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Enrichment of W2Bs from WO3 and B.O3 by Double SHS Method
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A second self-propagating high-temperature synthesis (SHS) was carried out to enrich the W2Bs content in the SHS
product containing a mixture of various tungsten boride compounds. In the experiment, the process called Double-SHS
(D-SHS) was conducted in two steps. In the first SHS reaction, an initial molar composition ratio of WO3:B203:Mg
mixture was selected as 1:3:8. The product was then hot-leached with hydrochloric acid to eliminate MgO and MgsB20s
phases. The leached product, consisting of 72.6 wt.% W2Bs, 16.1 wt.% WB, 8.4 wt.% W-B, and 2.9 wt.% W, was again
reacted with the Mg and B203 mixture by second SHS. After another acid leaching step, W2Bs content in the D-SHS
product was found to be 98.2 wt.%. The study showed that D-SHS is an effective method for boron enrichment in the

tungsten compounds.
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1. INTRODUCTION

Tungsten borides (W:B, WB, W;Bs, and W4B) and
their composites are useful refractory compounds on
account of their high hardness, chemical inertness,
electronic conductivity and resistance to thermal shock
[1-6]. In the literature, there are many studies about the
coating, cutting, sintering and electronic properties of these
compounds [1-12]. Tungsten borides are mostly
synthesized by solid state reaction between W and
amorphous B powder pressed in compacts at elevated
temperatures, e.g. pretreatment at 500 °C in hydrogen for 1
hour followed by 800—-1200 °C in argon for 2 hours [12].
A few other production methods that may be feasible are
mechanical alloying, molten salt electrolysis, vapor
deposition and arc melting [5—13].

Self-propagating high-temperature synthesis (SHS) is
an alternative technique that can be used for the
productions of many refractory compounds such as
carbides, nitrides, silicides, intermetallics, oxides etc. [14].
Sub-micron and nano-sized powders can be also produced
by this method [15-17]. A low initiation energy
requirement, very fast processing rate, and simple
operation enhance the significance of SHS process. In the
SHS process, after initiation, the reaction propagates in the
reactant mixture and proceeds in the self-propagating
mode. Especially for the thermite-type SHS processes, the
adiabatic temperature value (Tag) is an important indicator
to estimate whether a reaction is self-propagating or not
[14]. Depending on the raw materials used for the SHS
process, acid leaching may be required to eliminate
unwanted compounds in the SHS product [18]. In our
previous studies, we produced tungsten boride product as a
mixture of W,B, WB, and W,Bs by SHS method and
following acid leaching techniques starting from CaWOs3
or WO; as cheap sources of tungsten [18, 19]. It was
concluded in the studies that, even if the simultaneous
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additions of B,Os; and Mg to the initial mixture increased
the atomic ratio of boron to tungsten in the boride
formations, single step SHS was not enough to eliminate
all metallic tungsten and sub-borides such as W-B and WB
due to the nature of SHS. Besides, these additions lead to
not only an increase in the quantity of MgsB2Os, which is
more difficult to leach than MgO, but also to a slow
dissolution rate and high temperature requirement in the
leaching step.

The present process, named D-SHS, covers a leaching
and second SHS/leaching trials on the previously produced
SHS product [19]. The aim is to increase B/W ratio and to
obtain a final product with high grade of W»Bs which has
notable improvements in mechanical properties and wear
resistance of some composites [7, 20].

2. EXPERIMENTAL STUDY

The chemical composition of the initial raw materials
and the experimental procedure for the first-SHS are also
described elsewhere [19]. In the study, WO; (Alfa Aesar
Co., 99.8 % pure with particle size < 106 um), B20s (99 %
pure with particle size < 53 um) and Mg (99.7 % pure with
particle size <150 um) powders were used. After the
drying of the powders at 110 °C for 2 hours, the 50 g of
initial mixture was prepared at the molar ratio of
WO3:B,0s:Mg as 1:3:8 and charged into the MgO
crucible. After compaction, tungsten resistance wire was
placed on the mixture surface. The crucible was closed by
using a graphite lid and then the argon was purged into the
crucible for 5 min. The SHS initiation was performed by
passing electricity through the resistance wire. After
completing the reaction, the crucible was left to soak
keeping the argon gas flowing for 30 min. The SHS
product was discharged, crushed, and ring milled. In the
leaching step, the SHS product was reacted with aqueous
acid solution which contains 2 times the stoichiometric
amount of HCI acid (5.8 M HCI) at 80 °C and 1 hour using
1/10 solid/liquid ratio in order to dissolve unwanted
byproducts (i.e. MgO and MgsB.0s) from the tungsten



