and the formation of Ni-
WO, can also inhibit

process[m

the “ volatilization-deposition ”
. Nickel oxides can be rapidly reduced into Ni dur-

ing the early stage of reduction, then tungsten grains are nu-

[69]

cleated with Ni as nucleation cores'” . W-Ni powder with an

average particle size of about 100 nm can be obtained by hy-
drogen reducing ball-milled WO,-NiO powder at 800 °C for
1 h'". At a higher reduction temperature (>900 °C), Ni

can easily lead to tungsten grains growing into whiskers with

[69] [78, 79]

an octahedral tip° along to <110> crystal direction
but the preferential growth mechanism is not very clear.

Ni plays a role of activated sintering for sintered tungsten
related materials, but the plasticity of W-Ni alloys decreases
due to the formation of W-Ni brittle phase on grain bounda-
ry' ™. Ni can also improve the high temperature oxidation
resistance of WC-Co-Ni cemented carbide, and the optimum
mass ratio of Co and Ni is 1: 1",

3.16 Cu

Cu can provide the nucleation cores for tungsten grains,
which is beneficial to refine the size of tungsten grains'®'. In
addition, the hydrogen-reduction temperature of WO, for
WO,-CuO mixtures is lower than that for WO, powders, which
promotes the “ volatilization-deposition” process of tungsten
grains on the surface of Cu'™’.

Cu plays a definite role in inhibiting the growth of WC
grain and stabilizing fce-Co, and retards the morphology evo-
lution of WC grains from round shape to faceted shape for the
ultra-coarse grained WC-6Co cemented carbide, but results in

84
%] However s

the decrease of wear resistance Huang’s
study'™ have yielded the opposite result: Cu can improve
hardness and wear resistance of the sub-micro grain WC-6Co
cemented carbide fabricated by spark plasma sintering
(SPS). The insufficient diffusion of Cu and the poor wetting
between WC and Cu are disadvantageous to the density and
mechanical strength, leading to a decrease in density and frac-
ture toughness. The above different results are probably due to
the different roles of Cu in the two alloys. The low wear resist-
ance of the ultra-coarse WC-6Co-1. 2Cu is due to the poor oxi-
dation resistance of Cu and low interface bonding strength of
WC/Co(Cu), while the high wear resistance of the submicro
WC-6Co with Cu is due to the obvious refinement of WC
grains by Cu.
3.17 Zn

Zn can increase the reduction rate of tungsten oxides,
thus promoting the formation of plate-like WO, 4, crystals and
needle-like WO, ., crystals, which is beneficial to improve the
nucleation rate of tungsten grains and also determines the final

particle size of tungsten powder™*® .

Zn plays a role of strengthening WC-10(Co,Zn) cemen-
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ted carbide, and the strengthening effect decreases with the
increasing mean grain size of WC. The strength of WC-10
(Co, Zn) is insensitive to sintering conditions of 1360 ~
1440 °C and holding time of 1~5 h'*"’.

3.18 Zr

Similar to Ni element, Zr can slightly decrease the reduc-
tion temperature to inhibit the growth of tungsten grains, the
formation of Zr ( WO, ), can also inhibit the “ volatilization-
deposition” process' .

Zr can improve hot-hardness, oxidation resistance, and
wear resistance of cemented carbides'™’ and ultimate tensile
strength (UTS) of solid solute tungsten alloys"™’.
3.19 Mo

Many studies'®

" have shown that Mo has a refining
effect on the reduced tungsten grains, there are two refining
mechanisms: (D similar to Al and Mn elements, Mo can be
partly solid-dissolved in tungsten lattice to change the forma-
tion and growth steps on tungsten grains, which causes edge
passivation of tungsten grain, namely the shape of tungsten
grain transforms from polyhedron with sharp edges to near-
sphere with smooth edges; @ Mo can react with WO, to form
MoO,, which can provide more nucleation cores for WO,
grains.

In addition, Mo has a great influence on the crystalliza-
tion process and particle morphology of APT™". Mo has no
obvious effect on the morphology of WC particles during the
preparation of WC powder by carbonization of tungsten pow-
der'™’. Mo can also improve hardness and strength of WC-Co
(Fe,Ni) cemented carbide by refining WC grains and solid-
solution strengthening for the binder, but decrease fracture
toughness, and the best comprehensive performance can be

92.9]  Other results

obtained when the content of Mo is 5wt%
indicate that; although Mo can refine WC grain for a WC-
6. 5Co cemented carbide, maybe due to the increase of porosity
with increasing of Mo content, the strength decreases slightly,
and the fracture toughness of WC-6. 5Co with 2. 4wt%Mo rea-

ches a maximum of about 11. 8 MPa -m"?™*.

