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a b s t r a c t

Action mechanism of nano titanium carbide (nTiC), nano zirconium carbide (nZrC), and nano silicon
carbide (nSiC) was studied using a concentrated ignition experimental system, an X-ray diffractometer
and a scanning electron microscope. Each nano-carbide was mixed with B in mass ratio of 2/8 and
then pressed into tablets, respectively. Furthermore, a sample of amorphous B was also prepared as
the control group. All the three nano-carbides showed positive influence on the ignition of B. During
the first stage of combustion, only nTiC could increase the maximum emission spectral intensity of
the sample, while both nTiC and nZrC helped to increase that during the second stage of combustion.
Although the addition of nano-carbides intensified the energy release rate of B (except nSiC), the
expansion and diffusion of generated carbon dioxide took large amounts of heat away and reduced
the surface temperature of the samples The temperature change in solid-phase exhibited a relationship
with the spectral intensity change in gas-phase. The temperature increase was slow during the ignition
delay stage, while the first combustion stage proceeded with rapid increase in surface temperature. The
high-temperature areas regressed during the second combustion stage, accompanied by the gradual
stopping of gas-phase reactions. The components and microstructure of the condensed combustion
products (CCPs) were analyzed after the ignition experiment. Results showed that both nTiC and nZrC
could react with B to generate corresponding metal borides, capable of promoting the ignition of B.
Moreover, the catalysis of produced TiO2 and ZrO2 explain the increase of emission spectral intensity
during the second combustion stage. A lot of micropores formed in the CCPs after adding nTiC, which
showed a destructive effect of generated gaseous CO2 on the surface oxide layer. In general, nTiC is
the top accelerant for B oxidation in this study, while nSiC is at the bottom.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Boron (B) is a potential substitute of metal fuel for solid pro-
pellant due to its excellent gravimetric and volumetric calorific
values (58.86 kJ g−1 and 137.73 kJ cm−3, respectively) (Haynes,
2014). However, the practical application of B is still under chal-
lenge because the difficulties encountered during its rapid ig-
nition and full combustion have not yet been overcome (Gany
and Timnat, 1993). At present, researchers have realized that the
energy release behavior of B during combustion can be improved
in the following three major ways: by shortening the ignition
delay, catalyzing the oxidation, and breaking the surface oxide
film (Eslami et al., 2008; Huang et al., 2019; Yeh and Kuo, 1996).
For achieving these objectives, several attempts to find suitable
additives for B have been made till date.

∗ Corresponding author.
E-mail address: ldl@seu.edu.cn (D. Liang).

The ignition temperature of B is higher than most other metal
fuels (Solomon et al., 2016), which causes a longer ignition delay.
One effective method to promote B ignition involves the use of
additive with lower ignition temperature. The pre-ignition of the
additive can lead to the increase in the surrounding temperature
and help to heat up B particles rapidly. Active metals, alloys, and
explosives which have low ignition temperature and high energy
density including magnesium, titanium, magnalium, hexogen, oc-
togen, and so on can be used as ‘‘pre-ignition additives’’ (Liu et al.,
2014b; Rosenband et al., 1995; Liu et al., 2014a; Liang et al.,
2017a). These pre-ignition additives can effectively improve the
ignition of B. However, most of them lost their benefits during
the subsequent combustion stages.

According to the B combustion model provided by Yeh and
Kuo (1996), the dominant combustion mechanism of B depends
on value of Damkohler number (Da), defined as (E1):

Da =
Pd0
75

(E1)

https://doi.org/10.1016/j.egyr.2020.05.002
2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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where P is the ambient pressure/atm and d0 is the initial diameter
of B/µm. If Da ≪ 1, the combustion reaction is mainly controlled
by chemical kinetics; if Da = 1, the combustion is controlled by
both chemical kinetics and oxygen diffusion; and if Da ≫ 1, the
combustion is mainly controlled by oxygen diffusion. For most
combustion processes of micro-sized B at atmospheric pressure,
Da stays below 1. Therefore, catalysts can effectively accelerate
the combustion by reducing the activation energy of oxidation.
The most commonly used catalysts for B combustion are metal
oxides, such as copper oxide (CuO), bismuth oxide (Bi2O3), iron
oxide (Fe2O3), cerium oxide (CeO), and so on (Huang et al., 2019;
Xi et al., 2013). Sometimes, metals can also be used as they can
be readily oxidized during the combustion (Chintersingh et al.,
2018).

