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Abstract Amorphous boron is usually employed as the

most important fuel of boron-based fuel-rich propellants, and

NH4ClO4 (AP), cyclotetramethylenetetranitramine (HMX),

KClO4 and KNO3 are the solid oxidizers of most used in solid

propellants. The mixtures of boron and different solid oxi-

dizers with mass ratio 1:1 were prepared in this paper, and the

effect of these oxidizers on the thermal oxidation and com-

bustion performance of amorphous boron was studied by

simultaneous thermogravimetry–differential scanning

calorimeter–Fourier transform infrared spectroscopy and

CO2 laser ignition experiments. The experimental results

show that the main reactions during the heating process of

B/AP and B/HMX samples are the decomposition of oxi-

dizers, and the decomposition process of oxidizers rather than

the decomposition temperature is affected by amorphous

boron; boron could react with KClO4 and KNO3 violently

with the release of large amounts of heat, and then both of the

oxidizers, especially KClO4, have positive effect on the oxi-

dation and combustion performance of amorphous boron.

Keywords Amorphous boron � Solid oxidizer � Oxidation

performance � Combustion performance

Introduction

The combustion heat of boron is 58.83 kJ g-1 which is

much higher than that of magnesium and aluminum (24.79

and 31.09 kJ g-1, respectively); thus, boron could be

employed as a metal additive of solid propellants with high

energy density [1, 2]. Considering the combustion of boron

needs more oxygen, boron is generally regarded as the

promising fuel of ramjet [3–5]. The thrust of normal solid

rocket is generated by the combustion of fuels and oxi-

dizers in the propellant which result in the low specific

impulse (Is); however, ramjet employs air (or part of air) as

oxidizer, and then, the specific impulse of ramjet is much

higher than that of normal solid rocket. Ducted rocket is a

kind of ramjet with solid fuel-rich propellants as its fuel,

and boron-based fuel-rich propellants are considered to be

one of the best energy sources because of the high energy.

Elemental boron could be divided into crystalline boron

and amorphous boron, and amorphous boron is the more

preferable fuel because of the high reaction activity and

low price [6, 7]. Amorphous boron is the most important

fuel in boron-based fuel-rich propellants due to the high

content, and there are also the other fuels in such kind of

propellants, such as binder, magnesium and aluminum.

However, the combustion performance of boron is impor-

tant for the heat release of the propellants because boron is

difficult to be ignited and usually has low combustion

efficiency [8–11].

The combustion of propellants for ducted rocket could

be divided into primary combustion process and secondary

combustion process, and the oxygen needed during the

primary one all comes from the solid oxidizer. Therefore,

oxidizer plays an important role for the combustion per-

formance of boron and thus the propellants [12]. AP is the

most widely used oxidizer in solid composite propellants

mainly because of high content of oxygen, high specific

volume of gases products and low price. HMX is another

commonly used oxidizer for composite propellants and

modified double-base propellants because of the high for-

mation of heat, high density and high specific volume [13].

& Lin-lin Liu

viola7788521@163.com

1 Science and Technology on Combustion, Internal Flow and

Thermal-Structure Laboratory, Northwestern Polytechnical

University, Xi’an 710072, People’s Republic of China

123

J Therm Anal Calorim (2016) 124:1587–1593

DOI 10.1007/s10973-016-5252-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-016-5252-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-016-5252-x&amp;domain=pdf


In addition, there is no chlorine in HMX; thus, HMX is also

an important oxidizer for smokeless propellants [14].

Potash including KClO4 and KNO3 is also common oxi-

dizer of solid propellants, and the mixture of boron and

KNO3 is even a common kind of pyrotechnic [15].

In this paper, mixtures of amorphous boron and different

oxidizers were prepared, and the effect of oxidizers on the

oxidation performance of amorphous boron was investi-

gated by TG–DSC–FTIR and XRD experiments. In addi-

tion, the effect of oxidizers on the combustion performance

of amorphous boron was explored by CO2 laser ignition

experiments.

Experimental

Sample preparation

Amorphous boron (95 % in purity, 1 lm) was purchased

from Dandong Chemical Engineering Institute Co., Ltd.

Analytical-grade ammonium perchlorate (AP) and KClO4

were obtained from Dalian North Potassium Chlorate CO.,

Ltd, analytical-grade cyclotetramethylenetetranitramine

(HMX) was provided by Gansu Baiyin silver chemical

materials plant, and KNO3 was purchased from Xuzhou

Jingke Reagent Instrument Co., Ltd. All the oxidizers were

analytical reagents with particle size of 50 lm. Mixtures of

amorphous boron and different oxidizers with mass ratio

1:1 were prepared with a mortar and pestle for about

30 min.

