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Abstract: In ramjet combustion chambers, carbon dioxide (CO2) produced by the combustion of carbonaceous fuel enters the 
chamber together with boron agglomerates. In order to investigate the effect of CO2 concentration present in an oxygen-containing 
atmosphere on the combustion characteristics and oxidation mechanisms of boron agglomerates, we used a laser ignition system, 
an X-ray diffractometer (XRD), and a thermogravimetric-differential scanning calorimetry (TG-DSC) combined thermal analysis 
system. Single-particle boron was tested in the laser-ignition experiments as the control group. The ignition experiment results 
showed that with a fixed O2 concentration of 20%, when the particle temperature reaches the melting point of boron, increasing 
CO2 content causes the combustion process of boron agglomerates to transition from single-particle molten droplet combustion to 
porous-particle combustion. Furthermore, XRD analysis results indicated that the condensed-phase combustion products (CCPs) of 
boron particles in a mixed atmosphere of O2 and CO2 contained B4C, which is responsible for the porous structure of the particles. At 
temperatures below 1200 ℃, the addition of CO2 has no obvious promotion effect on boron exothermic reaction. However, in the 
laser-ignition experiment, when the oxygen concentration was fixed at 20% while the CO2 concentration increased from 0% to 80%, 
the maximum temperature of boron agglomerates rose from 2434 to 2573 K, the self-sustaining combustion time of single-particle 
boron decreased from 396 to 169 ms, and the self-sustaining combustion time of boron agglomerates decreased from 198 to 40 ms. 
This study conclusively showed that adding CO2 to an oxygen-containing atmosphere facilitates boron reaction and consumption 
pathways, which is beneficial to promoting exothermic reaction of boron agglomerates at relatively high temperatures.
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1 Introduction 

Boron is regarded as an ideal energetic additive 
for solid propellants because of its high volumetric and 
gravimetric heating values (Fry, 2004), so it is widely 
used in solid-fuel ramjets and scramjets (Lv et al., 2017; 
Chen et al., 2018; Zhang et al., 2020). In a ramjet gas 
generator, boron particles are likely to agglomerate 
into large particles due to low melting point and high 
viscosity of the oxide layer on the surface of boron 
particles (Meerov et al., 2015; Liu et al., 2017). The 
combustion of the carbonaceous formulation in a boron-
based fuel-rich propellant produces a large amount of 
CO2 (Liu et al., 2015), which affects the combustion 

characteristics of boron agglomerates. In addition, direct 
combustion heating is often used in ramjet ground 
simulation tests, to increase the air temperature during 
simulation of the total temperatures of air flows enter‐
ing the secondary combustion chamber in flight state 
(Roux et al., 2014). When the working medium of the 
heater uses an air/alcohol or air/kerosene mixture, the 
level of CO2 in the air entering the combustion cham‐
ber exceeds 10% (Li et al., 2007).

Researchers have performed a considerable amount 
of work on the effects of fluorine-containing atmo‐
sphere (Krier et al., 1996; Zhou et al., 1998; Ulas et al., 
2001) and water vapor (Smolanoff et al., 1996; Foel‐
sche et al., 1999; Yoshida and Yuasa, 2000) on the igni‐
tion and combustion characteristics of boron particles, 
and improved the understanding of the energy-release 
characteristics of such particles. However, few studies 
have addressed the ignition and combustion charac‐
teristics of boron in a CO2-containing atmosphere. 
Experiments conducted by DiGiuseppe and Davidovits 
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(1981) revealed that the reaction between boron and 
CO2 produced BO and CO, with an exothermic heat 
of (67±5) kcal/mol (1 kcal=4.186 kJ) and a relatively 
slow reaction rate. Burkholder et al. (1993) conducted 
a condensation reaction of pulsed laser-evaporated 
boron atoms with CO2 in excess Ar, and infrared spec‐
trum analysis of the reaction products showed that 
OBCO was generated in addition to BO and CO. Thus, 
they concluded that OBCO was the main product of 
the reaction between boron and CO2. Chin et al. 
(2003) calculated the reaction between B and CO2 by 
ab initio and density functional methods, and found 
that the reaction first generated a dynamically unsta‐
ble intermediate, BOCO, which then decomposed into 
BO and CO, and finally formed the most stable ther‐
modynamic substance: OBCO. Li et al. (2014) ana‐
lyzed the effect of CO2 concentration on the thermal 
oxidation characteristics of boron particles by thermo‐
gravimetry, and found that appropriate concentrations 
of CO2 (10% or 30%) in a limiting O2 (10%) atmo‐
sphere facilitated the onset of oxidation of boron parti‐
cles and improved ignition performance.