Production and accumulation of oxide film on the surface of
B particles is another obstacle for B combustion (Bidabadi et al.,
2018). The surface oxide film, which is mainly formed by boron
oxide (B2O3), has a low melting point (450 ◦C) and a high boiling
point (1860 ◦C). As a result, the surface oxide film remains in
liquid state during ignition and early combustion stages of B,
and thus seriously hinders the permeation of ambient oxygen
on particle surface (Liang et al., 2017a). Previous researches (Liu
et al., 1996; Liang et al., 2016) have confirmed that the surface
oxide film can be broken by gases such as carbon dioxide (CO2),
ammonia (NH3), and water vapor (H2O), generated during the
combustion. Thus, additives which can be decomposed or ox-
idized to release gaseous products during combustion are also
highly desirable.

Noteworthy, carbides have been used as solid propellant in-
gredients in the past several decades (Fox, 1962; Cohen and
Zimmerman, 1975; Suri et al., 2010). However, their effects as ad-
ditives for B combustion have rarely been reported. Most carbides
have ignition temperature lower than that of B; therefore, they
can be effectively used as the ‘‘pre-ignition additives’’. Moreover,
corresponding oxides are produced during the combustion of car-
bides, including the solid part and the gaseous CO2. The produced
solid oxides may act as the catalyst for B oxidation, while CO2
can help to break the surface oxide film on B particles. Therefore,
suitable carbides may act as perfect additives for B combustion.

The main objectives of the present study are as follows: to find
suitable carbides as accelerants for B combustion in order to re-
veal their acceleration mechanism on energy release behavior of B
combustion. Nano-scaled carbide samples were used due to their
higher reactivity than that of micro-scaled samples. Three differ-
ent nano-carbides, namely, nano titanium carbide (nTiC), nano
zirconium carbide (nZrC), and nano silicon carbide (nSiC) were
mixed with amorphous B particles in mass ratio of 2/8, respec-
tively. Moreover, an amorphous B sample without any additive
was also prepared as the control group. A concentrated ignition
experimental system was set up for the ignition experiments. The
entire ignition and combustion processes of the samples were
monitored using a fiber optic spectrometer and a thermal infrared
imager in real-time. The condensed combustion products (CCPs)
were collected and analyzed by an X-ray diffractometer (XRD)
and a scanning electron microscope (SEM).

2. Experimental

2.1. Materials

The amorphous B used in this study was provided by Baoding
Zhongpuruituo Technology Co., Ltd., China. The nano-carbides
reagents were purchased from Aladdin Industrial Co., China. The
purity and median particle size of all the reagents are listed in
Table 1.

For each mixture sample, one of the above-mentioned nano-
carbides was mechanically mixed with the amorphous B in mass

Table 1
Physical parameters of the obtained materials.
Sample B nTiC nZrC nSiC

Purity/% 99 99 99 99.9
Median particle size/nm 3400 50 50 40

Fig. 1. Sample and tungsten slice.

ratio of 2/8 using a planetary mixer for 20 min to ensure the
uniformity of the sample. The amorphous B (control group) and
the mixture samples were then formed into cylindrical tablets
using a manual tablet press. The diameter of the tablet was 8 mm,
the thickness was 1.5 mm, and the average packing fraction was
47%. Prior to the test, each sample tablet was placed on a square
tungsten slice with edge length of 30 mm and thickness of 1 mm,
as shown in Fig. 1.

In this study, the mass ratio, packing fraction, tablet size and
shape were set empirically for laboratory experiments, which
might not be the optimum values for practical applications.

2.2. Devices and methods

Schematic illustration of the concentrated ignition experimen-
tal system is presented in Fig. 2. The system contains the fol-
lowing four modules: a pressure chamber module, a xenon lamp
ignition module, a combustion diagnosis module, and a con-
trol module. Further details about the experimental system are
described in our previous literature report (Liang et al., 2017b).

