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Abstract

A comparative study on the preparation of various tantalum borides (including Ta2B, Ta3B2, TaB, Ta5B6, Ta3B4, and TaB2) in the Ta–B system

was experimentally conducted by self-propagating high-temperature synthesis (SHS) from the elemental powder compacts of their corresponding

stoichiometries. Both combustion temperature and reaction front velocity increased and then decreased with increasing boron content in the

powder mixture. The fastest flame front with a reaction temperature of 1732 8C and a propagation rate of 11.2 mm/s was observed in the sample of

Ta:B = 1:1. The combustion temperature (1205 8C) and flame-front velocity (3.82 mm/s) for the powder compact of Ta:B = 2:1 were the lowest.

According to the XRD analysis, single-phase TaB and TaB2 were produced from the samples of Ta:B = 1:1 and 1:2, respectively. However,

multiphase products were synthesized from the samples of other stoichiometries. In the final products from Ta-rich samples of Ta:B = 2:1 and 3:2,

two boride phases, Ta2B and TaB, along with a large amount of residual Ta were detected. The products yielded from boron-rich reactants of

Ta:B = 5:6 and 3:4 were composed of TaB, Ta3B4, and TaB2. Based upon the temperature dependence of combustion wave velocity, the activation

energies associated with the formation of TaB and TaB2 by solid state combustion were determined to be 131.1 and 181.4 kJ/mol, respectively.
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1. Introduction

Borides of several transition metals in groups IVB and VB,

such as TiB2, ZrB2, HfB2, and TaB2, are members of a family of

materials known as ultra high-temperature ceramics. In

addition to high melting temperatures, they have a unique

combination of high hardness, high electrical and thermal

conductivities, chemical stability, good thermal shock resis-

tance, and excellent corrosion resistance [1–4]. Potential

applications of these transition metal borides include thermal

protection components, cutting tools, refractory crucibles,

impact-resistant armors, and plasma-arc electrodes [3,4].

However, tantalum borides have not been studied as extensively

as other borides, like TiB2 [1,5], ZrB2 [2,3], and HfB2 [2,6].

According to the Ta–B phase diagram [7], there are five boride

phases including Ta2B, Ta3B2, TaB, Ta3B4, and TaB2. Besides, a

new phase Ta5B6 and its crystal structure were later identified

by Bolmgren et al. [8].
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On the formation of tantalum borides, a variety of processing

routes have been utilized. For example, Hideaki et al. [9]

produced TaB2, TaB, and Ta3B4 by solid state reactions of

mixed Ta and amorphous boron powders under corresponding

compositions at 800, 900, and 1800 8C, respectively. Peshev

et al. [10] obtained TaB2 through borothermic reduction of

Ta2O5 at 1650 8C for 1 h. The diboride TaB2 with comparable

mechanical properties to ZrB2 and HfB2 was also fabricated by

reducing Ta2O5 with B4C and graphite at 1600 8C [2]. As a

promising alternative, combustion synthesis in the mode of

self-propagating high-temperature synthesis (SHS) takes

advantage of the self-sustaining merit from highly exothermic

reactions, and therefore, has the benefits of low energy

requirement, short reaction time, and simple facilities [11–14].

Production of transition metal borides by the SHS process is

typically through the direct reaction of constituent elements in a

sample compact, by which many borides including TiB2, ZrB2,

HfB2, NbB2, and NbB were synthesized [15–20]. Furthermore,

a large number of composites based upon transition metal

borides, such as TiB2–TiC, TaB2–TaC, TaB2–SiC, TiB2–AlN,

NbB2–Al2O3, and TiB2–mullite, have been produced by self-

sustaining combustion involving metallic elements and B4C,

BN, or B2O3 [21–26].
d.
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Fig. 1. A sequence of recorded images illustrating self-sustaining combustion of a Ta + 2B powder compact diluted with 3.5 mol% of TaB2.

C.L. Yeh, H.J. Wang / Ceramics International 37 (2011) 1569–15731570
In spite of the existence of six boride phases in the Ta–B

system, the diboride TaB2 has been the focus of attention for

most of the previous work. Therefore, this study aims to

investigate the feasibility of preparing various tantalum borides

by the SHS process using the elemental powder compacts of

their corresponding stoichiometries. Not only the phase

composition of the final product but also the combustion

temperature and flame-front velocity of the sample compact

studied. In addition, the apparent activation energies associated

with the formation of specific tantalum borides were deduced

by correlating the dependence of flame-front velocity on

combustion temperature.

