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a b s t r a c t

An experimental study on the preparation of various vanadium borides (including V3B2, VB, V5B6, V3B4,
V2B3, and VB2) in the V–B system was conducted by self-propagating high-temperature synthesis (SHS)
from the elemental powder compacts. Close flame-front velocities and comparable combustion temper-
atures were observed for the reactant compacts with V:B = 1:1, 5:6, and 3:4, and they were much higher
than those for the samples of other compositions. The lowest combustion velocity and temperature were
vailable online 8 December 2010

eywords:
ransition metal compounds
olid state reactions
-ray diffraction

detected in the sample of V:B = 1:2. According to the XRD analysis, pure VB was produced not only from
the sample of V:B = 1:1, but also from those of V:B = 5:6 and 3:4. For the powder compact with V:B = 1:2,
VB2 was dominantly formed along with trivial amounts of VB and V3B4. A multiphase product composed
of VB and V3B4 at comparable quantities was yielded from the sample of V:B = 2:3. The only V-rich sample
formulated at V:B = 3:2 generated monoboride VB and left the end product a large amount of unreacted
anadium boride
ombustion synthesis

vanadium.

. Introduction

Borides of the transition metals of groups IVB and VB, such as
iB2, ZrB2, VB2, and TaB2, are known as ultra high-temperature
eramics. Besides high melting temperatures, they have a unique
ombination of high hardness, high electrical and thermal conduc-
ivity, good chemical stability, good wear resistance, and excellent
orrosion resistance [1–6]. Of particular interest for this study are
he borides of vanadium. According to the V–B phase diagram [7],
here are six boride phases including V3B2, VB, V5B6, V3B4, V2B3,
nd VB2. In addition to as surface protection components and wear
esistant materials, vanadium borides are promising for use as the
node material for alkaline batteries due to their exceptionally high
ischarge capacity [8–10].

Preparation of vanadium borides has been implemented by a
ariety of processing routes, including the direct combination of
lemental vanadium with boron in a high-energy shaker ball-miller
10] or a triarc furnace [11], borothermic reduction of vanadium
xide (V2O3) [12], and solid state reaction between vanadium chlo-
ide and MgB2, NaBH4, or LiBH4 [13–15]. As a promising alternative,
ombustion synthesis in the self-propagating high-temperature

ynthesis (SHS) mode takes advantage of the self-sustaining merit
rom highly exothermic reactions, and hence, has the potentials of
ow energy requirement, short reaction time, and simple facilities
16–19]. Formation of transition metal borides by the SHS tech-
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nique is typically through the direct reaction of mixed constituent
elements in a sample compact, by which numerous borides like
TiB2, TiB, ZrB2, HfB2, NbB2, NbB, TaB2 and TaB have been synthe-
sized [16,20–25]. When direct combustion between the metal and
boron is not feasible, the SHS process involving borothermic reduc-
tion of a metal oxide has been adopted. For example, borides of
chromium (Cr5B3, CrB, and CrB2) and molybdenum (Mo2B, MoB2,
and Mo2B5) were produced from the reduction of Cr2O3 and MoO3,
respectively, by amorphous boron [26,27].

Despite the fact that many transition metal borides have been
produced by combustion synthesis, few studies have been per-
formed on the preparation of vanadium borides by SHS. Therefore,
this study aims to explore the feasibility of producing various vana-
dium borides by the SHS process using elemental powder compacts
of their corresponding stoichiometries. Effects of the starting com-
position and temperature of the reactant compact were studied
on the combustion temperature, flame-front velocity, and sustain-
ability of the synthesis reaction. The phase constituent of the final
product was identified by XRD. In addition, the apparent activation
energy associated with formation of the specific boride phase was
determined by correlating the dependence of flame-front velocity
on combustion temperature.