In this study, power of the xenon lamp ignitor was set at 7 kW,
and the maximum operating temperature in the combustor was
measured to be approximately 800 ◦C. Oxygen gas with a flow
rate of 6 L min−1 was used as the reaction gas, and the operating
pressure was set at 1 atm. The fiber-optics probe of the fiber
optic spectrometer (AvaSpec, Netherlands, AvaSpec-3648-USB2)
was fixed in one of the measuring holes on the chamber body. The
frame rate and measuring period of the fiber optic spectrometer
were, respectively, set to 250 fps and 14 s. The integration time
of the fiber optic spectrometer was approximately equal to the
inverse of frame rate (4 ms) as the readout time for each spectrum
(∼87 µs) is short enough to be ignored. Moreover, the thermal in-
frared imager (FLIR, the USA, T650sc) aimed at the sample tablets
through the zinc selenide (ZnSe) glass window on the chamber
body. The measuring range of the thermal infrared imager was
200–2100 ◦C. The function of infrared window compensation was
turned on with a transmittance of 68% according to the glass
characteristics. The emissivity was set to 0.87, the frame rate was
30 fps, and the measuring period was 12 s. The on–off of the
measuring devices were synchronously controlled using a xenon
lamp igniter. The tests were repeated 3 to 5 times to ensure
the repeatability, and the standard deviations of results were
presented in the form of error bars.
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Fig. 2. Concentrated ignition experimental system.

The emissivity parameter used for the thermal infrared imager
was measured based on the Tungsten wire method described in
reference (Florko and Vovchuk, 2010). Firstly, the sample pow-
ders were coated on the upper half part of a Tungsten wire
uniformly. Secondly, the Tungsten wire was heated under inert
atmosphere to a high temperature range (800 to 1000 ◦C). As
the emissivity of Tungsten is well known over a wide range of
temperatures, its surface temperature (the lower half without
coating) can be measured using a two-color infrared thermo
detector (Changzhou Luming, China, LM-6108). Meanwhile, the
actual temperature of the coated powders was assumed to be
same as that of Tungsten during the inert heating. Then, the
thermal infrared imager was aimed at the upper half part of the
Tungsten wire and the emissivity parameter on the operating
system was adjusted until the temperature reading equaled to
that of the thermo detector. The final adjusted emissivity param-
eter was the measured surface emissivity of the sample. For the
four samples used in this study, the measured surface emissivity
values are all similar during the temperature range, and the
average was 0.87. This result was similar to but a bit higher
than previous measuring results of amorphous boron (Florko and
Vovchuk, 2010; Hsieh and Yeh, 1993), which was attributed to
the addition of nano carbides.

An XRD (PANalytical X’Pert PRO, Netherlands) was used for the
component analysis of the CCPs. The sample tablets were placed
right side up during the detection, and the diffraction angle range
was 10–90◦. In addition, a SEM (FEI SU-70, Japan) was used for the
microstructure analysis of the CCPs. To protect the sample tablets
from crushing, the CCPs were firstly immersed into an embedding
kit (SPI Spurr, USA) and stored at 70 ◦C for 12 h. Thereafter, the
embedding kit was cut to reveal the cross section of CCPs.

3. Results and discussion

3.1. Analysis of combustion spectra

Fig. 3 exhibits the maximum emission spectra obtained during
the combustion (average results of multiple repeated tests). The
spectral intensity represents the degree of violent nature of the
oxidation reaction and energy release rate. Results showed that
the B+nTiC sample exhibited the largest maximum emission
spectral intensity among the four samples, while the B+nSiC
showed the minimum intensity. The theoretical calorific values of
the three nano-carbides are lower than that of B; therefore, higher
oxidation ratios are required for the mixture samples to display

larger maximum emission spectral intensity than amorphous B.
Thus, nTiC can significantly promote the oxidation of B. The
maximum emission spectral intensity of the B+nZrC sample is
very close to that of amorphous B, which indicates that nZrC is
also helpful to increase the oxidation ratio of B, though its effect
is not as strong as that of nTiC.

