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A B S T R A C T   

Single-based propellants containing 0.4 wt%, 0.8 wt% and 1.6 wt% nickel powders(NPs) were prepared and 
investigated in closed bomb tester and transparent combustion chamber, which can provide variable-pressure 
and constant-pressure conditions for propellant burning, respectively. In closed bomb tester, propellants 
burned to a pressure above 5–220 MPa. The results showed that burning rate of propellants was increased by 
19.0 %, 12.5 % and 11.9 % in 5–8 MPa, 8–16 MPa and 20–200 MPa, when 1.6 wt% NPs used in propellant. 
Meanwhile, propellants burning in combustion chamber were with a constant pressure of 1.0 MPa, 1.5 MPa, 2.0 
MPa, 3.0 MPa and 5.0 MPa. The burning rate of propellants can be increased by NPs in 1.0–5.0 MPa. While the 
catalytic efficiency(Z) had high dependence on NPs contents and burning pressure. At 5.0 MPa, 0.4 wt%, 0.8 wt% 
and 1.6 wt% of NPs enhanced burning rate of propellants by 42 %, 44 % and 68 % than that of original pro-
pellants. In pressure below 3.0 MPa, burning rate of propellants cannot be increased with 0.4 wt% and 0.8 wt% 
NPs, but that can be enhanced with 1.6 wt% NPs, suggested that higher NPs content and higher pressure were 
conducive to catalytic effect, which was significant with the pressure above 5 MPa. Furthermore, after NPs 
incorporating into propellant, the distance from flame zone to propellant burning surface was significantly 
reduced. And the potential catalytic mechanism was proposed.   

1Introduction 

Improving the combustion performance of solid rocket and gun 
propellants are always an important aspect for researchers (Pang et al., 
2016) (Shen et al., 2020) (Dokhan et al., 2002). The use of combustion 
catalysts is one of the important ways to tailor the burning behaviors of 
propellants, that include modifying propellant burning rate and 
dependence on pressure and initial temperature (Denisyuk et al., 2021) 
(Verma and Ramakrishna, 2013) (Jayaraman et al., 2011). The modified 
combustion properties made it possible to significantly improve per-
formance of rocket and gun weapons. Therefore, a lot of studies have 
been devoted to the investigation of the influence of catalysts on the 
combustion of various propellants and the mechanism of catalytic ef-
fects (Denisyuk et al., 2021) (Yadav et al., 2021). 

At present, a variety of transition metal powders, including 
aluminum(Al) particles (Deluca, 2018) (Sergienko et al., 2019) (Shen 
et al., 2021), magnesium(Mg) particles (Yartys et al., 2019) (Huang 
et al., 2013) (Abd et al., 2016) and boron(B) particles (Sergienko et al., 

2019) (Perez et al., 2014) (Yuan et al., 2021), have been introduced into 
rocket propellants to enhance heat generating and specific impulse. 
According to previous reports (Jiang and Li, 2006) (Yuan et al., 2019) 
(Athwawale et al., 2004) (Jiang et al., 2006) (Ma et al., 2015) (Yuan 
et al., 2016), nickel metal powders are relatively weak in energetic re-
spects, but showed high catalytic activity for combustion of rocket 
propellant. In Jiang’s work (Jiang and Li, 2006), 2 wt% nano-nickel 
powders were incorporated into AP/RDX/Al/HTPB composite pro-
pellants, which exhibited increased burning rate and decreased pressure 
exponential in the pressure range of 2–10 MPa. Yuan et al. (Yuan et al., 
2019)added nano-nickel powders in CL-20/Al-CMDB propellants, then 
investigated the combustion performance of propellant in 4–10 MPa, 
8–20 MPa and 15–20 MPa. Athawale et al. (Athwawale et al., 2004) 
reported the burning rate results of Ni-based fuel-rich propellants with 
hydroxyl terminated polybutadiene(HTPB) and double-based(DB) ma-
trix as binder in the pressure range of 1.0–8.8 MPa. The nickel powder 
was with 20 wt%~40 wt% content in the propellants. In work (Yuan 
et al., 2016), Yuan et al. studied the burning behaviors of RDX/Al-CMDB 
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propellant with nano-nickel in 12–22 MPa, 16–22 MPa and 8–22 MPa. 
As reported previously, the nickel powder is attractive to rocket pro-
pellant, including CMDB and HTPB propellant, and can significantly 
promote the combustion. However, nickel powders have been still 
almost unexplored in gun propellant composition so far. Furthermore, 
nickel oxides particles and nickel salt (Sharma et al., 2015) (Ma et al., 
2010) (Ma et al., 2011) (Wei et al., 2009) have been reported as com-
bustion catalysts in both rocket and gun propellants. Sharma (Sharma 
et al., 2015) investigated the catalytic effect of biosynthesized NiO 
nanoparticles for the thermal decomposition kinetics of ammonium 
perchlorate(AP), which is typical oxidizing agent in CMDB propellant. 
The first exothermic peak of AP is clearly shifted forward. In Ma’s work 
(Ma et al., 2010) (Ma et al., 2011), a series of nickel salt(NiFe2O4, NiCO3, 
Ni(NO3)2, Ni(OH)2, NiC2O4) were added in triethylene glycol dinitrate 
(TEGDN) gun propellants. And the results showed nickel carbonate 
(NiCO3) and nickel oxalate(NiC2O4) increased propellant burning rate 
by more than 8 % and 6.3 % in 50-150Mpa. Most works are conducted in 
the aspects of exploration of experimental rules, but there is a relative 
scarcity of in-depth mechanistic explanations. While in Wei’s work (Wei 
et al., 2009), the investigation was carried out from the mechanism 
aspect. Wei (Wei et al., 2009) systematically studied the effect of NiO on 
the thermal decomposition of NC/TEGDN gun propellant, and proposed 
the potential catalytic mechanism, which can provide a theoretical 
reference for more relevant researches. 