3.20 Pd
Similar to Co element, Pd plays a role of the catalyst to
improve the reduction rate (especially the start reduction rate )

of tungsten oxides ™.

3.21 Pt
Pt plays a role of catalysis for the hydrogen reduction

process of WO, by accelerating the dissociation of molecular

hydrogen. Therefore, it can reduce the reduction temperature
and improve the hydrogen reduction rate of WO,
3.22 Rare-earth elements

Rare-earth (RE) elements have a refining effect on the
reduced tungsten grains, there are three refining mechanisms;
@D RE can improve the reduction rate of tungsten oxides by

decreasing the reduction temperature'”’’ | and some studies'

98]
showed that WO, is not found during the reduction process,
but to form W,0,, and W,0,; @ grain boundaries are pinned
by RE distributed at grain boundaries of tungsten oxides or
tungsten grains'”’; @ RE elements by the form of tungstate
are deposited on the surface of tungsten grains to inhibit the

[100]

“volatilization- deposition” process . RE elements can also

accelerate the crystallization of tungsten grains ( particles) to
make them more regular (from spherical to polyhedral) .
RE can purify grain boundaries or interfaces of cemented
carbides by reacting with the harmful impurity elements (e. g.
S, Ca, etc. ) to form the second phase hard particles, therefore
improving cemented carbides mechanical properties'™ . Tt
needs to be emphasized that RE metals should be added instead

of RE oxides, otherwise it may have some uncertainty negative

effects'™’.

4 Summary and prospect

Based on above analysis, effects of alloying elements on
the size of reduced tungsten particles ( grains) can be roughly
summed up in the following seven categories

(1) The formation of WO, - nMe,0 or Me,O (Me=Li,
Na, or K) similar to WO, +nH,0 or H,0 during reduction can
prolong the retention time of oxygen in the powder layer, then
the chemical vapor migration reaction between WO, -nMe,0
and H, is promoted to lead to the growth of tungsten grains (or
particles) .

(2) Fe, Ni, Mn, Al, Zr, V, Ti, and RE, etc. can re-
act with WO, to form non-volatile tungstates, which are depos-
ited on the surface of particles as the nucleation cores to pro-
mote the nucleation of tungsten grains and to inhibit the “vol-
atilization-deposition” process.

(3) Cr, V, Mo, and RE, etc. can react with WO, to
form stable oxides which are deposited on the surface of tung-
sten grains to inhibit the “volatilization-deposition” process.

(4) Al, Mo, Mn, Cu, Ni, Nb, and Ta, etc. can be

partially solid-dissolved in tungsten lattice to change

tungsten’s lattice constant, then inhibits the growth of tungsten
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grains by changing the formation of the growth steps on the
surface of tungsten grains.

(5) As, P, and B, etc. can react with WO, to form vol-
atile oxides to decrease the pressure of water vapor, they can
also react with W to form compounds, which can provide more
nucleation cores for tungsten grains.

(6) Strong reductive elements, C and Zn, eic. can de-
crease the pressure of water vapor, to inhibit the “volatiliza-
tion-deposition” process.

(7) The effect of Ca, Mg, and Si, etc. on the reduced
tungsten grain size is not obvious, more detailed research is
needed.

In fact, the combined influence of multiple alloying ele-
ments makes the hydrogen reduction process more complicat-
ed, this is also one of the focuses of future research. In addi-
tion, in order to prepare nano grained cemented carbides with
high strength and toughness and ultra-coarse grained cemented
carbide for mining, the preparation of nano and spherical sin-
gle crystalline ultra-coarse tungsten powder by doping is also a
future research hotspot.

Alloying elements can improve the performances of WC-
Co(Ni, Fe) cemented carbides mainly by the following five
ways: (D strengthening ( solid-solution or precipitation ) the
binder; @ suppressing fcc—hep phase transition of the Co
binder; 3 modifying the morphology and size of WC grains;
@ optimizing the WC/binder interface structure; & forming a
ternary (W, Me)C solid-solution phase.

With the development of advanced specimen preparing
and microstructure detection technologies, such as SEM, elec-
tron-probe microanalysis ( EPMA ), electron backscattered
scattering detection ( EBSD ), focused ion beam ( FIB),
TEM, et al. , the internal microstructure ( pore, boundary,

[ and composition, etc. ) in a particle

sub-boundary, texture
can be analyzed accurately instead of originally qualitative
analysis, so it is of great help for understanding hydrogen
reduction mechanisms and controlling the quality of tungsten
powder. Besides, the hydrogen reduction characteristics of
tungsten oxide are studied in depth by using some new theo-

ries"'™) or research methods''™' | and the aided computer sim-
ulation of tungsten grain growth in the hydrogen reduction

105
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is also helpful.
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