Moreover, characteristic peaks of BO2 (a gaseous intermedi-
ate product of B oxidation) and sodium (Na, an impurity in B
sample) (Spalding et al., 1997) can be observed in the maximum
emission spectral curves. The main source of BO2 (as shown
in (R1)) is a summation of (R1) to (R4) (Yeh and Kuo, 1996),
which can be simplified in the form of a direct reaction be-
tween B and oxygen (O2) (as expressed by (R5)) (Liang et al.,
2017b; Burkholder and Andrews, 1991). The spectral signal of BO2
has been used for judging the ignition of B in several previous
studies (McNesby et al., 2015; Ao et al., 2014b). Moreover, (R5)
is accompanied by huge amount of heat release, and thus the
emission spectral intensity of BO2 can reflect the oxidation and
energy release rate of B as well. For the samples investigated
herein, change rules of the leading characteristic peak of BO2 (at
547.3 nm) were analyzed to compare the general trend of ignition
and combustion processes.

B(s) + B2O3(1)→3/n(BO)n(1) (R1)

1/n(BO)n + O2(g)→BO2(a) + O(a) (R2)

BO2(a) + 1/n(BO)n→B2O3(1) (R3)

O(a) + 1/n(BO)n→BO2(g) (R4)

B + O2→BO2, △H = −861.9 kJ mol−1 (R5)

Fig. 4 shows the measured emission spectral intensity curves
of the sample tablets at 547.3 nm (average results of multiple
repeated trials), which exhibits the ignition and combustion of B
in the sample tablets. Results show that the ignition and combus-
tion process of a sample tablet can be divided into the following
four stages: First, the spectral intensity of the sample tablets is
maintained at a low level (around 10.0k counts) after the xenon
lamp igniter is turned on; second, the spectral intensity increases
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Fig. 3. Maximum emission spectra of the sample tablets (‘‘bg’’ peaks are
background light signals of the xenon lamp ignitor which should be ignored).

rapidly after the sample tablet is ignited, but attenuates again in
a few moments; third, the spectral intensity gradually increases
once again and sustains for a longer duration until the sample
tablet extinguishes; and finally, the spectral intensity returns

back and it is maintained at a low level until the measurement
is completed.

The on–off of the fiber optic spectrometer was synchronously
controlled using the xenon lamp igniter; therefore, the duration
of the first stage is equal to the ignition delay time (tid) of the
sample tablet. The second and third stages are two continuous
combustion stages, which were divided by a decline of emission
spectral intensity. Similar two stage combustion phenomena of B
were observed by Gan et al. (2012) in their earlier experiments.
According to the classical theory of B combustion (Yeh and Kuo,
1996), the main cause of reduction in emission spectral intensity
between the two stages is exactly the accumulation of surface
oxide film. The oxidation of B proceeded rapidly after the ignition
of sample tablet; however, the evaporation of surface oxide film
was much slower. As a result, the liquid surface oxide film started
to accumulate on the tablet surface and slowed down the oxida-
tion reaction. However, owing to the continuous input of external
energy (from the xenon lamp), the evaporation of liquid surface
oxide film gradually increased, and the oxidation reaction was
accelerated. Thus, initiation of the second combustion stage was
enabled. To further compare the effect of different nano-carbides,
the durations of the two stages were respectively defined as tc1
and tc2, while the maximum emission spectral intensity of the
two stages were respectively defined as Imax1 and Imax2 . The
detailed values of the above-mentioned characteristic parameters
are listed in Table 2.

As mentioned above, nano-carbides can be ignited before B as
they have lower ignition temperatures. The pre-ignition of the

Fig. 4. Emission spectral intensity curves of the sample tablets at 547.3 nm.
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Table 2
Characteristic parameters of the sample tablets during ignition and combustion.
Sample tid/ms tc1/ms Imax1/counts tc2/ms Imax2/counts

B 5336 ± 220 1608 ± 244 32.9k ± 1.7k 2712 ± 620 25.5k ± 0.9k
B+nTiC 1788 ± 136 672 ± 184 35.6k ± 2.0k 3104 ± 628 38.6k ± 1.9k
B+nZrC 2092 ± 296 848 ± 118 19.3k ± 1.0k 5044 ± 840 30.1k ± 1.2k
B+nSiC 4112 ± 124 916 ± 72 23.7k ± 1.5k 1852 ± 352 23.9k ± 1.3k

nano carbides released heat and lifted the sample temperature,
and thus accelerated the ignition of boron. Therefore, all the mix-
ture samples, in particular nTiC, have smaller tid than amorphous
B.