The morphology of the samples was investigated with a

scanning electron microscope (TESCAN VEGA 3 LMH),

and the results are shown in Fig. 1.

Figure 1 indicates that the amorphous boron particles

are much irregular and porous, and the particle size is much

smaller than that of oxidizers. There are oxidizer particles

of a few microns dispersed in the samples, and the inter-

facial areas of boron and oxidizers for different samples are

similar because of the similar particle size of oxidizers

after mixing process.

TG–DSC–FTIR and XRD experiments

Simultaneous TG–DSC (METTLER TOLEDO TG/DSC 1)

and FTIR (Bruker VERTEX 70) were used in the TG–

DSC–FTIR experiments. Samples weighing about 3 mg

were heated from 50 to 700 �C with a heating rate of

10 �C min-1 under argon atmosphere (the flow rate of the

sweeping gas is 30 mL min-1). The component of evolved

gases during the heating process was analyzed by FTIR

with wavelength of 400–4000 cm-1.

Samples weighing about 1 g were heated from room

temperature to 700 �C in muffle furnace under argon

atmosphere. In order to avoid the flying of the solid

products of small particle size, samples were wrapped by

graphite paper before the heating. Samples were cooled to

room temperature when the temperature reached 700 �C,

and then the cooled solid residues were analyzed by X-ray

diffractometer (Bruker D8ADVANCE) using Cu Ka
radiation (k = 1.5406 Å) with scattering angles (2h) of

10�–60�.

CO2 laser ignition experiments

Samples weighing 10 mg were put into the aluminum

oxide crucible and ignited in a pressured and windowed

combustor under atmospheric argon pressure. CO2 laser

with maximum output of 150 W was used to ignite the

samples, and the spectrometer (AvaSpec-2048) was

employed to record the ignition and combustion process. In

order to get more time-resolved spectrum, the integration

time of the spectrum was set as 1.05 ms.

Results and discussion

Effect of oxidizers on the thermal oxidation

characteristics of amorphous boron

TG–DSC results of the samples are shown in Figs. 2 and 3.

Figures 2 and 3 show that TG and DSC curves of B/AP

and B/HMX mixtures are similar to that of pure AP and

HMX decomposition, and the main differences are the

value of mass loss and heat release [16]. Figure 2 also

suggests that the maximum mass loss of B/AP and B/HMX

mixtures is 45.3 and 48.1 %, respectively, which is close to

the content of oxidizer in the mixtures. AP and HMX can

decompose to gases completely, and then, TG and DSC

results preliminarily indicate that the main reactions during

the heating process of the mixtures are the thermal

decomposition of the oxidizers, and there may be only

small amount of boron oxidized by the thermal decompo-

sition products of oxidizers.

It also can be seen from Figs. 2 and 3 that the mass loss

and heat release of B/KClO4 and B/KNO3 mixtures occur

at a similar temperature, but the maximum mass loss is

higher and heat release is lower for the sample of B/KNO3.

The gaseous products percentage is 53.42 and 46.19 %

after the decomposition of KNO3 and KClO4, while the

maximum mass loss of B/KNO3 and B/KClO4 is 11.2 and

5.9 %, respectively, which indicates that most of these two

oxidizers react with amorphous boron and generate less

gaseous products. However, the reaction mechanisms could

not be concluded by the TG results because there are some

solid products escaped from the crucible. In addition, a

large amount of heat was produced during the heating
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process of B/KNO3 and B/KClO4 mixtures which suggests

that these two oxidizers, especially KClO4, have a more

positive effect on the oxidation of amorphous boron.

Reaction mechanisms of amorphous boron

with different oxidizers

The evolved gases during the TG–DSC experiments were

analyzed by FTIR. The experimental results show that the

AP 

HMX 

KClO4

KNO 3
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(c) (d)

Fig. 1 Morphology of the

samples. a B/AP. b B/HMX.

c B/KClO4. d B/KNO3
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shape of FTIR curves is similar at different stages of

heating process, and the main difference of these curves

only lies in the signal strength (depending on the amount of

gaseous products). FTIR curves with the highest signal

strength correspond to the time that heat flow of DSC

curves reaches maximum, and are shown in Fig. 4.

It can be seen from Fig. 4 that there are many absorption

peaks in the wavelength range of 3500–3900 and

1300–2000 cm-1 which correspond to the water vapor, while

the absorption peaks at 2361 and 2341 cm-1 correspond to

CO2. There are always these two kinds of gases in the FTIR

curves for the evolved gases of different samples at different

time which results largely from the impurity of the sweep gas.

