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Summary 

Niobium boride powders were synthesized by solid state reaction 
between niobium metal powder and amorphous boron powder. The forma- 
tion of niobium borides was found to be dependent on temperature. Single 
phases of the stable borides, NbB and NbBz, were formed by heating mixed 
powders corresponding to the stoichiometric compositions at 1000 “C for 
60 min. A single phase of Nb3B4 was obtained at a higher temperature of 
1800 “C as ‘a result of the promoted diffusion of boron atoms in niobium 
metal. All synthesized powders were well dispersed and had particle sizes of 
5 - 10 pm. The sinterability of the synthesized NbBz powder was evaluated 
at high pressure (4 GPa) and temperature (1600 “C) for 15 min; a single- 
phase sintered compact of NbB, was formed with a relative density of 98% 
and a Vickers microhardness of 2600 kg mm-*. 

1. Introduction 

Five niobium boride compounds (Nb,B, Nb3B2, NbB, Nb3B4 and NbB,) 
are present in the Nb-B system [ 1 - 31. They have high melting points and 
microhardness and good electrical and thermal conductivities. There are 
relatively few studies available on the synthesis of niobium boride powders 
compared with investigations of other transition metal borides. The main 
methods of preparation of niobium boride are the solid state reaction 
between niobium and boron and molten salt electrolysis [4 - 91. However, 
investigations of the solid state reaction have been confined to temperatures 
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above 1500 “C!. The preparation conditions and formation behaviour of 
niobium boride powder have not been reported for the lower temperature 
range. 

The heat of formation of niobium boride lies between those of the IVa 
transition metal borides and Via transition met& borides [lo]. For the solid 
state reaction between titanium metal and amorphous boron, rapid 
formation of titanium boride occurs and the reaction must be controlled 
[ll - 131. By contrast, activation pretreatment in hydrogen is required to 
enhance the formation of tungsten boride [ 14, 151. The rate of formation 
of niobium boride can be estimated by reference to the investigations 
mentioned above. 

In this work, the preparation conditions of various niobium boride 
powders were studied. Matures of niobium powder and ~orphous boron 
powder were heated in the temperature range 600 - 1800 “C. The synthesized 
niobium boride powders were characterized. The synthesized NbBz powder 
was sintered at high pressure and temperature and the results are reported in 
this paper. 

2. Experimental details 

2.1. Synthes~ of niobium boride powder 
The starting materials used for the preparation of niobium boride 

powders were niobium metal powder (High Purity Chemicals Co.; average 
particle size, 8 pm; purity, better than 99 wt.%) and amorphous boron 
powder (Rare Metallic Co.; average particle size, 0.9 ,um; purity, 96.6 wt.%). 
As-received amorphous boron powder contained volatile impurities (HzO, 
oxygen, etc. (2.4 wt.%)) and metal impurities (magnesium, aluminium, iron, 
silicon, etc. (1.0 wt.%}). The net boron content (96.6 wt.%) in the as- 
received amorphous boron powder was used for the calculation of the 
atomic ratio B:Nb. 

As-received niobium and amorphous boron powders were degassed 
separately at 600 “C for 60 min in vacuum (5 X lOA Ton) to eliminate the 
adsorbed gaseous species. The powder, which was mixed in an agate mortar 
in the atomic ratios B:Nb = 0.25 - 2.0, was treated at 600 - 1800 “C for 60 
mm in a stream of argon {flow rate, 50 ml min-I). The effect of pretreat- 
ment at 600 “C for 60 min in an HZ--Ar stream was examined. 

2.2. Analysis of the treated powder 
The treated specimen was identified by X-ray diffraction. The relative 

amounts and crystallinity of the crystalline phases in the specimen were 
evaluated using the normalized intensities of the selected diffraction lines. 
The lines for evaluation were 110 for niobium, 211 for Nb2B, 201 for Nb3B2, 
021 for NbB, 110 for Nb3B4, 101 for NbBz and 111 for NbH. Normalized 
relative intensities were dete~ined using the peak height ratio I&, where 
Isi shows the intensity of the 200 line of a given amount of silicon (purity, 
99.99 wt.%) which was added to the specimen. 
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The grain shape and grain size of the synthesized powder were 
examined by scanning electron microscopy (SEM). The oxygen content in 
the specimen was measured using electron probe microanalysis (EPMA). 

2.3. Sintering of the synthesized powder 
Two types of powder were synthesized for the evaluation of sinterabili- 

ty: one had the stoichiometric composition NbBz and the other contained 
20 at.% of amorphous boron in excess of the stoichiometric composition. 
The latter is formulated as NbB2 + 0.2B. The stoichiometric NbBz powder 
and the NbBz + 0.2B powder mixed with 10 at.% niobium metal powder 
((NbB* + 0.2B) + O.lNb) were moulded at 20 MPa at room temperature. The 
green compacts were subsequently sir&red at 4 GPa and 1600 “C for 15 min 
using a girdle-type high pressure apparatus. 