2. Experimental methods of approach

Tantalum (Aldrich, <45 mm, 99.9% purity) and amorphous

boron (Noah Technologies Corp., 1 mm, 92% purity) powders

were used as the starting materials of this study. Powder blends

with six different atomic ratios including Ta:B = 2:1, 3:2, 1:1,

5:6, 3:4, and 1:2 were prepared in a ball mill. Mixed powders
Atomic Percent of Boron in Ta-B Samples (at.%) 
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Fig. 2. Effect of starting stoichiometry of Ta–B powder compacts on flame-

front propagation velocity.
were then cold-pressed into the cylindrical sample compact

with a diameter of 7 mm, a height of 12 mm, and a compaction

density relative to 45% of the theoretical maximum density

(TMD). The SHS experiments were conducted in a stainless-

steel windowed chamber under an atmosphere of high purity

argon (99.99%). In the experiment, a compressed pellet made

up of Ti and carbon powders with Ti:C = 1:1 was placed on the

top of the reactant compact to serve as an ignition enhancer

which was triggered by a heated tungsten coil. Details of the

experimental setup and measurement approach were reported

elsewhere [20,22]. The phase constituent of the synthesized

product was identified by an X-ray diffractometer (Shimadzu

XRD-6000) with CuKa radiation. Furthermore, boride com-

pounds, TaB and TaB2, fabricated in this study were adopted as

the diluents to mix with elemental Ta and B powders for

determination of the activation energy of the reaction.

3. Results and discussion

3.1. Measurement of flame-front velocity and combustion

temperature

Experimental evidence of this study showed that solid state

combustion of the powder compact with or without boride

dilution was characterized by a nearly planar reaction front

traversing the entire sample in a self-sustaining manner. A

typical SHS sequence is illustrated in Fig. 1, where a Ta + 2B

sample diluted with 3.5 mol% of TaB2 is presented. As revealed

in Fig. 1, the reaction front reached the bottom of the sample at

about t = 2.43 s and a distinct afterburning glow appears from

t = 3.37 s. This implies that the phase transformation is not only

restricted to the combustion front, but also continues

volumetrically after the passage of the reaction front.

Based upon the recorded combustion images, the flame-

front propagation velocity (Vf) along the powder compact was

determined. The flame velocity of the undiluted sample was

found to be significantly affected by the starting stoichiometry.

With the increase of the atomic percent of boron in the Ta–B

powder compact, Fig. 2 indicates that the reaction front velocity

increases, reaches a maximum of 11.2 mm/s at 50 at.% of boron
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(i.e., Ta:B = 1:1), and then decreases. The slowest reaction front

with Vf = 3.82 mm/s was observed in the Ta-rich sample of

Ta:B = 2:1, which represents the composition with the lowest

content of boron. On the other hand, for the composition with

the highest content of boron (i.e., Ta:B = 1:2), the flame speed

of about 5.6 mm/s was detected. The composition dependence

of the combustion velocity is most likely attributed to the

variation of reaction exothermicity with different stoichiometry

of the sample.

Fig. 3 depicts six representative temperature profiles

recorded from combustion of the powder compacts with

different initial compositions. The abrupt rise in the tempera-

ture curve signifies the rapid arrival of the combustion wave.

The peak temperatures corresponding to the reaction front

temperatures varied between 1205 and 1732 8C. Most

importantly, the composition dependence of the combustion

wave temperature is consistent with that of the flame-front

velocity shown in Fig. 2.

3.2. Phase constituents of combustion products

The XRD analysis indicated that only TaB and TaB2, as

presented respectively in Fig. 4(a) and (b), were produced in the

pure form from the samples of their equivalent stoichiometries.

For the samples of other starting compositions, the XRD

patterns of their resulting products are plotted in Fig. 5. In

addition to Ta2B and TaB, Fig. 5(a) and (b) shows that the final

products obtained from two Ta-rich samples of Ta:B = 2:1 and

3:2 contain a large amount of residual Ta. This implies an

incomplete phase conversion, due probably to the relatively low

reaction temperatures for these two samples and the insufficient

reaction time typical of the SHS process. It should be noted that

for the sample of Ta:B = 3:2, the dominant boride was TaB and

the amount of Ta2B was trivial, but no Ta3B2 was detected in its

resulting product.

The XRD patterns of the final products obtained from the

samples rich with boron at Ta:B = 5:6 and 3:4 are respectively
depicted in Fig. 5(c) and (d), both of which show a mixture of

three boride phases, including TaB, Ta3B4, and TaB2.

Specifically, TaB dominates over Ta3B4 and TaB2 in the

product synthesized from the sample of Ta:B = 5:6. For the

product from the sample of Ta:B = 3:4, both TaB and TaB2 are

considered as the major constituents and Ta3B4 as the minor.

Similar to the case of Ta:B = 3:2, Fig. 5(c) shows the absence of

Ta5B6 in spite of the green compact starting at Ta:B = 5:6. This

might suggest that Ta3B2 and Ta5B6 are kinetically unfavorable
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phases to be formed by solid state combustion. It is interesting

to note that an almost identical result was observed in

combustion synthesis of the Nb–B compounds, indicating no

formation of Nb3B2 and Nb5B6 in the final products [20].

