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Various kinds of tungsten borides were synthesized by solid state reaction between tungsten 
and amorphous boron powders. The mixed powders with various compositions (B/W = 0.4 
to 13.0) were treated at 800 to 1550°C for 0 to 120min in a stream of argon. Four kinds of 
boride phases such as W2 B, WB, W2B 5 and WB 4 were formed, although the boride phase 
having the composition of the highest boride, WB12, did not appear. The formation of WgB 
was initiated approximately at 1000 ° C in excess of tungsten content. On the other hand, in 
the excess boron content, the formation of WB, W2 B5 and WB 4 was initiated approximately at 
800, 950 and 1200 ° C, respectively. The maximum formation amount and crystallinity of WB 
and W2B ~ was found in nearly 10at% excess boron content in their own stoichiometric com- 
positions. The only crystalline phase of WB 4 was prepared with a large excess boron content. 
However, the formation behaviour of WB 4 showed that WB 4 is metastable above 1400 ° C. The 
stability of WB 4 phase could be increased by the presence of excess boron. 

1. I n t r o d u c t i o n  
Tungsten borides are known to have high values of 
hardness, chemical inertness and electronic conduc- 
tivity [1]. They have possible industrial applications to 
abrasive, corrosion-resistant and electrode materials 
which are exposed to particular environments. Various 
kinds of borides such as W2B, WB, WB2, WzBs, WB 4 
and WBI2 were known to exist in the W-B system 
[1, 2]. These borides have been synthesized by solid 
state reaction [2, 3], reduction of oxides by carbon [4], 
molten salt electrolysis [5] and chemical vapour 
deposition [6-8]. Synthesis by solid state reaction 
between tungsten and boron powders is an appropriate 
method to control the well-defined stoichiometries of 
the synthesized borides. The synthesis of borides by 
the direct combination of elements was reported by 
Portnoy et al. [2] and Bodrova et al. [3]. These borides 
were prepared at high temperatures, above 1700 ° C, in 
vacuum or in argon atmosphere. However, their 
formation processes were not described. 

In the present work, various kinds of borides in the 
W-B system were synthesized by the solid state reac- 
tion between tungsten and amorphous boron. The 
formation process and phase stability of each boride 
were examined as a function of the treatment tempera- 
ture and time, and atomic ratio of boron to tungsten. 

2. Experimental procedure 
2.1. Preparation of tungsten borides 
The starting materials for the preparation of tungsten 

borides were as follows: tungsten powder (Nihon Sin- 
kinzoku Co., average particle size 0.5/am, purity 
>99.9%) and amorphous boron powder (Rare 
Metallic Co., average particle size 0.9/~m, purity 
96.6%). 

In order to eliminate the contaminations or adsorbed 
gaseous species, tungsten and amorphous boron pow- 
ders in alumina boats were pretreated separately at 
600°C for 60rain in vacuum (5 × 10-Storr) and 
subsequently at 600°C for 60min in a stream of 
hydrogen (flow rate 50 ml min-1). The powder which 
was mixed in an agate mortar at various atomic ratios 
of B/W, was further pretreated at 500 ° C for 60 min in 
a stream of hydrogen. The mixed pretreated powder 
was finally treated at 800 to 1550°C for 0 to 120rain 
in a stream of argon (flow rate 50 ml min- ~ ). 

2.2. Analysis of treated spec imens  
The treated specimens were identified by X-ray dif- 
fraction. The relative amount and crystallinity of the 
crystalline phase in the specimens were evaluated by 
the normalized intensities of selected diffraction lines. 
The lines for evaluation were 1 1 0, 2 1 1, 0 2 l, 0 0 4 
and 1 0 1, respectively, for W, WzB , WB, W2B 5 and 
WB4. Normalized relative intensity was determined by 
the peak height ratio (I/INac~), where INao is the inten- 
sity of the 2 0 0 line of sodium chloride. 

Lattice parameters of boride compounds were 
measured using silicon (purity 99.99%) as an internal 
standard. Lattice spacings, measured from the 2 1 5 
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Figure l Relationship between the relative intensity of  reaction 
species and treatment temperature with the holding time of  15 min. 
Atomic ratio of the mixed powder: B/W = 0.4 

and 2 0 8 lines of WB, were corrected by that from the 
3 3 1 line of silicon. Lattice spacings from the 1 1 4 and 
1 09 lines of  W2B5 were corrected by that from the 
4 0 0 line of silicon. All the lattice spacings of WB4 
were corrected by those from the 1 1 1, 3 1 1 and 3 3 1 
lines of  silicon, from which the lattice parameters of 
W B  4 w e r e  calculated using Cohen's method [9]. 