2. Experimental methods of approach
Vanadium (Aldrich, <45 �m, 99.5% purity) and amorphous boron (Noah Tech-
nologies Corp., 1 �m, 92% purity) powders were used as the starting materials in
this study. Powder blends with six different molar ratios including V:B = 3:2, 1:1,
5:6, 3:4, 2:3, and 1:2 were prepared in a ball mill. In order to obtain homogeneous
powder mixtures, a cylindrical capped container was partially filled with the reac-
tant powders and several ceramic balls (5 mm in diameter). The container sat on

dx.doi.org/10.1016/j.jallcom.2010.12.004
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:clyeh@fcu.edu.tw
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wo drive shafts, one of which rotated around a horizontal axis, in the ball mill
nd the powders were dry mixed at 120 rpm for 10 h. Mixed powders were then
old-pressed into the cylindrical sample compact with a diameter of 7 mm, a height
f 12 mm, and a compaction density relative to 50% of the theoretical maximum
ensity (TMD).

The SHS experiments were conducted in a stainless-steel windowed combustion

hamber under an atmosphere of high purity argon (99.99%). The sample holder
as equipped with a 600 W cartridge heater used to raise the initial temperature

f the reactant compact prior to ignition. Moreover, a compressed pellet made up
f Ti and carbon powders with Ti:C = 1:1 was placed on the top of the sample to
erve as an ignition enhancer which was triggered by a heated tungsten coil. Details
f the experimental setup and measurement approach were reported elsewhere

ig. 1. Typical SHS sequences recorded from V–B powder compacts with different mola
:B = 1:1 and Tp = 300 ◦C, and (c) V:B = 1:2 and Tp = 300 ◦C.
Compounds 509 (2011) 3257–3261

[28]. The phase constituent of the synthesized product was identified by an X-ray
diffractometer (Shimadzu XRD-6000) with Cu K� radiation.

3. Results and discussion
3.1. Observation of combustion characteristics

Fig. 1(a)–(c) presents three typical SHS sequences illustrating
solid state combustion of the V–B powder compacts with differ-
ent initial compositions and temperatures. As shown in Fig. 1(a),

r ratios and preheating temperatures: (a) V:B = 5:6 and without prior heating, (b)
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Based upon the XRD analysis, it was found that the boride
phase formed from solid state combustion of the V-rich sample
with V:B = 3:2 was monoboride VB, besides which a large amount
of elemental vanadium left unreacted was detected. This means
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he combustion of a sample composed of V:B = 5:6 under no prior
eating was confined to a localized reaction zone propagating along
spiral trajectory. Self-sustaining combustion featuring a spinning

eaction wave rather than a planar flame front is considered as an
nstable combustion phenomenon and is mainly caused by the lack
f sufficient heat flux generated from the reaction [29,30]. The spin-
ing combustion wave not only prolonged the propagation time,
ut also caused significant delamination of the final product.

Experimental evidence indicated that except for the powder
ompact with V:B = 1:2, the SHS processes of other samples under
o prior heating or preheating at 100 ◦C were subjected to the spin-
ing combustion mode. Steady propagation of a planar front was
chieved when the preheating temperature (Tp) was raised to 200
nd 300 ◦C. As displayed in Fig. 1(b), for the sample of V:B = 1:1
t Tp = 300 ◦C, a distinct combustion front forms upon ignition and
apidly traverses the entire sample in about 0.53 s.

When the sample of V:B = 1:2 was employed, however, combus-
ion ceased to propagate after initiation and quenched even in the
ase of Tp = 200 ◦C. With further increase in the preheating tem-
erature to 300 ◦C, self-sustaining combustion characterized by a
lanar but slow reaction front was attained. Fig. 1(c) indicates that

t takes as long as 5.47 s for the combustion front to arrive at the bot-
om of the sample, which implies that the reaction exothermicity
elated to this stoichiometry is substantially weaker in comparison
o the others.

.2. Measurement of flame-front velocity and combustion
emperature

Based upon the recorded combustion images, the propagation
elocity (Vf) of the steady combustion front was determined. Fig. 2
lots the flame-front velocities of six different samples under two
reheating temperatures of 200 and 300 ◦C. An increase in the pre-
eating temperature led to a higher spreading rate of the reaction

