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ABSTRACT
  
 In this study; W2B nanocrystals were synthesized with B2O3/Mg/WO3 start-
ing materials via mechanochemical method. Starting materials were mixed 
according to the reaction stoichiometry and reduction processes were 
performed in a planetary ball mill under Argon gas atmosphere. Phase 
and morphology structure of particles were characterized by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), transmission electron 
microscopy with energy-dispersive X-ray spectroscopy (TEM/EDX) and 
the specific surface area was measured by Brunauer-Emmet-Teller (BET) 
theory. The effect of milling period and molar ratios of starting powders 
were investigated in detail. Results showed that W2B nanocrystals were 
obtained successfully without different tungsten compounds after 30 h 
milling and purification in 2 M HCl solution. Coaxial/spherical shaped and 
agglomerated W2B nanocrystals were observed by microstructural exami-
nations. Crystallite size and specific surface area of the W2B nanocrystals 
were determined as 13.61 nm and 18 m2/g respectively.
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         1.   Introduction

Tungsten boride compounds (W2B, WB, W2B5, WB4 
and WB12) have remarkable properties like high hard-
ness, melting point and electrical resistivity [1]. There 
are many methods for production of tungsten borides 
such as chemical vapour deposition, solid state reac-
tion, ionic melts, self-propagating high temperature 
synthesis, arc plasma melting and mechanochemical 
method. Syntheses of these compounds are started in 
1960’s by Woods et al. and by Peshev et al. [2-3]. In 
the following years, some properties like mechanical 
and electrical properties were investigated by some re-
searchers [4-6]. Itoh et al. synthesized W2B, WB, W2B5 
and WB4 compounds via thermal method with elemen-
tal tungsten and amorphous boron powders in 1987 
[7]. The contribution of W2B5 to oxidation resistance of 
composite materials was investigated by Radev et al. 
in 1993 [8]. In 1995, Otani et al. produced a WB2- x sin-
gle crystal via melting process and studied the effects 
of the boron on the crystal structure [9]. In the same 

year by melting method Okada et al. produced W2B, 
δ-WB and WB2 crystals and determined the hardness, 
electrical conductivity and oxidation resistance proper-
ties of crystals [10]. Gostishchev et al. have produced 
W-W2B and W-WB powders via the reduction of metal 
oxides and boron mixtures with magnesium in molten 
salts and demonstrated the effect of NaF-NaCl sys-
tems on phases of final product [11]. Mohammadi et al. 
have produced WB4 via elements in arc furnace melt-
ing method in 2011 [12]. Yeh et al. [13] and Yazıcı et al. 
[14-15] have produced and characterized a tungsten 
boride compound via self-propagating high-tempera-
ture synthesis (SHS) using oxides form of tungsten. 
Besides studies for synthesizing and characteriza-
tion of tungsten boride compounds, coating [16-17] 
and composite material development studies [18-19] 
have also been carried out in the literature. Studies 
for determining the physical and chemical properties 
of the synthesized compounds of tungsten boride are 
expected to lead to an increase in practical work in the 
future [20-24]. 
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A number of studies have been reported for transition 
metal boride via mechanochemical method in the lit-
erature [25-41], but there are only a few studies for 
production of tungsten boride [42-44]. In one of these 
studies, Coskun et al. have reduced tungsten oxide and 
boron oxide with Mg and leached the obtained powder 
mixture with HCl and produced W2B5. [42]. Tabrizi and 
et al. investigated the effect of boron amount on the 
tungsten boride phases which were synthesized by 
mechanochemical method [43]. Bahrami-Karkevandi 
et al. investigated the phase changes of WO3-B2O3-
Mg ternary system according to milling period. It is 
reported that the formation of W2B-W nanocomposite 
powders after 60 min of milling was achieved [44]. 