In these previous reports, nickel powders used as combustion cata-
lyst in field of rocket propellants have been fully studied and exhibited a 
well catalytic. Most of researches have been focused on the effect of 
nickel powder on combustion properties of propellants in pressure 
below ~ 25 MPa (Yuan et al., 2017) (Hou et al., 2021). However, cat-
alytic combustion at higher pressures has been less explored. Compared 
with rocket propellants, typical gun propellants including single-based, 
double-based, triple-based and RDX propellants, burn usually in pres-
sure above 300 MPa (Shen et al., 2020) (Ma et al., 2010) (Oberle, 2001). 
And the relevant studies of various catalysts should be suggested to 
perform in relatively high-pressure conditions. Due to the diversity of 
propellant formulations, few researches focused on single-based gun 
propellant and corresponding catalysts effect. 

As one of important groups of gun propellant, typical single-based 
propellant consisting of more than 85 wt% nitrocellulose(NC) are 
featured with smokeless, high-mechanical strength, stable-combustion 
and low-erosion (Chen et al., 2014) (Fu et al., 2017) (Yu et al., 2020). 
They are widely used as propellant charges in various caliber guns in 
past few decades (Liu et al., 2012) (Brochu et al., 2013) (Wu et al., 
2006). However, compared with other propellants including double- 
based, triple-based and RDX propellants, low burning rate and energy 
density of single-based propellant limit its further applications in some 
modern gun weapons (Chen, 2014) (Fu et al., 2017) (Yu et al., 2020). To 
resolve it, rational tailoring burning behaviors of propellants can result 
in enhanced work efficiency of propellant and increasing muzzle ve-
locity of projectile (Ma et al., 2010) (Ma et al., 2011). Therefore, using 
nickel powder as catalyst is a potential way to improve performance of 
single-based gun propellants. Moreover, despite some researches 
focusing on catalytic combustion of nickel powders in HTPB, DB, CMDB 
rocket propellants, the catalytic effect of nickel metal powders used in 
single-based gun propellant has rarely been discussed in the open 
literature in detail so far. 

In this work, we prepared a series single-based gun propellant sam-
ples with contents of 0.4 wt%, 0.8 wt% and 1.6 wt% micron nickel 
particles(NPs). After that, the combustion properties of the propellants 
were respectively investigated in closed bomb tester and transparent 
combustion chamber, which respectively provide variable-pressure and 
constant-pressure conditions for propellants burning. In the former de-
vice, propellant burnt and produced a pressure above 220 MPa. And the 
latter device would provide initial chamber pressure of 1.0 MPa, 1.5 
MPa, 2.0 MPa, 3.0 MPa and 5.0 MPa for propellants burning. In addi-
tion, NPs using as commercial product were with more abundant sources 

and better economical. In the considerations, this work could provide 
some references for improving combustion of single-based gun pro-
pellants to better control their performance in gun weapons. 

2. Experimental section 

2.1. Materials 

Nickel powders(NPs) were both obtained from Chemical Reagent 
Group of Nanjing University of Science and Technology, with particle 
sizes of 1-40um. Nitrocellulose were purchased from Sichuan Nitrocell 
Co., Ltd. (Sichuan, China) with 12.9 wt% nitrogen contents. Absolute 
Ethanol, acetone and diphenylamine(DPA) were obtained from Sino-
pharm Chemical Reagent Co., Ltd. (China). 

2.2. Preparation process of propellants 

In this work, original single-based propellant and single-based pro-
pellants with 0.4 wt%, 0.8 wt%, 1.6 wt% NPs replacing nitrocellulose 
were manufactured by a solvent extrusion technique. The preparation 
process was as follow: First, the wet nitrocellulose was dried in an oven 
at 50 ◦C for 7 days to remove water. Second, dried nitrocellulose, NPs 
and 225 ml mixed solvent made up of acetone and ethanol(1:1) and 4.5 g 
DPA were mixed and kneaded in a kneading machine for 2.5 h at 35 ◦C. 
After that, propellant dough was obtained, extrude into a propellant 
strand by single perforating mold and hydraulic machine. Then, the 
propellant strand was cut into single perforation grains with 4 cm 
length. Finally, all the grains were dry at 25 ◦C for 24 h and dried in an 
oven at 40 ◦C for 3 days and at 50 ◦C for 4 days. The formulas of prepared 
propellants are shown in Table 1. 