boride compounds. At the end of the experiments, filter
cake was obtained by vacuum solid-liquid separation
method washing the leached product with water to
neutralize the leaching acid. In the second SHS step, the
leached product was again reacted with same amount of
the B;O; and Mg mixture keeping same molar ratio of
B,03:Mg (3:8). Then, the similar subsequent acid leaching
(5.8 M HCI) on the second SHS product was carried out to
eliminate the byproducts. The whole process flow of the
experiment is shown in Fig. 1.
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Fig. 1. The process flow of the D-SHS experiment

The phase compositions of the SHS products and filter
cakes were examined by using X-ray diffractometer with
scanning range of 20°—80° and scanning rate of 1.54°/min
(XRD, PANalytical PW3040/60 with a Cu Ko radiation,
A =1.5406 A°) at room temperature. The Rietveld analysis
was applied to X-ray diffraction data to calculate the phase
compositions by using X’Pert HighScore Plus software.
The microstructure of the D-SHS product was
characterized by MultiBeam Focused lon Beam-Scanning
Electron Microscope (FIB-SEM, JEOL JIB-4501). The
mean diameters and specific surface areas of the leached
SHS products were measured by using particle size
analyzer (Malvern Mastersizer 2000).

3. RESULTS AND DISCUSSION

A thermochemical calculation was performed to
estimate the T, value and the possible product
composition of the SHS reaction by using the advanced
“Equilib” module of FactSage 7.1 [21]. In order to
simulate the first SHS reaction, 1 mole of WO; and
8 moles of Mg were equilibrated with 3 moles of B:O:s.
The reactions of the process were assumed as adiabatic
(AH =0) and the initial reaction temperature was selected
as 25 °C. FTlite database was selected in order to detect
the intermetallic compounds and solid solutions in the
product, whereas all gas, liquid and other stoichiometric
solid phases were selected from the FactPS database.

According to the calculations, the Taq value was found
as 2147 °C and the calculated product composition was
estimated to be 64.4 wt.% MgzB,0s, 26.9 wt.% W,Bs, and
8.7wt.% WB in the solid phase and 83.7 wt.% Mg,
7.8 wt.% (BO)2, 5.7 wt.% B20s, and 1.8 wt% BO in the
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gas phase of the system. It was also calculated from the
Reaction module of FactSage that even at high Taq value,
MgsB20¢ formation occurs due to the strong affinity of
free MgO with B2O; (Eg. 1). As a result, high amounts of
B-0s in the initial mixture result in not only an increase in
B/W ratio in the boride phase but also an increase in
MgsB20¢ amount in the SHS product.

3MgO + B203=M@3B20s;  AG°2147°c= -98.7 kJ. 1)

XRD scan for the unleached SHS product which are
selected for the present study are shown in Fig. 2 [19]. The
figure depicts that the phases occurred in SHS product
were metallic W, W;B, WB, W-Bs, MgO, and MgzB,0e.
However, no WB, formation was detected in the product.
The Rietveld analysis results given in Table 1 indicate that
the quantity of MgsB20s Was almost two times higher than
that of MgO in the SHS product [19]. Fig. 2 b shows that
MgO and MgsB.0s phases were successfully eliminated by
subsequent leaching step. The XRD intensities of the
obtained phases from highest to lowest were identified to
be W-Bs, WB, and minor W:B, and W.
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Fig. 2. XRD analysis of a—SHS product [19]; b—leached
product [¢W, EW.B, OWB, AW:Bs;, OMgO,
0OMgsB20s,]

According to the Rietveld analysis, after leaching,
even though relatively high W,Bs/WB weight ratio (~ 4.5)
was obtained, almost a quarter of the total amount of the
product was composed of the sub-borides, i.e. WB and
W:B, as well as metallic tungsten (Table 1). The mean
diameter (d50) and the specific surface area of the leached
SHS product were found to be 0.258 pm and 21.4 m?/g,
respectively. In the second stage of SHS experiments,
approximately 10 g of the leached product was reacted
with the same amount of B,O3z; and Mg mixture (molar ratio
of 3:8). However, the molar ratio for Mg:B,Os in the initial
mixture were again selected as 3:8 for keeping the Taq high
enough for self-propagation mode. After a successful SHS
reaction, the product was then leached in the aqueous acid
media. Fig. 3 and Table 1 show the comparison of the
XRD patterns and rietveld analysis results of unleached
and leached D-SHS products, respectively. The phases
occurred in the D-SHS product were WB, W:Bs, WB4,
MgO, and MgsB,0s. No metallic tungsten and W-B phases
were observed in the product.