ront. Moreover, with the increase of the content of boron in the
ample from 40 to 50 at.%, Fig. 2 shows a significant increase in
he flame-front velocity approximately from 9.1 to 20.1 mm/s for
p = 300 ◦C and 4.4 to 12.7 mm/s for Tp = 200 ◦C. However, the flame
elocities of the reactant compacts with V:B = 1:1, 5:6, and 3:4 were
omparable, due probably to their close stoichiometries. Further
ncrease of boron caused a noticeable decrease in the reaction front
elocity. Consequently, the slowest combustion wave with a prop-
gation rate of 2.1 mm/s was observed in the sample containing the
ighest percent of boron (i.e., 66.7 at.% or V:B = 1:2) at Tp = 300 ◦C. It
hould be noted that at Tp = 200 ◦C, the lowest velocity of 3.2 mm/s
as measured from the sample with 60 at.% of boron (i.e., V:B = 2:3),

ecause of no reaction for the sample of V:B = 1:2.
The composition dependence of the combustion velocity is most

ikely attributed to the variation of reaction exothermicity with
he powder compacts of different stoichiometries. Fig. 3 depicts
ix combustion temperature profiles recorded from combustion
f different powder compacts at Tp = 300 ◦C. The abrupt rise in
he temperature curve signifies the rapid arrival of the combus-
ion wave and the peak value corresponds to the reaction front
emperature. As revealed in Fig. 3, the peak temperature varies
etween 1262 and 1620 ◦C. The combustion temperature is essen-
ially affected by the heat of formation and specific heat of the
roduct. Close combustion temperatures observed for the powder
ompacts with V:B = 1:1, 5:6, and 3:4 are mainly attributed to the
roduction of the same boride, VB, from these three samples.

When compared to those of the powder compacts with V:B = 1:1,

:6, and 3:4, the lower combustion temperature for the sample of
:B = 2:3 is due to the formation of VB and V3B4 in the final prod-
ct. Though the heat of formation of V3B4 is larger than that of VB
33,34], the specific heat of V3B4 is much higher than that of VB [34].
he lowest combustion front temperature observed in the sample
Atomic Percent of Boron in V-B Samples (at.%)

Fig. 2. Effects of starting stoichiometry and preheating temperature on flame-front
propagation velocity of V–B powder compacts.

of V:B = 1:2 is a consequence of the formation of VB2 as the domi-
nant boride. The heat of formation of VB2 is only slightly lower than
those of VB, V5B6, V3B4 and V2B3. At temperatures of 1000–2000 K,
however, the specific heat of VB2 is about 25% higher than that of VB
[34]. Most importantly, the composition dependence of the com-
bustion front temperature is consistent with that of the flame-front
velocity. This confirms the responsibility of reaction exothermicity
for the combustion wave velocity.

Moreover, because the layer-by-layer heat transfer from the
combustion front to the green sample plays a critical role in the
SHS process, the combustion front velocity depends not only on the
combustion temperature but also on the specific heat of the reac-
tant powders. The specific heat of elemental boron is about twice
larger than that of vanadium at 298 K [34]. This means that the sam-
ple with a higher content of boron requires more energy to raise its
temperature to the ignition temperature. This further explains the
considerably low flame velocity for the sample of V:B = 1:2, which
represents the most boron-rich composition.

3.3. Phase constituents of combustion products
Time (s)
1211109876543210

Fig. 3. Effect of starting stoichiometry on combustion temperature of V–B powder
compacts with a preheating temperature of 300 ◦C.
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ig. 4. XRD patterns of final products synthesized from powder compacts with (a)
:B = 1:1, (b) V:B = 5:6, (c) V:B = 3:4, (d) V:B = 2:3, and (e) V:B = 1:2.

n incomplete phase conversion. For the powder compacts of
:B = 1:1, 5:6, and 3:4, as shown in Fig. 4(a)–(c), single-phase VB was
roduced. This also explains the comparable combustion temper-
tures and similar flame-front velocities observed for the samples
f these three compositions. The XRD pattern of the final product
btained from the sample of V:B = 2:3 is plotted in Fig. 4(d), reveal-
ng the yield of two boride phases VB and V3B4. For the resulting
roduct from the sample of V:B = 1:2, Fig. 4(e) shows the forma-
ion of VB2 as the dominant boride along with VB and V3B4 as the
rivial phases. Among six vanadium borides, it is found that VB and
B2 are the two borides produced in a pure or nearly pure form.
n the contrary, some boride phases, like V3B2, V5B6, and V2B3,
id not appear in any end products. This might suggest that they
re kinetically unfavorable phases to be formed through solid state
ombustion of their constituent elements. Besides, the absence of
3B2, V5B6 and V2B3 is caused probably by the reason that the crys-

al structure of these compounds is too complicated to form during
he SHS process subjected to a fast cooling rate.