3.3. Determination of activation energy

In view of the formation of single-phase TaB and TaB2 from

solid state combustion, it is highly instructive to deduce the

activation energy for these two SHS processes on the basis of

the flame-front velocity and combustion temperature. The

apparent activation energy of the solid-phase reaction is

generally determined by realizing the dependence of the

reaction front velocity on combustion temperature. Such a

relationship can be expressed in the following simplified form

[20,27].

V f

Tc

� �2

¼ f ðnÞ R

Ea

� �
K exp � Ea

RTc

� �
(1)

where Vf is the flame-front propagation velocity, Tc the com-

bustion front temperature, Ea the activation energy of the

reaction, R the universal gas constant, f(n) a function of the

kinetic order of the reaction, and K a constant which accounts

for the heat capacity of the product, the thermal conductivity,

and the heat of reaction. According to Eq. (1), the slope of a

straight line correlating ln(Vf/Tc)
2 versus 1/Tc can provide the

apparent activation energy of the reaction.

The relative change in the reaction front velocity with

respect to combustion temperature can be established by

diluting the reactant mixture to different extents. As suggested

by Bertolino et al. [27], TaB and TaB2 synthesized in this study

are the most suitable diluents for the powder mixtures of

Ta:B = 1:1 and 1:2, respectively. The subsequent results are

reported in Fig. 6, showing that in the case of Ta:B = 1:1 the

flame-front velocity decreases from 11.2 mm/s for the

undiluted sample to 2.43 mm/s for the 12.5 mol% TaB-diluted

sample. The combustion temperature decreased correspond-
ingly from 1732 to 1275 8C, which was plotted inversely as the

abscissa in Fig. 7.

Due to the weaker reaction exothermicity for the sample of

Ta:B = 1:2 compared to that of Ta:B = 1:1, the maximum

content of TaB2 as the diluent in the powder mixture was

reduced to 7.5 mol%. With increasing TaB2 content, Fig. 6

indicates that the combustion front velocity decreases from 5.8

to 1.6 mm/s. The associated combustion temperature decreases

from 1533 to 1255 8C. Based upon the measured data, Fig. 7

presents two best-fitted lines correlating ln(Vf/Tc)
2 versus 1/Tc

for the cases of Ta:B = 1:1 and 1:2. The apparent activation

energies for the synthesis of TaB and TaB2 by solid state

combustion were then determined as 131.1 and 181.4 kJ/mol,

respectively.

According to Kashireninov et al. [28] and Kurbatkina et al.

[29], the combustion mechanism of the Ta–B system could be

substantially affected by the presence of boron oxide (B2O3) on

the boron particles. It has been proposed [29] that the reaction

in the combustion wave is preceded by the melting of B2O3 at

723 K. Subsequent dissolution of solid boron into the molten

B2O3 layer results in the formation of volatile suboxide B2O2,

which acts as the carrier of boron to Ta. This means that oxygen

present in the oxide layer plays a role as the transport agent for

mass transfer of boron [28,29]. It is believed that such a gas-

phase transport process governs self-sustaining combustion of

the Ta–B system and is responsible for the relatively low

activation energy about 130–180 kJ/mol for SHS formation of

TaB and TaB2. As a result, the sequence of phase transforma-

tion is initiated by the production of TaB from the reaction of Ta

with B2O2 and followed by the formation of Ta3B4 and then

TaB2 through successive interaction with boron.

4. Conclusions

This study represents the first attempt to investigate the

feasibility of producing specific tantalum borides (including

Ta2B, Ta3B2, TaB, Ta5B6, Ta3B4, and TaB2) from the elemental

powder compacts with their corresponding stoichiometries by
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combustion synthesis in the SHS mode. Solid state combustion

of the Ta–B sample was characterized by a nearly planar

reaction front propagating in a self-sustaining manner. The

starting stoichiometry of the reactant compact played an

important role in combustion characteristics as well as in the

phase constituent of the final product. With the increase of the

content of boron in the sample from the proportion of

Ta:B = 2:1 to 1:2, the combustion temperature increased,

reached a peak value at Ta:B = 1:1, and then decreased.

Consequently, the variation of reaction front velocity with

sample composition was in a manner consistent with that of

combustion temperature.

Among six borides of tantalum, TaB and TaB2 are the only

two phases produced in the pure form through solid state

combustion of constituent elements. Based upon the tempera-

ture dependence of combustion wave velocity observed in this

study, the activation energies for formation of TaB and TaB2 by

the SHS reactions were deduced to be 131.1 and 181.4 kJ/mol,

respectively. In contrast, Ta3B2 and Ta5B6 were considered as

kinetically unfavorable phases, because they did not appear in

any synthesized products. For the Ta-rich samples of Ta:B = 2:1

and 3:2, their resulting products contained two boride phases,

Ta2B and TaB, along with a large amount of unreacted Ta. The

final products obtained from boron-rich samples of Ta:B = 5:6

and 3:4 were composed of three boride phases TaB, TaB2, and

Ta3B4.
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