A CO2 atmosphere can affect the thermal oxida‐
tion characteristics of boron particles, but the specific 
reasons for this effect are yet to be elucidated. Espe‐
cially about the effects of boron agglomerates, little is 
known. In this study, we directly observed the struc‐
tural and morphological evolution of boron agglomer‐
ates during combustion, and analyzed the combustion 
process and spectral data. The temperature evolution 
of the particle surface was obtained through a fitting 
procedure using the Planck law. The microscopic mor‐
phology and rough elemental composition of condensed-
phase combustion products (CCPs) were analyzed 
with a scanning electron microscope (SEM) and energy 
dispersive spectrometer (EDS), and the phase-crystal 
structures were analyzed by X-ray diffractometer 
(XRD). Additionally, we employed thermogravimetric-
differential scanning calorimetry (TG-DSC) to study 
the oxidation process. The results of this study pro‐
vide a reference for the energy-release mechanism of 
boron agglomerates when O2 and CO2 coexist.

2 Experimental procedures 

2.1 Materials

We carried out our comparative experiments on 
amorphous boron agglomerates and single-particle 

crystalline boron. The boron agglomerates were pre‐
pared by drying a slurry of the micron-sized amor‐
phous boron in water (Mi et al., 2013). The initial 
amorphous boron was available commercially from 
Yingkou Liaobin Fine Chemicals Co., Ltd., China, with 
a purity of 96% and mean diameter of 2.55 μm. The 
agglomerate density was measured by the Archimedes 
drainage method to be 1.27 g/cm3. The single-particle 
crystalline boron was obtained from Zhongnuo Ad‐
vanced Material Technology Co., Ltd., China, with a 
purity of 99.9%. The boron agglomerates and single-
particle boron between 355 and 400 μm were screened 
by a sieve shaker. The samples used in the test are 
shown in Fig. 1.

2.2 Apparatus and methods

A laser-ignition test system was used to investi‐
gate the effect of CO2 concentration on the combus‐
tion characteristics of boron agglomerates in oxygen-
containing atmospheres. A schematic diagram of the 
experimental setup is given in Fig. 2. The same system 
was successfully used in an earlier ignition study on 
boron agglomerates (Duan et al., 2022). All combus‐
tion tests were conducted under constant laser power 
and laser duration, and the laser loading time was set to 
250 ms. We measured the actual power emitted to the 
sample surface in different atmospheres with a power 
meter (F150A-BB-26, Ophir, Israel) as (85.0±0.3) W.

A monochrome high-speed camera (Dimax HS4, 
PCO, Germany), a color high-speed camera (FASTCAM 
SA-X2, Photron, Japan), and a fiber-optic spectrom‐
eter (HR2000+ES, Oceanoptics, USA) were employed 
to monitor the combustion process of the sample 
through high-purity quartz-glass windows. Flame im‐
ages were photographed using the color high-speed 
camera, with an exposure time of 200 µs and a frame 

Fig. 1  Amorphous boron agglomerate (a) and single-particle 
crystalline boron (b)
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rate of 5000 frame/s, while the particle-surface mor‐
phology evolution was recorded with the monochrome 
high-speed camera, with an exposure time of 900 µs 
and a frame rate of 1000 frame/s. The fiber spectrom‐
eter measured the spectrum within the wavelength range 
of 200–1100 nm, while the integration time was fixed at 
1 ms. Before each experiment, the spectrometer recorded 
the background radiation spectrum. During the exper‐
iment, the data collected by the spectrometer automat‐
ically deducted the background radiation spectrum.