The average grain size of the treated specimen pow- 
der was examined by scanning electron microscopy 
(SEM). 

The atomic ratio of B/W was measured by induc- 
tively coupled plasma (ICP) emission analysis. An 
appreciable difference in composition could not be 
found before and after the final treatment of  every 
specimen. 

3. Results and discussion 
3.1. Effect of t reatment temperature on 

boride format ion 
Two kinds of pretreated mixed powders with different 
atomic ratios (B/W = 0.4 and 7.0) were heated at 800 
to 1550 ° C for 15 rain. Figs 1 and 2 show the relation- 
ships between the relative diffraction intensities of  the 
reaction species and the treatment temperature at the 
atomic ratios of B/W = 0.4 and 7.0, respectively. 

Fig. 1 shows the results at the atomic ratio of 
B/W = 0.4, which contains tungsten in excess of the 
tungsten content in the lowest boride W2 B. No boride 
formation was observed at temperatures below 
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Figure 2 Relationship between the relative intensity of reactive 
species and treatment temperature with the holding time of  15 min. 
Atomic ratio of  the mixed powder: B/W = 7.0. 

1.0 

'-~0.8 

"~0.6 

0.~ 

> 

~0.2 
c r  

0.5 

/,/ 

2b 

B/W 
1.0 2.5 4.0 12.0 

i i 

at*/, B 
100 

Figure 3 Relationship between the relative intensity of  W-B com- 
pounds and boron content (at % B) or the atomic ratio of  B/W at 
1400° C for 60 rain: (0) W, (z~) W2B , (121) WB, (0) WzBs, (O) WB4. 
Solid symbols show the relative intensity at stoichiometric com- 
position of each W-B compound. 

1000°C; only tungsten was detected. Amorphous 
boron could not be detected by X-ray diffraction. The 
formation of W2B is initiated approximately at 
1000 ° C. The relative intensity of  W2 B increases up to 
1500°C with a gradual decrease in the intensity of  
tungsten. Other higher borides could not be formed 
even at 1500 ° C. 

Higher borides such as WB, WzB 5 and WB4 were 
formed, as shown in Fig. 2, at the atomic ratio of 
B/W = 7.0, which contains boron in excess of the 
boron content in stoichiometric W B  4. The formation 
of WB was initiated at almost 800 ° C, with a decreas- 
ing intensity of tungsten. The only crystalline phase of 
WB was found at 950 ° C, above which W2B5 formed. 
At a higher temperature of 1000 ° C, an appreciable 
amount of  W z B  5 formed, and WB disappeared. The 
relative intensity of  W2 B5 passed through a maximum 
at 1200 ° C. W B  4 w a s  formed at elevated temperatures 
above 1200°C with a decrease in the intensity of 
WzBs. The amount of  formation and crystallinity of  
WB4 had a maximum at 1400 to 1500 ° C, when a small 
amount of  W2 B5 coexisted with W B  4. In contrast, the 
amount of WB4 decreased above 1550 °C, with an 
increase in W2B5 formation instead. The formation 
behaviour of WB4 will be described in Section 3.4. 

W2 B appeared as the only boride phase in the heat- 
ing process of  the specimen with B/W = 0.4. Other 
higher borides (WB, W2B 5 and W B 4 )  w e r e  formed at 
B/W = 7.0. This behaviour suggests that boride 
formation occurs by the diffusion of boron in tung- 
sten. However, no detection of W2B at the com- 
position o fB /W = 7.0 in Fig. 2, would be because the 
formation of  higher borides, WB or W2B5 was 
favoured at temperatures below 1000 ° C. The boride 
formation was found, therefore, to be affected not 
only by the composition of the starting mixed powder, 
but also by the treatment temperature. 

3.2. Effect of mix ing atomic ratio on boride 
formation 

Fig. 3 shows the dependence of the relative intensity 
of the reaction species on boron content (at % B), 
where various kinds of  pretreated mixed powders were 
treated at 1400°C for 60min. This treatment tern- 
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Figure 4 X-ray diffraction patterns of the specimens treated at 
1400°C for 60min: (O) W 2 B  , (zx) W B ,  (E]) W z B s ,  ( 0 )  W B 4 .  (a )  

B/W = 0.67, (b) B/W = 1.1, (c) B/W = 2.75, (d) B/W = 4.5, 
(e) B/W = 9.0. 

perature (1400 ° C) was chosen by reference to results 
in previous section. The composition of the specimens 
ranged from B/W = 0.4 (25 at % B) to B/W = 13.0 
(92 at % B). Fig. 4 shows the X-ray diffraction pat- 
terns of  the treated specimens having compositions of  
the atomic ratios B/W = 0.67, 1.1, 2.75, 4.5, 9.0. 