Table 1. Rietveld analysis of SHS and leached SHS products

Product composition, wt,%

Definition W W2B WB W3Bs WB4 MgO MgsB20s
SHS product [19] 0.4 1.3 4.8 16.7 — 29.7 61.2
Leached SHS product 2.9 8.4 16.1 72.6 — — —
D-SHS product - - 0.3 26.7 0.7 434 28.9
Leached D-SHS product — — 0.6 98.2 1.2 - —

The quantity of MgsB20s was found lower than that of
MgO. It is obvious that lower amount of Mgs;B,Os in the
SHS product requires less aggressive leaching conditions,
i.e lower temperature and higher pH values and less time.

oe

Relative Intensity

20 30 40 50 60 70 80
2 Thetha

Fig. 3. XRD analysis of a—D-SHS product; b— leached D-SHS
product [®@WB, A W2Bs, AWB4, OMgO, CIMg3B20¢]

The XRD pattern of the leached D-SHS product is
shown in Fig. 3 b. After a successful leaching step, no Mg
related oxides were detected in the sample. The leached
product is mainly composed of W,Bs (with major peaks at
20 =35.275°, 25.683° and 34.680°, Ref. code
00-038-1365) as well as little amounts of WB4 and WB,
which differs from the first leached one. The Rietveld
analysis revealed that approximately 98 wt.% of the
resultant product was successfully converted to W:Bs.

The SEM micrographs at different magnifications of
the leached D-SHS product are shown in Fig.4. The

x10,000

micrographs confirm that after leaching of MgO and
MgsB20s¢ phases, the remaining boride product are porous
and composed of nano-sized agglomerated particles which
result in higher surface areas. The mean diameter (d50)
and the specific surface area of the leached D-SHS product
as 0.255 pm and 19.5 m?/g, respectively. These values are
very close to those of the leached first SHS product.

The literature indicates that the D-SHS method was
used, for the first time, to increase the yield of ZrBy, since
the single SHS of ZrO,, HsBO3 and Mg mixture resulted in
an incomplete conversion of ZrO, [22]. It was found that,
by using D-SHS method, the unreacted ZrO, amount
decreases only from 37.8 to 16.8 wt.%. However, with the
help of the addition of NaCl, the particle size of SHS-ZrB;
powder (75-125nm in range) decreases to 25—40 nm
after D-SHS. In our study, no diluent such as NaCl and
KCl was added to the initial mixtures to modify the
particle size.

We must emphasize here that if a boride phase from
specific systems such as W-B, Mo-B, and V-B, is aimed to
produce via SHS method starting from their oxides, it is
mostly probable that the resultant product will contain
many stable boride compounds. However, it is possible to
increase the ratio of boron to metal in the product by
carrying out a second SHS by adding boron oxide and Mg
into the system. In the present study, we successfully
increased the atomic ratio of boron to tungsten from 1.41
to 2.49 in the boride product after the second SHS process.

Further studies can be conducted to obtain non-
aggloramated nano-sized tungsten boride powders with the
addition of NaCl as an initial SHS diluents. The effect of
B,Os/Mg ratio on the D-SHS product should be also
considered to obtain high grade of WB4 compound.
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Fig. 4. SEM micrographs of D-SHS product: a—x10000 magnification; b —x60000 magnification
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4. CONCLUSIONS

In summary, since the single SHS process from the
mixture of WO3:B,03:Mg leads to an incomplete
conversion to W,Bs, some attempts have been made by
using Double-SHS method. After the first SHS process of
WO; and BOs; with magnesiothermic reduction under
argon, the tungsten boride compounds were separated from
Mg containing by-products by HCI acid leaching. The
leached first products were comprised of W, WB, W:Bs,
and W>B mixture phases. After the second stage of SHS
processing followed by acid leaching, the chemical
composition of the leached D-SHS product was found to
be 98.2 wt.% WBs, 1.2 wt.% WB4, and 0.6 wt.% WB. The
specific surface area values of the leached SHS and D-SHS
products were found close to each other (21.4 m?g and
19.5 m?/g, respectively). D-SHS method may be an
applicable method to increase boron content in the
tungsten boride product.
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