The sintered density was measured using Archimedes’ method. The 
Vickers microhardness of the sintered compact was measured under a load of 
200 gf. The fractured surface of the specimen was observed using SEM. 

3. Results and discussion 

3.1. Formation behaviour of niobium borides at various starting 
compositions 

Figures 1 and 2 show the dependence of the relative X-ray intensities of 
the species formed on the atomic ratios B:Nb of the starting mixed powders 
when the specimens are treated for 60 min in an argon stream at 1000 “C! 
and 1800 “C respectively. The B:Nb values of the specimens range between 
0.25 and 2.0. NbB, Nb3B4 and NbBz are formed by the heat treatment at 
1000 “C (see Fig. 1). Single phases of the stable borides NbB and NbBz are 

0.5 10 1.5 2.0 

B/Nb 

Fig. 1. Relationship between the relative intensities of the niobium boride phases and the 
atomic ratio B:Nb of the starting powder (treatment conditions: 1000 “C, 60 min): 0, Nb; 
q , NbB;O, Nb3B4;0, NbB2. 

Fig. 2. Relationship between the relative intensities of the niobium boride phases and the 
atomic ratio B:Nb of the starting powder (treatment conditions: 1800 “C, 60 min): A, 

Nb*B; v, Nb3B2; 0, NbB; 0, Nb3B4; 0, NbB*. 
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formed by the heat treatment of specimens with the exact stoichiometric 
compositions (B:Nb = 1.0 and B:Nb = 2.0 resp~tively). The intensity of 
Nb3B4 is smaller than that of NbB even at the stoichiometric composition 
of Nb3B4 (B:Nb = 1.3), where a large amount of NbB coexists with Nb3B4. 
At the higher reaction temperature (1800 “C) (see Fig. 2), the formation 
behaviour of NbB and NbBz resembles that of the reaction at 1000 “C. For 
the compositions B:Nb < 1.0, however, the lower borides Nb2B and Nb3B2 
are observed instead of the coexistence of unreacted niobium metal. Boron 
diffusion into niobium metal is enhanced at the elevated reaction tempera- 
ture of 1800 “C. A single phase of Nb3B4 is obtained by treatment of the 
stoichiometric composition B:Nb = 1.3. These results suggest that the forma- 
tion behaviour of niobium boride is very dependent on the reaction tempera- 
ture as well as on the composition of the specimen. 

3.2. Effect of reaction temperature 
Figure 3 shows the dependence of the relative intensities of the species 

formed on the reaction temperature when the mixed powder with the 
atomic ratio B:Nb = 1.0 is treated in the temperature range 600 - 1800 “C for 
60 min in an argon stream. At the reaction temperature of 600 “C, niobium 
remains unreacted, with no formation of niobium boride. Amorphous boron 
is not detected by X-ray diffraction. NbB, and NbB are formed at 700 “C 
and 900 “C respectively. The intensity of NbBz has a maximum value at 800 
“C. The intensity of niobium decreases, whereas that of NbB increases, with 
increasing reaction temperature in the range 800 - 1000 “C. A single phase of 
NbB is obtained at 1000 “C. The intensity of NbB is fairly constant at 
temperatures above 1000 “C. 

Figure 4 shows the dependence of the relative intensities of the species 
formed on the reaction temperature for the specimen with the atomic ratio 

* 600 loo0 120;) 1400 1600 1800 
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Fig. 3. Variation in the relative intensities of the species formed as a function of the 
reaction temperature (atomic ratio of the mixed powder, B:Nb = 1.0; holding time, 60 
min): 0, Nb; CI, NbB; 0, NbB2. 

Fig. 4. Variation in the relative intensities of the species formed as a function of the 
reaction temperature (atomic ratio of the mixed powder, B:Nb = 1.3; holding time, 60 
min): 0, Nb; o, NbB; 0, NbsB4; 0, NbBz. 
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B:Nb = 1.3. NbBz and NbB are formed at 700 “C and 900 “C respectively in a 
similar manner as shown in Fig. 3. The formation of Nb3B4 is initiated at 
1000 “C with a simultaneous disappearance of niobium metal. The intensity 
of Nb3B4 increases above 1000 “C and that of NbB decreases gradually. 
Treatment at 1800 “C is required for the formation of a single phase of 
Nb3B4. 

Figure 5 shows an analogous diagram of the relative intensity us. reac- 
tion temperature for the atomic ratio B:Nb = 2.0. The formation of NbB2 
is initiated at 700 “C. The intensity of NbBz increases and that of niobium 
decreases with increasing reaction temperature without formation of any 
other niobium boride. A single phase of NbBz is formed at 1000 “C. The 
intensity of NbBz increases slightly from 1000 “C to 1400 “C and remains 
constant above 1400 “C. 