To the best of our knowledge, it is noticed that W2B 
phases were not obtained alone via mechanochemi-
cal method. In the most of studies, it was seen that 
synthesized W2B powders were composed of different 
WxBy phases [42-44]. In this study, W2B nanocrystals 
were synthesized without any other phases of tung-
sten or tungsten boride via mechanochemical method 
by changing reaction stoichiometry. The W2B nano-
crystals synthesizing route, morphology and charac-
terization were discussed in detail.

        2.   Materials and method 

        2.1. Materials

As starting materials, B2O3 (Eti Maden, 545.74 µm, 
98.00 %), Mg (Aldrich, 138.66 µm, 99.00 %) and WO3 
(Merck, 3.03 µm, 99.50 %) were used. All experi-
ments were performed under Argon gas atmosphere 
in a hardened steel vial and 3x15 mm hardened steel 
balls.  2 M HCl (aq) solution was used for purification 
of powder mixtures.

2.2. Mechanochemical synthesis method and  
characterization

The milling processes were carried out by planetary 
high energy ball mill (Fritsch P6). The synthesis stud-
ies were performed with different reaction stoichiom-
etry. In the all experiments, Mg was used 20% wt ex-
cess for the reduction reactions and possible oxygen 
remained in the vial.  In the first stoichiometry, B2O3’s 
molar ratio was not changed while its molar ratio in-
creased twice in the second stoichiometry. Mixtures of 
starting materials were prepared according to Equa-
tion 1 and placed with balls into vial and sealed tightly 
in the glove box. At the first stage of milling, WO3 and 
B2O3 were reduced by Mg (Eq. 1.1 & 1.2 and so on ). 
During the milling, MgO phase was occurred while W 
and B were released in the vial. Then, W and B re-
acted by the effect of mechanical energy and formed a 
W2B ceramic phase (1.3). 

4WO3 + B2O3 + 15Mg           2W2B + 15MgO (1)

4 WO3 + 12Mg          4W + 12MgO          (1.1)

B2O3 + 3 Mg        2B + 3MgO            (1.2)

4W + 2B                2W2B             (1.3)

Starting powders prepared at 4:1:18 and 4:2:18 mo-
lar ratios were milled according the parameters given 
in Table 1. Then mixtures were milled up to 30 h and 
analyzed by XRD in every 5 h periods. The powders 
obtained after milling were purified via aqueous HCl 
solution prepared with distilled water. Leaching pro-
cess was performed by using 2 M HCl solution at 400 
rpm for 30 minutes at room temperature and 1 g/250 
ml were used as a solid to liquid ratio. After leaching, 
particles were firstly washed with distilled water-etha-
nol and dried in a vacuum oven at 70 oC for 12 h. 

Table 1. Experimental conditions of W2B nanocrystals

Phase structure was determined by X-Ray Diffraction 
Pattern (XRD, Rigaku, D/MAX-2200, Cu–Kα radiation, 
4o/min, 2θ:2-90o, 40 kV, 30 mA). Particle morpholo-
gies and microstructures were examined by Scan-
ning Electron Microscope (SEM, FEI, Quanta 200F) 
and high-definition Transmission Electron Microscope 
(HRTEM, FEI, Tecnai G2 F30). The specific surface 
area was measured by Brunauer-Emmet-Teller (BET) 
apparatus (Quantachrome, Nova 2200E, UK) through 
nitrogen adsorption/desorption.

Crystallite sizes of the powders were calculated by us-
ing the Scherrer formula in Eq. 2. 

In the formula; τ is the crystallite size, K is the con-
stant taken according to the crystal shape (0,89), λ is 
the X-ray wavelength (0,154 nm), β is the full width 
at half maximum (FWHM) and θ is the Bragg angle. 
Crystallite size calculations were performed according 
to (100) peak of WB2 and the FWHM values used were 
specified in the graphical analysis made in XRD analy-
sis software JADE 7.0.

      3.   Results and discussion

Figure 1 shows the SEM image and XRD pattern of 
the unmilled powders. From the SEM image, it was 
observed that WO3 and B2O3 were in irregular pow-
der shape and morphology while Mg was in flat/flaky 
morphology. Crystalline WO3 (PDF-032-1395) and Mg 
(PDF-01-089-4244) were observed in the XRD pat-
tern, but B2O3 was not observed because of its amor-
phous structure.