In all ignition tests, the burner pressure was kept 
at 1.013×105 Pa, the total gas-flow rate was precisely 
controlled by a mass flowmeter to be constant at 
10 mL/min, the flow rate of O2 was fixed at 2 mL/min, 
and the flow ratios of Ar and CO2 were varied to set 
the concentrations of CO2 in the burner as 0%, 20%, 
40%, 60%, or 80%. In addition, the operating condi‐
tions of a pure CO2 atmosphere were set as the control. 
At least 10 repetitive experiments were performed under 
each condition to ensure the reliability of the experi‐
mental results.

After the ignition test, we analyzed the micro‐
scopic morphology and rough elemental composition 
of the CCPs with an SEM (JEOL, JSM-7900F, Japan) 
combined with EDS. The phase crystal structures of 
CCPs were analyzed with an XRD instrument (D8 
Advance, Bruker, Germany).

For thermo-analytical measurements, we used a 
Netzsch STA 449F3 simultaneous thermal analyzer. A 
total of 8.5–10.0 mg boron agglomerates were packed 
in alumina crucibles. Three flowmeters controlled the 
total flow rate into the furnace of the analyzer to be 
100 mL/min, and different atmospheres were obtained 
by changing the flow ratios of O2, CO2, and Ar. The 
test atmospheres were set to 20% O2+80% Ar, 20% 

O2+40% CO2+40% Ar, 20% O2+80% CO2, and pure 
CO2. A well-proportioned gas flow was continuously 
fed into the furnace for 10 min before each programmed 
temperature rise to ensure that the gas environment 
was well controlled. In addition, the test data of an 
empty crucible in various atmospheres were obtained 
for baseline correction.

3 Results and discussion 

3.1 Surface-morphology analysis

Figs. 3a–3c illustrate the temporal evolution of 
the surface morphology of boron agglomerates when 
the oxygen concentrations were kept at 20% while the 
CO2 concentration was 0%, 40%, and 80%, respec‐
tively. The image parameters such as contrast, bright‐
ness, and other settings were the same. We recorded 
the moment when the laser started to radiate to the 
particle as 0 ms. It can be seen from Fig. 3a that, in the 
oxygen-containing atmosphere without CO2, the parti‐
cles gradually melted into a liquid state. After 250 ms, 
the laser stopped loading, and the particles underwent 
self-sustained combustion for a while. This was similar 
to the process observed in our previous study (Duan 
et al., 2022). As can be seen from Fig. 3b, in the oxygen-
containing atmosphere with 40% CO2 concentration, 
no melting trace of particles could be observed in the 
first 150 ms of laser loading. At 200 ms, partial reflec‐
tion appeared on the particle surface, and it changed 
into a semi-molten state at 250 ms.

Fig. 3c shows that in the oxygen-containing at‐
mosphere with 80% CO2 concentration, the particle-
combustion process did not exhibit a melting state, 

Fig. 2  Schematic diagram of the laser-ignition experimental 
system

Fig. 3  Surface morphologies of boron agglomerates with 
different CO2 concentrations: (a) 20% O2+80% Ar; (b) 20% 
O2+40% CO2+40% Ar; (c) 20% O2+80% CO2
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and there was no obvious liquid film covering the par‐
ticle surface. The upper surface of the particle collapsed 
downward and the surface morphology was irregular. 
At 300 ms, the particles had cooled and the surface had 
dimmed. Comparing the images shown in Figs. 3a–3c, 
we found that with a fixed oxygen concentration of 
20%, the higher the CO2 concentration, the lower the 
melting degree of the particles, the more irregular the 
particle morphology, and the faster the particle-cooling 
rate after the laser had stopped loading.