For the first combustion stage, tc1 can also be shortened by
adding the nano-carbides. However, only the B+nTiC sample
showed higher Imax1 than amorphous B, which indicates that only
nTiC led to the increase in the oxidation rate of B during the
first combustion stage. The value of tc1 depends mainly on the
accumulation rate of surface oxide film, while the accumulation
rate of surface oxide film depends on both the combustion tem-
perature and oxidation rate of B. A low combustion temperature
is adverse to the evaporation of surface oxide film, and a high
oxidation rate leads to rapid increase in its production. All the
three nano-carbides released CO2 during the combustion (which
would take away the heat during gas expansion and diffusion);
however, only nTiC could increase the oxidation rate of B at the
same time, which explains why tc1 of the B+nTiC sample was the
shortest among all the samples.

For the second combustion stage, both nTiC and nZrC showed
positive influence on the oxidation rate of B, but nSiC exhibited
the opposite trend. This result can be attributed to the catalytic
action of TiO and ZrO (see details in Section 3.3), while SO2
is usually considered to be inactive during B oxidation (Yeh
and Kuo, 1996; Ao et al., 2014a). Furthermore, values of tc2 of
the B+nTiC and B+nZrC samples are both larger than that of
amorphous B. It should be noticed here the longer tc2 does not
mean a lower combustion rate since the sample tablets did not
burn out thoroughly during the experiments. As the experimental
operating temperature was much lower than boiling point of
B2O3, the final extinguishing of the sample tablets was caused
by accumulation of the surface oxide film rather than complete
oxidation, and the total quantity of burnt boron varied for dif-
ferent samples. As a result, the higher combustion and energy
release rates corresponding to a higher Imax2 value because only
a higher reaction rate leaded to the instantaneous generation of
more intermediate oxidation products. The longer tc2 values of
the two samples actually mean they had higher burn-off ratios
than amorphous boron. Therefore, higher Imax2 and longer tc2 are
both desired to achieve better energy release properties. Among
the three nano-carbides used in this study, nTiC is the most
beneficial to increase the oxidation rate and nZrC is the most
beneficial to prolong the duration of the second combustion stage.

Imax1 of amorphous B is larger than Imax2, which shows that the
oxidation rate during the first stage is higher than that during
the second stage. However, Imax2 exceeds Imax1 after the ad-
dition of nano-carbides, which indicates that the effect of the
nano-carbides mainly came into role during the second stage of
combustion. The addition of nTiC realized superior performance
in both the ignition and combustion stages. It is found to be the
best accelerant for energy release of B in this study.

3.2. Analysis of combustion temperature

The combustion temperature recorded using thermal infrared
imager actually provided surface temperature data of the sample
tablets. Noteworthy, the combustion temperature is unequal to,

Fig. 5. Maximum surface temperature of the sample tablets during combustion.

and often lower than the flame temperature in the gas phase
region.

The maximum surface temperature values of the sample
tablets are presented in Fig. 5. Results indicate that the maximum
surface temperature of amorphous B is the highest, while that of
the B+nTiC sample is the lowest. Also, nZrC showed inferior effect
on the combustion temperature of B than nTiC, and even less
for nSiC. As mentioned above, the decrease of maximum surface
temperature is a result of heat loss caused by CO2 expansion
and diffusion. Under our experimental conditions, the heat in
gas phase was not utilized (or measured), which resulted in a
simply decrease of surface temperature. However, this will not
cause negative effects in a real rocket motor, where the heat in
gas phase can transform into work through the gas expansion.
Moreover, since the local temperature around boron particles
can be much higher than the gas temperature, the ablation of
motor walls may occur without a timely heat transfer to gas
phase. Therefore, a relatively low surface temperature of fuel
agglomerates is desired with the same energy release efficiency
in practical applications. Therefore, the B+nTiC sample is still
optimal as it exhibits both the low combustion temperature and
good energy release behavior.