This dependence of boride formation on temperature in the Nb-B 
system may be due to the fact that the crystal structures of NbB and NbBz 
are very simple and stable [l] and these compounds are easily formed at 
relatively low temperatures. A single phase of Nb3B4 is formed at 1800 “C 
due to the promoted diffusion of boron in niobium metal. 

3.3. Effect of pretreatment 
Figure 6 shows the dependence of the relative intensities of the species 

formed on the reaction temperature, when the mixed powder with the 
atomic ratio B:Nb = 2.0 is pretreated at 600 “C for 60 min in an H,-Ar 
stream (niobium hydride (NbH) is formed and no niobium metal remains). 
The pretreated powder is subsequently heat treated in the temperature range 
600 - 1800 “C for 60 min in an argon stream. At the reaction temperature 
of 600 “C in argon, a large amount of NbH decomposes and niobium metal is 
obtained. The intensities of reformed niobium and NbH decrease and that of 

1.01 101 I 
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Fig. 5. Variation in the relative intensities of the species formed as a function of the reac- 
tion temperature (atomic ratio of the mixed powder, B:Nb = 2.0; holding time, 60 min): 
o, Nb; 0, NbB2. 

Fig. 6. Variation in the relative intensities of the species formed as a function of the reac- 
tion temperature (atomic ratio of the mixed powder, B:Nb = 2.0; holding time, 60 min; 
pretreatment conditions, 600 “C for 60 min in Hz-Ar): 0, Nb; 0, NbB2; 0, NbH. 
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NbBz increases with increasing temperature up to 1000 “C. The temperature 
of formation of NbBz after pretreatment is the same as that of NbBz 
without pretreatment (cf. Figs. 5 and 6). However, EPMA of the synthesized 
powders reveals a difference in the oxygen content of the powders with and 
without p~~eatment, The oxygen contents in the synthesized powders with 
and without pretreatment are 0.4 wt.% and 1.0 wt.% respectively. Therefore 
pretreatment in HZ-Ar reduces the oxygen content of the synthesized 
powders. 

Fig. 7. Scanning electron micrographs of NbBz powder: (a) pretreated at 600 “C for 60 
min in Hz-Ar, followed by treatment at 1000 “C for 60 min in argon; (b) treated at 1000 
“C for 60 min in argon, 

Figures 7(a) and 7(b) show scanning electron micrographs of NbBz 
powders with and without pretreatment respectively. Both powders were 
synthesized at 1000 “C for 60 min. The particle size of the powders is 5 - 10 
pm, which is almost the same as that of the initial niobium metal powder. 
When reformed niobium metal is pulverized and used as the starting niobium 
powder no effect is observed. 

3.4. Sinterability of the synthesized powders 
Two types of powder were sintered: NbB2 powder and (NbB* + 0.2B) 

+O.lNb. Both specimens have the stoichiometrie composition NbB2. 
Figure 8 shows scanning electron micrographs of the fractured surfaces of 
the compacts sir&red at high pressure (4 GPa) and temperature (1600 “C) 
for 15 min. The sintered compact without addition of niobium (see Fig. 
8(a)) contains many micropores. The sintered density is 6.30 g cme3 (90% 
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Fig. 8. Scanning electron micrographs of the fractured surfaces of the compacts sintered 
at 4 GPa and 1600 “C for 15 min. Starting powder: (a) NbB2; (b) (NbB2 + 0.2B) + O.lNb. 

of the theoretical value). The effect of niobium addition on the micro- 
structure of the sintered compact is quite significant as shown in Fig. 8(b). 
The number of micropores decreases and the sintered density increases up to 
6.85 g cmP3 (98% of the theoretical value). A high value of microhardness 
(2600 kg mm-‘) is obtained. 

It is confirmed that the sinterability is increased by the addition of 10 
at.% niobium metal powder to (NbB2 + 0.2B). No niobium metal phase is 
identified by X-ray diffraction even in the specimen with added niobium. 
The densification of the compact is promoted by reaction sintering, which is 
accompanied by the formation of NbB, from amorphous boron and added 
niobium. 

4. Conclusions 

Various niobium boride powders were synthesized by solid state reac- 
tion between niobium and amorphous boron powders. The preparation con- 
ditions and powder sinterabihty of niobium boride were investigated. 

(i) The formation of niobium borides was found to be dependent on 
temperature. Single phases of NbB and NbBz were formed using powders of 
the correct stoichiometric compositions by heating at 1000 “C for 60 min. 
A single phase of Nb3B4 was obtained at 1800 “c as a result of the promoted 
diffusion of boron in niobium metal. 
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(ii) The oxygen content of the synthesized powder was decreased by 
pretreatment at 600 “C for 60 min in an HZ-Ar stream. 

(iii) The synthesized powder was well dispersed and had a particle size 
of 5 - 10 pm. A single-phase sintered compact of NbBz with a relative 
density of 98% and a microhardness of 2600 kg mm-? was prepared by 
sintering the specimen (NbB2 + 0.2B) + O.lNb at 4 GPsi and 1600 “C for 
15 min. 
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