The light source was placed opposite to the cam‐
era as a background light so that we could observe the 
morphological changes in the particle profile during 
combustion. Figs. 4a and 4b show the combustion 
processes of single-particle crystalline boron in atmo‐
spheres of 20% O2+80% Ar and 20% O2+80% CO2, 
respectively. As seen from Fig. 4a, in the mixed atmo‐
sphere of oxygen and argon, the contour lines of single-
particle boron gradually became smooth, and the parti‐
cles gradually melted into a hemispherical shape. Fig. 4b 
shows that in the oxygen-containing atmosphere with 
80% CO2 concentration, the smoke overflowed from 
the particle surface to the environment at about 50 ms, 
and a large amount of smoke was generated around 
the crystalline boron particles during the subsequent 
combustion process. After flameout, the thickness of 
deposition products accumulated around the particles 
was greater.

3.2 Analysis of the combustion process

The ignition and combustion processes of boron 
agglomerates in atmospheres with different CO2 con‐
centrations are illustrated in Fig. 5. The time of laser 
initiation (0 ms) was used as the reference time. After 
laser loading, a faint green flame appeared above the 
particles in both the 20% O2+80% Ar atmosphere and 
20% O2+80% CO2 atmosphere, caused by light emission 

from the gaseous intermediate BO2 (Yuasa and Isoda, 
1991).

Comparing Figs. 5a and 5b, it becomes clear that 
in the 20% O2+80% Ar atmosphere, there was an ejec‐
tion phenomenon during the combustion process of 
boron agglomerates, as shown in Fig. 5a at 248.8 ms. 
However, the boron agglomerates did not melt into a 
hemispherical shape in an atmosphere of 20% O2+80% 
CO2, and the upper surface of the particles was highly 
irregular during combustion. We speculated that this 
was due to the reaction of boron and CO2 generating 
other substances in the CO2-rich atmosphere, which 
did not melt easily or suppressed the exotherm of the 
reaction system. After 250 ms, the laser stopped load‐
ing, and the particles were in self-sustained combus‐
tion for a while. Then, the reaction rate gradually de‐
creased and the flame was extinguished. Fig. 5 shows 
that the flameout rate was faster in an atmosphere 
containing CO2.

3.3 Combustion-spectrum analysis

Fig. 6 illustrates the combustion spectra of boron 
agglomerates at the moment of maximum spectral in‐
tensity in a pure CO2 atmosphere, pure Ar atmosphere, 
and 20% O2+80% CO2 atmosphere. During the com‐
bustion process of boron agglomerates in the oxygen-
containing atmosphere, the spectral signals of gas-phase 
intermediates BO and BO2 were emitted, causing the 
wavelength curves to contain multiple distinct charac‐
teristic peaks (Yoshida and Yuasa, 2000; Song et al., 
2021). In a pure CO2 atmosphere, there were no emis‐
sion peaks for BO and BO2 in the spectral curve, indi‐
cating that the reaction between boron and CO2 did not 
produce the gas-phase intermediate products BO and 
BO2. In a pure Ar atmosphere, the particle temperature 
was raised by laser radiation, and spectral fluctuation was 

Fig. 5  Combustion process of boron agglomerates in 
different atmospheres: (a) 20% O2+80% Ar; (b) 20% O2+
80% CO2. References to color refer to the online version 
of this article

Fig. 4  Particle-profile evolution of single-particle boron: 
(a) 20% O2+80% Ar; (b) 20% O2+80% CO2
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detected by the spectrometer. However, the spectral in‐
tensity was relatively low because boron particles did 
not undergo exothermic reaction in the Ar atmosphere.

Both the ignition and combustion processes of 
boron particles in the oxygen-containing atmosphere 
emitted the spectral signal of BO2, and the strongest 
spectrum intensity corresponded to a wavelength of 
547.6 nm. Fig. 7 shows that after laser loading, the 
spectral intensity signals increased rapidly for atmo‐
spheres of 20% O2+80% CO2 and 20% O2+80% Ar, and 
then decreased slowly, due to the surface reaction and 
phase transition during the combustion process chang‐
ing the emissivity of the particle surface, as well as the 
solidified B2O3 around the particle absorbing some of 
the radiation (Yuasa and Isoda, 1991; Millot et al., 2002). 
Curve B has two troughs at about 50 and 190 ms, 
which may be related to other substances produced by 
the reaction of boron and CO2. After the laser has been 

continuously loaded for 250 ms and then deactivated, 
the spectral intensity of curve B dropped sharply.