τ       
             (2) 

 

Total 
Powder 
Mass 

(g) 

Vial 
Capacity 

(mL) 

Ball 
diameter 

(mm) 

Number 
of balls 

Ball to 
powder 

ratio (BPR) 

Rotation 
speed 
(rpm) 

Time 
(h) 

1,4 80 15 3 30:1 350 

5 
10 
20 
30 
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Figure 1. SEM image and XRD pattern of initial powders

Starting powders were prepared at 4:1:18 and 4:2:18 
molar ratios. Firstly, powder mixture with 4:1:18 mo-
lar ratio was ball milled up to 30 h. XRD pattern of 
the milled powder is presented in Figure 2. As can be 
seen from this figure, milled powder mixture was com-
posed of W (peaks at about 2θ ~ 40.267o, 58.260o, 
73.196o), W2B (22.565o, 32.125o, 37.900o, 40.898o, 
46.070o, 51.886o, 67.197o, 72.749o, 85.424o) and MgO 
(36.889o, 42.856o, 62.216o, 74.577o)  phases and 
some Fe (44.673o, 65.022o, 82.334o) contamination 
was seen in the synthesized powders because of worn 
of vial and balls. Similar situation was also reported 
in the Bahrami-Karkevandi’s et al. studies. It was re-
ported that powder mixture was composed of W, WB, 
W2B and MgO phases via milling [44]. Existing of W 
phase and transition between phases in the final mix-
ture was probably because of absence of B amount in 
the reaction environment. Therefore, the molar ratio of 
B was increased twice in the second stoichiometry for 
this study. 

Figure 2. XRD pattern of milling up to 30 h with powder mixture 
prepared at 4:1:18 molar ratio

Figure 3 shows the XRD pattern of milled powder mix-
tures prepared at 4:2:18 molar ratio at selected times 
(1, 10, 20 and 30 h). It was observed from the figure 
that the diffraction peaks were shortened and the ar-
eas under peaks were expanded over the milling. This 
phenomena explained by the grain size and crystallite 
size of starting powders decreasing via plastic defor-
mation inflicted by compressive force of ball-powder-

ball collisions [41].  As seen from the XRD pattern, the 
grain sizes of initial powders were decreased at the 
end of the first hour of milling. After 10 h milling, W 
(peaks at about 2θ ~ 40.267o, 58.260o, 73.196o), WB 
(29.961o, 36.191o, 42.194o, 52.715o), W2B (22.565o, 
32.125o, 37.900o, 40.898o, 46.070o, 51.886o, 67.197o, 
72.749o, 85.424o), MgO (36.889o, 42.856o, 62.216o, 
74.577o) phases were observed in the powder mix-
tures. But there was also Fe (44.673o, 65.022o, 
82.334o) contamination caused by worn of hardened 
steel vial and balls. With milling up to 20 h, the height 
of peaks of W and WB were decreased and the peaks 
of impurities were nearly disappeared. Prolonging the 
milling time to 30 h, the only phase of W2B and MgO 
were observed.

Figure 3. XRD pattern of milling up to 30 h powder mixture pre-
pared at 4:2:18 molar ratio

In the mechanochemical method, mechanism such 
as flattening, cold welding, fraction, and re-flattening 
of starting powders occurs by mechanical energy re-
leased during the milling. This repeated mechanism 
causes the decrease in the grain size while it increases 
the surface area of the particles. Therefore, increased 
surface area improves the chemical reactivity of the 
powders. Figure 4 shows the 5 h milled particles imag-
es taken by SEM. Fracturing, flattening and cold weld-
ing mechanism occurred by the mechanochemical 
method can be seen clearly in these images. Particles 
are firstly fractured and cold welded, then agglomer-
ated and formed a coarse particle.