Based on the above-mentioned analysis, the surface temper-
ature profile analysis focused on the B+nTiC sample, and the
amorphous B sample was still set as the control group.

Fig. 6 exhibits the two-dimensional temperature profiles of the
two samples with time interval of 1 to 2 s. Surface temperature
of the sample tablets started to increase after the xenon lamp
ignitor was turned on. The surface of the tablet was not com-
pletely smooth; therefore, the temperature increase was asyn-
chronous everywhere. First, only some small areas on the tablet
surface warmed up. Then the heat gradually spread to the sur-
rounding areas as time passed. The light from the xenon lamp
came from the upward side of the combustor; therefore, the
high-temperature areas were generally distributed in the upper



D. Liang, J. Liu and Q. Qiu / Energy Reports 6 (2020) 1160–1169 1165

Fig. 6. Two-dimensional temperature profiles of the sample tablets (left: B, right: B+nTiC).

part of the sample tablets during the initial stage of combus-
tion. With the continuation of the combustion process, the high-
temperature areas gradually moved down to the center part of
the sample tablets, which indicated declination of oxidation on
the upper part and regression of the main reaction areas. How-
ever, the main reaction areas did not reach the bottom during
the combustion, which can be attributed to the resistance due to
accumulated oxidation products on the upper part. Actually, the
accumulated oxidation products played a negative influence on
the exchange of both heat and mass between unreacted B and
the surroundings (Yeh and Kuo, 1996).

Fig. 6 shows the change rules of surface temperature on the
sample tablets as well. Again, the entire process can be divided
into three different stages. The temperature increase was slow
at the beginning. For the amorphous B sample, this stage lasted
from 0 to approximately 4 s. For the B+nTiC sample, this stage
lasted from 0 to approximately 2 s. Results show the duration
of the slow temperature-increase stage is relevant to that of
the ignition delay stage. The sample tablets then passed into
a rapid temperature-increase stage, during which the surface
temperature values rapidly increased to the respective maximum.

The duration of this stage lasted from approximately 4 to 6 s
for the amorphous B sample, and approximately 2 to 4 s for
the B+nTiC sample, which is relevant to that of the first com-
bustion stage above. Finally, the surface temperature decreased
gradually, which is relevant to the second combustion stage. Sig-
nificant correlation was observed between the combustion stages
divided based on the temperature profiles (mainly refer to solid-
phase reactions) and those divided based on the emission spectral
curves (mainly refer to gas-phase reactions). However, results
show that the solid-phase and gas-phase reactions were not
strictly in synchronization. During the slow temperature-increase
stage, the solid-phase reaction already began, while the gas-phase
reaction occurred barely. The first combustion stage started as the
temperature-increase speeded up, and it came to an end along
with the regression of the high-temperature areas. At the comple-
tion of the combustion, the gas-phase reaction stopped before the
surface temperature reduced to the surrounding environmental
temperature.

The temperature profiles of the other two mixture samples
also showed similar change rules, thus they are not discussed in
detail herein.
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Fig. 6. (continued).

3.3. Analysis of condensed combustion products components and
microstructure

After the ignition experiment, CCPs of the four samples were
allowed to cool down naturally under inert atmosphere. An XRD
was used for the component analysis of the residual sample
tablets, and the result is presented in Fig. 7. Owing to the insen-
sitivity of XRD to amorphous materials, unreacted amorphous B
in the combustion residues was not detected.

B2O3 was found in the CCPs of all samples, as the final oxi-
dation product of B. Furthermore, there was an incomplete oxi-
dation product of B (B13O2) in the CCPs of amorphous B, which
shows that the sample tablet was not burnt out during the
experiment.

Analysis of the CCPs of the B+nTiC and B+nZrC samples
indicated the presence of both the corresponding metal oxides
and metal borides. The existence of TiB2 and ZrB2 indicates that
nTiC and nZrC can react with B during the combustion, which can
be helpful to bring forward the ignition of B. The generated TiO2
and ZrO2 can act as catalysts for B oxidation, which can explain
the increase of emission spectral intensity during the second
combustion stage as mentioned above. The cyclic reduction of
TiO2 can be expressed as (R2) and (R3), while that of ZrO2 can
be expressed as (R4) and (R5).