The duration of availability of the 547.6 nm spec‐
tral signal was defined as the combustion time (Song 
et al., 2021). The laser turn-on time was recorded as 
0 ms. The combustion time (tc) can be further divided 
into combustion time with laser loading (tlc) and self-
sustaining combustion time after laser loading (tsc). 
Under these experimental conditions, the longer the 
particle-combustion time, the slower the decrease in 
chemical reaction rate after laser deactivation, and thus 
the self-sustaining combustion lasted longer.

Fig. 8 shows the self-sustaining combustion time of 
single-particle crystalline boron and amorphous boron 
agglomerates at different CO2 concentrations when the 
oxygen concentration was 20%. The self-sustained 
combustion time of both single-particle boron and 
boron agglomerates decreased significantly with increas‐
ing CO2 concentration. When the CO2 concentration was 
increased from 0% to 80%, the self-sustaining com‐
bustion time of boron agglomerates decreased from 198 
to 41 ms, and that of single-particle boron decreased 
from 397 to 170 ms. The higher the CO2 concentration, 
the faster the chemical reaction rate decreased, and 
therefore the shorter the self-sustaining combustion time 
became. This suggests that when boron is burned in 
an oxygen-containing atmosphere, the higher the CO2 
concentration, the more sensitive the chemical reaction 
rate is to the temperature changes.

3.4 Temperature analysis

The temperature evolution of the particle surface 
was obtained through a fitting procedure using the 

Fig. 8  Self-sustaining combustion time of single-particle boron 
and boron agglomerates with different CO2 concentrations

Fig. 6  Combustion spectra with the maximum intensity 
for boron agglomerates in different atmospheres

Fig. 7  Temporal variation of spectral intensity at a wavelength 
of 547.6 nm
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Planck law (Mi et al., 2013). The calculation method 
and error analysis are illustrated in the electronic supple‐
mentary materials (ESM).

Fig. 9 shows the temporal variation in particle 
temperature when the oxygen concentration was fixed 
at 20% and the CO2 concentrations were 0%, 40%, 
and 80%. The time interval of temperature data was 
10 ms. After laser activation, the particle temperature 
in all three atmospheres rapidly increased to above 
the boiling point of B2O3 (2316 K), so the boron oxide 
layer on the particle surface could be quickly removed 
by evaporation. Within 250 ms of laser loading, when 
the CO2 concentration was increased from 0% to 80%, 

the maximum surface temperature of the boron agglom‐
erates rose from 2434 to 2573 K, which is between the 
melting points of boron (2350 K) and B4C (2623 K). 
After 250 ms, the particle temperature in the 20% O2+
80% CO2 atmosphere decreased rapidly, while in the 
20% O2+80% Ar atmosphere, the high temperature 
was maintained for a period.

3.5 Analysis of condensed combustion products

It is helpful to explore the combustion process of 
boron agglomerates in typical atmospheres by analyz‐
ing the residual CCPs after particle flameout. Field emis‐
sion scanning electron microscope (FE-SEM) images 
of the CCPs of amorphous boron agglomerates in the 
20% O2+80% CO2 atmosphere, as well as single-particle 
crystalline boron in the 20% O2+80% CO2 atmosphere, 
are shown in Figs. 10a and 10b, respectively. Fig. 10a 
shows that the structure was curly and the surface 
morphology was very rough; they lost their initial gran‐
ular structure and contained a large number of pores 
with obvious wrinkles. The rough surface increased the 
contact area between the oxidizing gas and the particle 
surface. The clear crystal structure was discernible by 
magnifying the particle surface. The surface of CCPs of 
single-particle boron lost its initial flat morphology and 
also became rough, with an obvious crystal structure 
(Fig. 10b). We have previously observed the micro‐
scopic morphology of the CCPs of boron agglomerates 