Figure 4 also indicates that there are only absorption

peaks corresponding to water vapor and CO2 during the

heating process of B/AP, B/KClO4 and B/KNO3 samples.

Although the decomposition of AP will produce water

vapor, the absorption peaks are mainly due to the impurity

of sweep gas because they exist in all FTIR curves. In

addition, Fig. 4b suggests that there are absorption peaks at

2206 and 2237 cm-1 which are assigned to CO. As a small

amount of boron was oxidized during the heating process

of B/HMX, CO should be the decomposition products of

HMX.

It should be noted that there may be some infrared

inactive gases such as N2, H2 and O2 which exist in the

evolved gases, so not all the gases products could be

determined by FTIR. However, many possible gases

products could be excluded through the experiments. For

example, AP starts to decompose at about 260 �C with the

main gases products of N2O, NO2, HCl, Cl2, O2, H2O, etc.

[17], but there is only water vapor in the gases products

from Fig. 4a which indicate the decomposition of AP may

be affected by amorphous boron.

XRD patterns of solid residues after the heating process

are represented in Figs. 5–8.

TG and DSC results show that only a small amount of

boron was oxidized during the heating process of B/AP

mixture, and Fig. 5 suggests that NH4B5O8�4H2O and

H3BO3 were also produced during the process. Oxidizing

gases (O2,HClO4, HClO3…) and water were produced

during the decomposition of AP, and then, boron oxide

was produced firstly by the reactions of these oxidizing

gases and boron. Boron oxide reacted with water to

produce H3BO3. Ammonia was another important

decomposition product of AP, and NH4B5O8�4H2O may

result from the reaction among ammonia, boron oxide and

water.
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N2O, NO2 and HCl are all important gases products

during the decomposition of AP, but there are no absorp-

tion peaks of these products in FTIR results which

indicates the decomposition process is affected by the

presence of amorphous boron. A large amount of resear-

ches using TG and DSC as experimental facility were

conducted to thermal decomposition mechanism of AP,

and a process of proton transfers regarded to be most

consistent with experimental results [18]. AP decomposes

to NH3 and HClO4 firstly, and NH3 is then oxidized by

HClO4 to produce the other gases products. The surface of

amorphous boron is irregular which results in the high

specific area, so the produced NH3 by the decomposition of

AP is easy to be adsorbed onto the surface of boron.

Amorphous boron particles are coated with acidic boron

oxide film, and NH3 could react with boron oxide which

makes the decomposition process of AP changes.

Figure 6 suggests that there are BN, H3BO3 and ele-

mental boron in the solid products of B/HMX sample, and

most of the boron was not oxidized during the heating

process from the results of TG and DSC results. Some

oxidizing gases were also produced during the decompo-

sition of HMX which results in the production of boron

oxide, and H3BO3 could be produced by the reaction of

boron oxide and water. There are nitrogen in HMX, and

boron nitride may be produced by boron and nitride

decomposed by HMX. The decomposition products of

HMX are mainly N2O, CO and H2O [17], but there are only

absorption peaks of CO and water vapor in the FTIR curve.

Therefore, the decomposition process of HMX is also

affected by the presence of amorphous boron.

Figure 7 shows that KCl and KB5O6(OH)4�2H2O were

produced through the reaction between KClO4 and amor-

phous boron. Potassium borate could be produced when

KClO4 reacts with boron, and KB5O6(OH)4�2H2O is pro-

duced ultimately by the moisture absorption of potassium

borate. TG and DSC results also show that amorphous

boron reacts with KClO4 very violently, and then, a large

2500

2000

1500

1000

500

0

10 20 30 40 50 60

2  /°θ

C
P

S

NH
4
B

5
O

8
· 4H

2
O

H
3
BO

3

B

Fig. 5 XRD patterns for the solid residues of B/AP

2500

2000

1500

1000

500

0

C
P

S

3000

10 20 30 40 50 60

2  /°θ

H
3
BO

3

B

BN

Fig. 6 XRD patterns for the solid residues of B/HMX

2000

1000

0

C
P

S

3000

10 20 30 40 50 60

2  /°θ

KCl

KB
5
O

6
(OH)

4
· 2H

2
O

Fig. 7 XRD patterns for the solid residues of B/KClO4

2500

2000

1500

1000

500

0

C
P

S

10 20 30 40 50 60

2  /°θ

KB
5
O

8 
· 4H

2
O

Fig. 8 XRD patterns for the solid residues of B/KNO3

Effect of solid oxidizers on the thermal oxidation and combustion performance of amorphous boron 1591

123



proportion of boron should take part in the reactions. The

decomposition of KClO4 starts at about 670 �C with KCl

and O2 as the main products [19], but the mass loss starts at

about 450 �C and speeds up at about 450 �C when the

B/KClO4 sample was heated. Therefore, the presence of

amorphous boron improves the decomposition of KClO4. It

is worthwhile to note that the melting point of boron oxide

is also 450 �C, so boron could contact with KClO4 directly

when boron oxide coated on the surface of boron particles

exists in liquid state which benefits the reactions between

amorphous boron and KClO4.