In Fig. 3, the treated specimen at B/W = 0.4 
(25 at % B) contained W2 B and unreacted tungsten as 
a crystalline phase. A maximum intensity of  W2 B was 
found at B/W = 0.67 (40 at % B) accompanied by the 
disappearance of tungsten and the appearance of WB, 
as shown in Fig. 4a. WzB always coexisted with tung- 
sten or WB. The only crystalline phase of  WB or W2 B5 
was formed at B/W = 1.1 to 1.2 (53 to 5 5 a t %  B) or 
B/W = 2.25 to 3.0 (69 to 75 at % B), respectively. The 
maximum intensity of WB or WaB5 was obtained at 
10 at % boron in excess of  the boron content in WB or 
W2Bs. The corresponding X-ray diffraction patterns 
are shown in Figs 4b and c, respectively. WB4 formed 
at B/W >/ 3.0 (75 at % B), increasing the intensity to 
B/W = 4.5 (82 at % B). At higher atomic ratios, the 
intensity of  WB4 was kept nearly constant with that of  
W2B5 decreasing to zero at B/W = 9.0 (90at % B). 
The X-ray diffraction patterns of  B/W = 4.5 and 9.0 
are shown in Figs 4d and e, respectively. The only 
crystalline WB4 was prepared at higher boron contents 
B/W = 9.0 to 13.0 (90 to 93 at % B) when WB12 could 
not be detected. All the borides were found to form 
appropriately in excess of  the boron content in their 
own stoichiometric compositions. These results verify 
that boride formation would be promoted by the 
presence of excess amounts of  boron around the tung- 
sten grains. 

The existence of boride compounds,  W2B, WB, 
W2Bs and WB12 is shown in the phase diagram [2]. In 
the present work, three kinds of  borides (W2B, WB 
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Figure 5 Variation of relative intensities of WB and W2B 5 with 
holding time at various temperatures. Atomic ratio of the mixed 
powder: (a) B/W = 1.1, (b) B/W = 2.75. 

and W2Bs) were confirmed. However, WB4 was 
formed instead of WB12. The formation of W2B, WB 
and W2 B5 was reported on diffusion coating of  boron 
into tungsten metal in the temperature range 1100 to 
1500°C using BC13 as the boron source [7, 8]. 

3.3. Effect of holding time on the formation 
of WB and WzB5 

Figs 5a and b show plots of  the relative intensities of  
WB and W2B5 as a function of  holding time (0 to 
120 min) at temperatures in the range 1300 to 1500 ° C. 
The mixed powders of  B/W = 1.1 and 2.75 were 
treated for the formation of WB and WRBs, respec- 
tively. In Fig. 5a, W2B coexisted with WB even at a 
holding time of zero below 1400 ° C. WB, as the only 
crystalline phase, was obtained after a treatment time 
of over 60 rain. On the other hand, the only crystalline 
phase of  WzB5 was formed at the beginning of  soaking 
at 1300 ° C with no detection of  other boride phases, as 
shown in Fig. 5b. The relative intensities of  both WB 
and WR B5 increased with holding time and temperature. 

The lattice parameters of  WB in the specimen treated 
at 1400°C for 60min, were a = 0,3126 4- 0.0002nm 
and c = 1.6901 4- 0.0004nm, which agreed with the 
reported values (a = 0.3128nm and c = 1.6897nm) 
[11] in the tetragonal system. The lattice parameters of  
W2 B5 in the specimen treated under the same conditions 
were a = 0.2982 4- 0.0002nm and c = 1.3886 4- 
0.0004nm in agreement with the reported values 
(a = 0.2984nm and c = 1.3882nm) [12] in the hex- 
agonal system. 

The average grain sizes of  the prepared powders of  
both WB and W2B5 were 0.5 to 1.0/~m. There was 
little difference in grain size between the prepared 
powders treated under above conditions. 