.4. Determination of activation energy

In view of the formation of single-phase VB from the powder
ompact of V:B = 1:1, it is highly instructive to deduce the activation
nergy for combustion synthesis of VB on the basis of the measured
ame-front velocity and combustion temperature. The apparent
ctivation energy of the solid state reaction is generally determined
y realizing the dependence of the reaction front velocity on com-
ustion temperature. Such a relationship has been expressed in the
ollowing simplified form [31,32].

Vf
)2 (

R
) (

Ea
)

Tc
= f (n)

Ea
K exp −

RTc
(1)

here Vf is the flame-front propagation velocity, Tc the combus-
ion front temperature, Ea the activation energy of the reaction, R
he universal gas constant, f(n) a function of the kinetic order of the
10 (1 / T
c
), (1/K)

Fig. 5. Relation between flame-front velocity and combustion temperature for
determination of activation energy of formation VB by combustion synthesis.

reaction, and K a constant which accounts for the heat capacity
of the product, the thermal conductivity, and the heat of reac-
tion. 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 reac-
tant compact with an inert compound. As suggested by Bertolino
et al. [32], the boride VB synthesized in this study is the most suit-
able candidate as the diluent for the powder mixture of V:B = 1:1.
Intentionally, the mole fraction of VB as a diluent in the powder
mixture was ranged from 2 to 10%. With the increase of the extent
of dilution, the flame-front velocity decreased from 20.1 mm/s for
the undiluted sample at Tp = 300 ◦C to 5.68 mm/s for the 10 mol%
VB-diluted compact preheated at the same temperature. The com-
bustion front temperature (Tc) decreased correspondingly from
1573 to 1316 ◦C. Fig. 5 plots the data of ln(Vf/Tc)2 versus 1/Tc and
a best-fitted correlation line, from which the apparent activation
energy of 218.66 kJ/mol is determined for combustion synthesis of
VB. Due to weak exothermicity of the reaction, however, the above
method was not applicable for the sample with V:B = 1:2.

4. Conclusions

This study represents the first attempt to investigate the feasi-
bility of producing specific vanadium borides (including V3B2, VB,
V5B6, V3B4, V2B3, and VB2) from elemental powder compacts of
their corresponding stoichiometries by combustion synthesis in the
SHS mode. A preheating temperature (Tp) of 200 ◦C was required for
all V-B reactant compacts, except 300 ◦C for the sample of V:B = 1:2,
to achieve stable combustion featuring a planar reaction front. Oth-
erwise, combustion was confined to a spinning reaction zone or was
extinguished.

Among six different samples, the powder compacts of V:B = 1:1,
5:6, and 3:4 showed relatively high and comparable combus-
tion propagation rates ranging between 18.6 and 20.9 mm/s at
Tp = 300 ◦C. For the samples of V:B = 3:2 and 2:3 at Tp = 300 ◦C, the
flame-front velocities were just about 8.5–10 mm/s. The lowest
combustion velocity of 2.1 mm/s was observed in the sample of
V:B = 1:2. The combustion front temperature varied from 1262 to

◦
1620 C and the composition dependence of the combustion tem-
perature was in a manner consistent with that of the reaction front
velocity.

Based upon the XRD analysis, VB and VB2 were the only two
borides produced almost monolithically from the powder com-
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acts of their equivalent compositions. Moreover, pure VB was
btained not only from the sample of V:B = 1:1, but also from those
ith V:B = 5:6 and 3:4. The resulting product of the sample with
:B = 3:2 contained VB and some remnant vanadium, implying an

ncomplete phase conversion. For the sample with V:B = 2:3, both
B and V3B4 was formed in the end product. In addition, the appar-
nt activation energy deduced for combustion synthesis of VB was
18.66 kJ/mol.
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