Fig. 9  Temperature variation of the boron agglomerates 
with different CO2 concentrations

Fig. 10  FE-SEM images of CCPs: (a) CCP of boron agglomerate in 20% O2+80% CO2 atmosphere; (b) CCP of single-
particle boron in 20% O2+80% CO2 atmosphere
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in pure oxygen and mixed atmospheres of oxygen and 
argon (Duan et al., 2022), and found that there were 
no wrinkles or similar crystal structures on the particle 
surface, which is significantly different from the mor‐
phologies observed here.

Subsequently, we analyzed the micro-area elemen‐
tary composition of the CCPs of single-particle crys‐
talline boron in an atmosphere of 20% O2+80% CO2. 
The results of this analysis are shown in Fig. 11. We 
observed that the distribution of C was dense in the 
wrinkled regions, while the distribution of O was dense 
in the smooth regions. Elemental composition analysis 
of the wrinkled regions in Figs. 10a and 10b revealed 
that the predominant elements were B and C.

To explore the crystal structures formed by the 
reaction of boron and CO2 in oxygen-containing atmo‐
spheres, we placed the compacted amorphous boron 
stack in an atmosphere with an oxygen concentra‐
tion of 20% and a CO2 concentration of 80%, for laser 
ignition. The power level and duration of the laser were 
consistent with the above ignition experiments. Then, 
the CCPs were taken for XRD analysis. The obtained 
XRD pattern is shown in Fig. 12. The intense peaks at 
around 2θ=20°, 22°, 23°, 35°, and 38° corresponded 
to boron carbide (B4C) (Jain and Anthonysamy, 2015), 
indicating that boron can react with CO2 to form B4C 
in an oxygen-containing atmosphere. Additionally, peaks 
for B2O3 were identified at around 2θ=14° and 28° 
(Hashim et al., 2021), while few low-intensity crystal 
boron peaks were observed due to the incomplete re‐
action of the tested sample (Sun et al., 2018).

3.6 Low-temperature exothermic reaction

TG and DSC traces for amorphous boron in 20% 
O2+80% Ar, 20% O2+40% CO2+40% Ar, 20% O2+80% 
CO2, and pure CO2 atmospheres at a heating rate of 
20 ℃/min are shown in Fig. 13.

Fig. 11  Reference image of SEM and EDS elemental maps 
corresponding to elements C (green points), O (blue points), 
and B (red points). References to color refer to the online 
version of this figure

Fig. 12  XRD pattern of CCPs in 20% O2+80% CO2 atmosphere

Fig. 13  TG and DSC traces of amorphous boron in different 
atmospheres heated at 20 ℃/min to a maximum temperature 
of 1200 ℃
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Oxidation of boron began at around 550 ℃ in all 
atmospheres. In an atmosphere with a fixed oxygen 
concentration of 20%, the oxidation rate increased with 
the increase of CO2 content after reaching approxi‐
mately 750 ℃. We speculate that after the oxide layer 
on the outer surface of the boron particles melts, O2 and 
CO2 diffuse simultaneously through the liquid oxide 
layer and react with the boron core. Therefore, the 
higher the CO2 content, the greater the mass gain of the 
sample and the more advanced the exothermic peak. At 
temperatures above 850 ℃, the mass gain of the boron 
particles tended to be gentle. This is likely due to the 
accumulation of reaction products on the particle sur‐
face, which thickens the liquid oxide layer and inhibits 
the reaction between the gases and the boron core.

In an atmosphere of pure CO2, the oxidation pro‐
cess continued and eventually surpassed the mass gain 
of boron in O2-CO2 mixtures. However, the heat release 
was comparatively low. This is most likely because 
boron reacts with CO2 to form BOCO during this period, 
with an exothermic heat of about 25 kcal/mol (Chin 
et al., 2003), which is far lower than the exothermic 
heat of 146 kcal/mol of the reaction between boron 
and oxygen (King, 1973).