3.4. Formation behaviour and phase stabil ity 
of WB4 

Fig. 6 shows the dependence of the relative intensities 
of  WB4 and W2B5 on the holding time (0 to 120min) 
at B/W = 4.5 for temperatures of  1300 to 1500 ° C. At 
the treatment temperature of  1300 °C, the relative 
intensity of  WB 4 increased gradually with holding 
time, accompanied by a slight decrease in that of  
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Figure 6 Variation of relative intensity of WB 4 and W2B 5 with 
holding time at various temperatures. Atomic ratio of the mixed 
powder: B/W = 4.5. 

W 2 B  5. The lattice parameters of W B 4 ,  which were 
formed at 1300°C for 120min, were a = 0.5199 + 
0.0002nm and c = 0.6336 + 0.0002nm in the hex- 
agonal system. They agreed with the reported values 
[31. 

In the case of treatments at 1400 ° C, a rapid increase 
in the amount of  W B  4 formed was observed up to 
15 min. The formation of W B  4 by boron diffusion into 
the core of the tungsten particle would prevail in the 
initial stage of  treatment because of the high con- 
centration gradient. Then, the relative intensity of  
W B  4 decreased after 15 min with holding time. At the 
elevated temperature of  1500 ° C, the amount of WB 4 
decreased further, while the coexisting amount of 
WzB5 increased with holding time. 

As shown in Fig. 3, the only crystalline phase of 
W B  4 w a s  prepared in the mixed powder composition 
with a large excess (90 at %) of boron content for the 
atomic ratio B/W = 4.0. Therefore, the formation 
behaviour and phase stability of WB4 were examined 
at the atomic ratio B/W = 7.0. Fig. 7 shows anal- 
ogous plots of  the relative intensities at the com- 
position of B/W = 7.0. The amount of  the coexisting 
phase W2B5 formed is depressed remarkably at 
1300°C because of  the presence of  excess boron. 
Compared with the amount o fWB 4 formed at 1400 ° C 
in Fig. 6, the stabilization behaviour of W B  4 in the 
presence of excess boron can be confirmed. At the 
elevated temperature of  1500°C, this stabilization 
behaviour could not be observed, but the amount  of 
WB4 formed was considerably decreased, similar to 
that in Fig. 6. This phenomenon of coexisting species 
such a s  W B  4 and W2B5 shows that W B  4 is a metastable 
phase above 1400°C. Consequently, the following 
relationship of coexisting phases would be valid: 

2WB4(s) ~ W2Bs(s) + 3B(s). 

The stability of the W B  4 phase must be increased in 
the presence of excess boron according to the law of  
mass action. 

"~0.8 

\ W~4(1300~C) - ~  ~06 
19 

er ~ ~ ( 1 4 0 0 % )  . 

60 9'o 
Holding t ime (min) 

Figure 7 Variation of relative intensity of WB 4 and W2B 5 with 
holding time at various temperatures. Atomic ratio of the mixed 
powder: B/W = 7.0. 

4. Conclusion 
Various boride compounds in the W - B  system were 
synthesized by solid state reaction between tungsten 
and amorphous boron powders. The mixed powders 
with various compositions (B/W = 0.4 to 13.0) were 
pretreated at 500°C for 60 min in a stream of hydro- 
gen and subsequently treated at 800 to 15000C for 0 
to 120 min in a stream of argon. 

1. W2B, WB, W2B~ and W B  4 w e re  formed by vary- 
ing the mixing ratio of  B/W at 1400 ° C for 60 min. The 
highest boride phase, WB12, did not appear. 

2. The formation of  W2 B was initiated at approxi- 
mately 1000°C at the atomic ratio of B/W = 0.4, 
which contains tungsten in excess of the tungsten 
content in the lowest boride, W2B. On the other hand, 
at the atomic ratio of B/W -- 7.0, which contains 
excess boron of  the boron content in W B 4 ,  the forma- 
tion of WB, W2B5 and WBa was initiated at 800, 950 
and 1200°C, respectively. 

3. The maximum formation amount and crystal- 
linity of  WB and W 2 B 5 were found in nearly 10 at % 
excess of  the boron content in their own stoichio- 
metric compositions. The formation amounts of the 
only crystalline phase of  WB or W2Bs, were increased 
with the length of  holding time and temperature. 

4. The only crystalline phase of W B  4 w a s  prepared 
at the composition of mixed powders in a large excess 
(B/W = 9.0) of boron content. However, WB 4 phase 
was found to show a metastable behaviour above 
1400° C and to be stabilized in the presence of excess 
boron. 
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