  

Figure 4. SEM images of the powders milled up to 5 h 

In addition, Figure 5 also shows the SEM images of 
the powder mixtures milled at 1, 10 and 30 h. When 
the SEM images are examined, due to the formation 
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of agglomeration, it was observed that similar micro-
structures were seen in terms of the time variables. 
It can be considered from the figure that powders at 
the beginning of synthesis, transformed from ductile-
ductile structure to ductile-brittle structure. Powder 
particles were flattened over time so that after repeat-
ed of this mechanism particle sizes were decreased 
significantly. It was determined that shapes of the par-
ticles were mostly in nearly coaxial/spherical shape 
and morphology towards to end of milling.  After 1 h 
grinding, aggregate size of about 50 µm (a) were ob-
served from the SEM images given in Figure 5. With 
the progress of grinding to 10 h (b) and 30 h (c), ag-
gregate size ranges were decreased to approximately 
under ~5 µm and ~2 µm, respectively. It was also seen 
from the SEM images that wide ranges of initial par-
ticle size distribution at the beginning of grinding were 
decreased sharply with prolonged grinding period.

XRD patterns of final powder mixtures before and af-
ter purifying processes were given in Figure 6. The 
figure indicates that the powder mixtures were com-
posed of W2B, MgO and Fe phases after mechano-
chemical synthesis.  By purification, MgO and Fe were 
eliminated and final compound was composed of W2B 
phase without other tungsten boride phases. Further-
more, because of excess usage of Mg and B2O3, a low 
amount MgB2 was observed in the final product. Addi-
tionally, the specific surface area and mean crystallite 
size of W2B nanocrystals were measured as 18 m2/g 
by N2 absorption using Brunauer-Emmett-Teller (BET) 
method and about 13.61 nm via Scherrer formula re-
spectively. The crystal structure of W2B nanocrystals 
were found tetragonal and the lattice parameters a 
and c were found 5.568 Å and 4.744 Å respectively 
from the ICDD PDF Card of XRD graph at Figure 6. 
These results also match up with Coşkun et al. study 
[42].  

b)

Figure 6. XRD pattern of W2B nanocrystals

Figure 7 shows the SEM images of purified W2B nano-
crystals. As it can also be seen from this figure, par-
ticles were agglomerated again and mostly were in co-
axial and spherical shape and morphology. The basic 
reason of the agglomeration was the because of cold 
welding of reactants due to mechanic energy released 
during the milling. The drying of purified particles un-
der vacuum also contributed the agglomeration. It was 
determined from the SEM images that the agglomer-
ates had a wide particle size distribution range under 
-2 μm. 

Figure 7. SEM images of W2B nanocrystals after leaching

Figure 5. The SEM images of powders milled at 1h (a), 10 h (b) and 30 h (c)
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The TEM images of the W2B nanocrystals after purifi-
cation are shown in Figure 8. As seen clearly in this fig-
ure, intensive agglomeration was also observed with 
in various sizes due to the high energy ball milling. The 
single particle sizes were varied between about 40 and 
80 nm. The EDS analysis of purified powders showed 
that W was the main phase, however low Cu and C 
peaks were observed due to used carbon coated cop-
per TEM grid. In addition, B peaks were not observed 
in the EDS analysis because of its light atomic absorp-
tion characteristic. 

      4.   Concluding remarks

Results of the experimental studies are summarized 
as follows;

•	 While W, W2B, MgO, and Fe phases were ob-
served with milling at 4:1:18 molar ratio, no W 
was observed at the end of 30 h milling per-
formed at 4:2:18 molar ratio.

•	 W2B nanocrystals were successfully obtained 
after the leaching with 2 M aqueous HCl solu-
tion at room temperature.

•	 The mean crystallite size of the nanocrystals 
was calculated as 13.61 nm.

•	 The specific surface area of nanocrystals was 
measured about 18 m2/g by BET method.

•	 Intense agglomeration formations and nearly 
coaxial/spherical powder shape and morphol-
ogy of W2B nanocrystals were observed with 
SEM/TEM examinations.
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