There are no obvious absorption peaks in the FTIR

results of B/KClO4 sample, and it is consistent with the

decomposition process of B/KClO4. Then, the possible

reaction mechanisms between boron and KClO4 could be

illustrated as follows [20]

2KClO4 þ 2B ¼ 2KBO2 þ Cl2ðgÞ " þ2O2ðgÞ "

Meanwhile, the decomposition of KClO4 is carried

out [21]

KClO4 ¼ KCl þ 2O2ðgÞ "

Boron could react with oxygen to produce boron oxide,

and the other kinds of potassium borate could be produced

by the reaction of boron oxide and KBO2.

Figure 8 shows that the mainly solid product after the

reactions between amorphous boron and KNO3 is KB5O8�
4H2O which also results from the moisture absorption of

potassium borate produced by the reactions. Similar to the

TG results of B/KClO4 sample, the mass loss also started at

about 450 �C and speeded up at about 500 �C. However,

the decomposition of KNO3 also starts at 450 �C and

decomposes completely at 500 �C. Therefore, the presence

of amorphous boron may inhibit the decomposition of

KNO3.

Boron oxide coated on the surface of boron oxide exists

in liquid state, and KNO3 started to decompose when the

temperature reaches 450 �C, and then, boron could react

with KNO3 to produce potassium borate. The possible

reaction mechanism is [20]

2KNO3 þ 2B ¼ 2KBO2 þ O2ðgÞ "

The produced oxygen also could react with boron to

produce boron oxide because the reactions between boron

and KNO3 could release huge amount of heat which ben-

efits for the oxidation of boron, and the other kinds of

potassium borate also could be produced by the reactions

between boron oxide and KBO2.

To sum up, the main reactions are the decomposition of

oxidizer during the heating process of B/AP and B/HMX

samples, and the presence of amorphous boron could affect

the decomposition process of the oxidizers with the

decomposition temperature not affected. Boron could react

with KClO4 and KNO3 violently to produce potassium

borate, so these two oxidizers have positive effect on the

oxidation process of amorphous boron.

Effect of oxidizers on the combustion characteristics

of amorphous boron

The spectra shape at different time is almost the same

except the signal strength during the combustion process of

the mixtures, and the spectra with the highest signal

strength are shown in Fig. 9.

The highest peak at 588 nm in Fig. 9 is the interference

of sodium, and the five peaks located from 470 to 580 nm

are all assigned to the emission of BO2 which agrees well

with the Refs. [22, 23]. In addition, the strong peaks with

the wavelength from 740 to 810 nm are the results of

potassium oxides. Figure 9b also shows that the combus-

tion spectrum of B/KClO4 sample has the highest intensity
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because of the much violent combustion, and the com-

bustion spectra in Fig. 9 represent the similar results with

the ones of TG and DSC, and B/KClO4 sample has the

highest combustion violence while the lowest combustion

violence for B/HMX sample.

In summary, TG, DSC and CO2 ignition experiments all

indicate that KClO4 and KNO3, especially KClO4, could

improve the oxidation and combustion performance of

amorphous boron. The content of oxygen in KClO4 is

lower than that in KNO3, so KClO4 should be the prefer-

able solid oxidizer of boron-based fuel-rich propellants

considering the combustion performance of amorphous

boron. However, KClO4 produces less gaseous products

than AP and HMX because of potassium; thus, it should be

added into the propellants in moderation.

Conclusions

Only small amount of amorphous boron is oxidized when

AP and HMX are employed as the oxidizer, but the

decomposition process of both the oxidizers changes at the

presence of amorphous boron. KNO3 and KClO4, espe-

cially KClO4, could improve the thermal oxidation and

combustion performance of amorphous boron through the

violent reactions of the production of potassium borate.

KClO4 may be the preferable solid oxidizer of boron-based

fuel-rich propellants considering the combustion perfor-

mance of amorphous boron, but it should be added into the

propellants in moderation due to the low content of

oxygen.
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