10B(s) + 3TiO2(s)→3TiB2(s) + 2B2O3(1) (R2)

2TiB2(s) + 5O2(g)→2TiO2(s) + 2B2O3(1) (R3)

10B(s) + 3ZrO2(s)→3ZrB2(s) + 2B2O3(1) (R4)

2ZrB2(s) + 5O2(g)→2ZrO2(s) + 2B2O3(1) (R5)

Fig. 7 does not show the existence of peaks of SiO2, which
can be attributed to the fact that the generated SiO2 in the CCPs
of B+nSiC sample was also amorphous. Moreover, SiC and 6H-
SiC were detected, which indicates that the oxidation ratio of
nSiC was not high during the combustion. Therefore, nSiC is not
suitable for acceleration of B oxidation.

SEM images of the CCPs of amorphous B and B+nTiC samples
were taken in order to compare their microstructure, and the
results were displayed in Fig. 8.

The surface oxide film was found to be dense in the CCPs of
amorphous B sample, while a lot of micropores existed in the
CCPs of B+nTiC sample. The difference provides a strong evidence
for the destructive effect of generated gaseous CO2 on the surface
oxide layer.

4. Conclusions

This study investigated the three different nano-carbides
(nTiC, nZrC, and nSiC)-mediated acceleration of energy release
behavior of amorphous B during ignition and combustion. Com-
bustion spectra, combustion temperature, and CCPs component
analyses were carried out to explore their action mechanism. The
main findings of this study are summarized as follows:

(1) Emission spectra of the sample tablets were recorded using
a fiber optic spectrometer. Characteristic peaks of BO2 and
impurity Na were detected. Characteristic peak intensity
at 547.3 nm (the leading characteristic peak of BO2) was
used to reflect the oxidation and energy release rates of B.
The ignition and combustion process of the sample tablet
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Fig. 7. XRD patterns of the CCPs of the samples.

included an ignition delay stage and two continuous com-
bustion stages. Addition of all the three nano-carbides led
to the shortening of the ignition delay of the samples. How-
ever, only nTiC increased the maximum emission spectral
intensity during the first combustion stage. For the second
combustion stage, both nTiC and nZrC showed positive
influence on the oxidation rate of B, while nSiC exhibited
the opposite trend.

(2) Surface temperature of the sample tablets was measured
using the thermal infrared imager. The maximum surface
temperature significantly decreased after adding the nano-
carbides, especially nTiC. The temperature increase was
asynchronous on the sample tablets, thus only some small
areas on the tablet surface warmed up at first. During the
early stage of combustion, the main reaction areas were
distributed in the upper part of the sample tablets. As
combustion proceeded, the main reaction areas gradually
regressed to the center. The temperature change in solid-
phase showed a relationship with the spectral intensity
change in gas-phase. The temperature increase was slow
during the ignition delay stage; however, increased rapidly
during the first combustion stage. The high-temperature
areas regressed during the second combustion stage, ac-
companied by the gradually stopping of gas-phase reac-
tions.

(3) Component analysis of the CCPs was carried out using an
XRD. B13O2 was detected in the CCPs of amorphous B,
indicating the incompletion of the oxidation of B. Corre-
sponding metal borides were found in the B+nTiC and
B+nZrC samples, which can be an evidence for promot-
ing B ignition. Moreover, corresponding metal oxides were
found in these two samples, which can act as catalysts
for B oxidation. In the B+nSiC sample, unoxidized SiC and
6H-SiC were detected as a result of low oxidation ratio
of nSiC. SEM images were taken to show the difference
in microstructure of the CCPs. The surface oxide film was
dense in the CCPs of amorphous B sample, while a lot
of micropores existed in those of B+nTiC sample due to
the destructive effect of generated gaseous CO2 on the
surface oxide layer. In summary, nTiC can act as an effective
accelerant for B oxidation and nZrC also has a certain
positive effect; however, nSiC seems to have a negative
influence when used as a B additive. In further research,
more detailed action mechanism and key influence factors
on accelerating B oxidation with nTiC need to be stud-
ied, including the effects of particle size, addition ratio,
blending technique, and so on.
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Fig. 8. SEM images of the CCPs of the samples.
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