3.7 Discussion

The above experimental results demonstrated that 
B4C in a ramjet combustion chamber can form not only 
by the reaction of boron with hydrocarbons generated 
by the decomposition of carbon-based compounds (such 
as hydroxyl terminated polybutadiene in propellant 
(Liu et al., 2015)) but also by the reaction of boron 
with atmospheric CO2 at high temperature. B4C can 
further react with oxygen to form the thermodynami‐
cally stable compound B2O3 (Jain and Anthonysamy, 

2015). B2O3 is the main product of B4C combustion 
(Li and Qiu, 2007), and the relevant reaction is ex‐
pressed by Eq. (1). During the continuous loading of 
the laser, the surface temperature of particles was higher 
than the boiling point of B2O3 (2316 K), and the B2O3 
evaporated from the surface and condensed around the 
particles to form obvious smoke, as shown in Fig. 4b. 
Our conjecture is that at high temperature, CO2 in an 
oxygen-containing atmosphere increases the combus‐
tion efficiency of boron particles, due to the continu‐
ous generation and consumption of B4C.

B4C + 4O2 → CO2 + 2B2O3. (1)

The calorific value of B4C is 52 MJ/kg, which 
is similar to that of boron (59 MJ/kg). However, the 
melting point of B4C is about 300 K higher than that 
of boron; hence, it will be relatively difficult to melt 
into liquid phase. The temperature in this experiment 
reached the melting point of boron but not that of 
B4C. The latter adhered to molten boron and changed 
the physicochemical properties and combustion state 
of the particles.

Based on the above analysis, a schematic dia‐
gram of the structural evolution of boron agglomer‐
ates during combustion is shown in Fig. 14. When the 
agglomerated boron is heated, individual boron parti‐
cles tend to bond together due to the low melting point 
and high surface tension of their oxide layer, resulting 
in the volume of the agglomerate shrinking, as shown 
in Fig. 14b. At a fixed O2 concentration of 20%, as the 
CO2 concentration increased from 0% to 80%, the 
maximum surface temperature of the boron agglomer‐
ates rose from 2434 to 2573 K, which was between 
the melting points of B and B4C. In an atmosphere with 

Fig. 14  Schematic of the internal structural evolution of boron agglomerates during heating and combustion in atmospheres 
with different CO2 concentrations: (a) original boron agglomerate; (b) shrunken agglomerate; (c) molten droplet; 
(d) porous particle
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low or no CO2 content, after the agglomerate’s temper‐
ature reaches the melting point of boron, it gradually 
melts into droplets, as shown in Fig. 14c. These drop‐
lets lose their original agglomeration morphology, and 
the oxidizing gases cannot diffuse inside through the 
pores. Droplets with larger particle sizes tend to have 
longer combustion times in practical application, re‐
sulting in incomplete combustion (Sun et al., 2020). 
In an atmosphere with a CO2 content of more than 40%, 
the amount of boron carbide produced is greater than 
the amount consumed by its reaction with oxygen, 
causing it to dominate the agglomerate and further 
transforming it into a porous structure, as shown in 
Fig. 14d. Gases such as O2 and CO2 can diffuse into 
the interior of the agglomerate through the pores, lead‐
ing to an accelerated rate of boron consumption. When 
the CO2 concentration is between 20% and 40%, the 
agglomerate structure is in a semi-molten state during 
combustion, and the local area of the particle surface 
may be rough due to the reaction with CO2.

After the laser stopped radiation heating, we noted 
that the higher the concentration of CO2 became, the 
shorter the self-sustaining combustion time of single-
particle boron and boron agglomerates was. With a fixed 
oxygen concentration of 20%, when CO2 concentration 
was increased from 0% to 80%, the self-sustaining 
combustion time of single-particle boron decreased 
from 396 to 169 ms, and that of boron agglomerates 
decreased from 198 to 40 ms. Therefore, it seems that 
the higher the CO2 concentration, the greater the content 
of generated B4C, and the higher the content of B2O3 
generated by the reaction between B4C and oxygen. 
After the laser stopped loading, in the absence of con‐
tinuous heating from any external heat source, the tem‐
perature gradually decreased. When the particle surface 
temperature was lower than the boiling point of B2O3 
(2316 K), B2O3 generated by surface reaction accumu‐
lated on the surface of B4C, forming a glassy liquid 
film that acted as a barrier to the further diffusion of 
oxygen into B4C and to the release of CO2 from B4C 
(Li and Qiu, 2007), such that the reaction rate de‐
creased rapidly and the flame was quickly extinguished. 
In the atmosphere without CO2, the self-sustaining 
combustion time of particles was longer. This is be‐
cause the B2O3 produced by the reaction of boron and 
oxygen was formed by further oxidation of the inter‐
mediate products in the gas phase (Burkholder and 
Andrews, 1991; Zhou, 1998). The relevant reaction 

pathway is presented in Eqs. (2)–(4) (Burkholder and 
Andrews, 1991; Liang et al., 2017). Therefore, when 
the particle temperature drops below the boiling point 
of boron oxide, the B2O3 in the environment will not 
completely diffuse and cover the particle surface, and 
the particle surface can still be in direct contact with 
oxygen in the environment for an exothermic reac‐
tion, thereby self-sustaining combustion for a relatively 
long time.

B (l)+ O2 (g) → BO (g)+ O (g), (2)
BO (g)+ O2 (g) → BO2 (g)+ O (g), (3)

BO2 (g)+ BO (g) → B2O3 (g). (4)

To the best of our knowledge, the mechanism 
model of boron ignition and combustion established 
by Yetter et al. (1991), Zhou (1998), and Zhou et al. 
(1999), based on the detailed reaction mechanism and 
molecular dynamics theory, did not consider the reac‐
tion process after boron reacts with CO2 to generate 
CO and BO. Therefore, the path and thermodynamic 
parameters of the reaction on the particle surface that 
generates B4C need to be further explored.

4 Conclusions 

In this work, we investigated the effect of CO2 con‐
centration on the combustion characteristics of amor‐
phous boron agglomerates by changing the flow ratios 
of CO2 to Ar while maintaining a constant oxygen con‐
centration of 20%. The main findings are summarized 
as follows:

1. Boron agglomerates can react with CO2 in an 
oxygen-containing atmosphere at high temperature to 
form B4C, which increases the reaction and consump‐
tion pathways of boron and changes the physicochem‐
ical properties and combustion state of particles. With 
a fixed oxygen concentration of 20%, when particle 
temperatures reach the melting point of boron, an in‐
crease in CO2 content causes the combustion process 
of boron agglomerates to transition from single-
particle molten droplet combustion to porous-particle 
combustion.

2. At temperatures below 1200 ℃, the addition 
of CO2 has no obvious promotion effect on a boron 
exothermic reaction. However, in the laser ignition ex‐
periment, the maximum surface temperature of boron 
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agglomerates increased from 2434 to 2573 K when 
the oxygen concentration was fixed at 20% and the 
CO2 concentration increased from 0% to 80%. There‐
fore, adding CO2 to an oxygen-containing atmosphere 
is beneficial to promoting the exothermic reaction of 
boron agglomerates at relatively high temperatures.

3. With a fixed oxygen concentration of 20%, 
when the CO2 concentration was increased from 0% to 
80%, the self-sustaining combustion time of single-
particle boron decreased from 396 to 169 ms, and that 
of boron agglomerates decreased from 198 to 40 ms. 
The higher the CO2 concentration, the more quickly 
the chemical reaction rate decreases, and therefore 
the shorter the self-sustaining combustion time will be. 
This is presumably due to the fact that when the par‐
ticle temperature is lower than the boiling point of 
B2O3, B2O3 produced by B4C oxidation forms a glassy 
liquid film that covers the particle surface and acts as 
a barrier to hinder the further combustion of particles.
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