2.3. Experiments 

To study variable-pressure burning properties of propellants were 
performed in a 100 cc closed bomb tester, as shown in Fig. 1. In closed 
bomb tester, burning propellant grains produced an increasing pressure, 
that can be controlled by propellants loading density. After that, 
pressure(p)-time(t) curve would be recorded by a pressure sensor, and 
be filtered, along with the u-p curves was calculated and presented 
through a software for calculating the combustion behavior of propel-
lant charge in closed bomb vessel. The calculating processes of burning 
rate value are based on the following reference equation (Standard, 
2005): 

u =
δ0[1 − Δ/ρ − Δ(α − 1/ρ)ψ ]2

xσ(1 − Δ/ρ)(1 − αΔ)
(
Pm − Pig

)(dp/dt)ψ  

where u(mm/s) is burning rate; δ0(mm) is half value of web size of 
propellant grain; Δ (g/cc) is the propellant loading density in closed 
vessel; ρ(g/cm3) is the actual propellant density; α(cm3/g) is the covo-
lume value; ψ is the propellant burn off relative volume, which is 
calculated by p(t)/Pm; x is the propellant grain shape-coefficient; σ is the 
relative surface area when the relative volume ψ is burned off; Pm(MPa) 
and Pig(MPa) are the maximum burning pressure and ignition powder 
pressure; (dp/dt)ψ (MPa/s) is the dp/dt(MPa/s) value corresponding to 
the relative volume ψ burned off. The detailed calculability processes of 

Table 1 
Formulations of the propellant samples.  

Propellant 
samples 

Nitrocellulose (wt. 
%) 

Diphenylamine (wt. 
%) 

NPs (wt. 
%) 

NP-1#  98.5  1.5 0 
NP-2#  98.1  1.5 0.4 
NP-3#  97.7  1.5 0.8 
NP-4#  96.9  1.5 1.6  
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above equation can refer to study (Zhang, 2014). The burning rate also 
can be calculated in process referring to study (Kubota, 2015). In this 
work, nitrocellulose powders were wrapped in rice paper to make an 
ignition charge to ignite propellant grains. The ignition powders were 
weight by 0.5000 g ± 0.0005 g with 0.01 g/cc and 0.02 g/cc propellant 
loading density and by 1.0000 g ± 0.0005 g with 0.20 g/cc propellant 
loading density. In closed vessel testing, the combustion of each pro-
pellant is duplicated twice in loading densities of 0.01 g/cc and 0.02 g/ 
cc at 20 ◦C, as well as performing once in loading density of 0.2 g/cc at 
− 40 ◦C, 20 ◦C and 50 ◦C, respectively. The duplicating testing per-
forming at three different temperature is to expand the applicability and 
representativeness of the date, with the consistent tendency in enhanced 
burning rate observing. Furthermore, propellant grains would be treated 
in a hot oven at 50 ◦C and a frozen oven at − 40 ◦C for 4 h before pro-
pellants burning test with an initial temperature of 50 ◦C and − 40 ◦C. 

Constant-pressure burning properties of propellants were investi-
gated in a 700 cc transparent combustion chamber, in which nitrogen 
was pumped into to produce a constant pressure of 1.0 MPa, 1.5 MPa, 
2.0 MPa, 3.0 MPa, 5.0 MPa. All single propellant grain was with 4.0 ±
0.1 cm length and 1.26 g ± 0.1 g and would be ignited by Platinum- 
rhodium ignition wire. After that, the burning process would be recor-
ded by a high-speed camera, which can evaluate burning behavior of 
tested propellants. In transparent combustion chamber testing, the 
combustion of each propellant in each tested pressure point are tested 
twice. 

3. Results and discussion 

3.1. Morphology characterizations 

The appearance of prepared propellants samples with nickel powders 
(NPs) are shown in Fig. 2. All propellant grains exhibited a smooth 

surface morphology. Meanwhile, the color of the propellants turned 
slightly black with increase of NPs contents. Furthermore, microstruc-
ture of cross-section of propellants are shown in Fig. 3, in which original 
single-based propellant sample was mainly composed of nitrocellulose, 
which kept fibrous morphology, as shown in Fig. 3a. According to Fig. 3 
(b, c, d), NPs showed smooth spherical appearance with a size distri-
bution below 40um. The SEM image suggested that NPs were well 
dispersed in the nitrocellulose propellant matrix without agglomeration. 

3.2. Variable-pressure burning properties 

Variable-pressure burning properties of propellants samples were 
performed with a strand 100 cc closed bomb tester. Burning rate(u) and 
burning pressure (p) of propellant are represented by Vieille’s law (Shen 
et al., 2020) (Oberle, 2001) (Kubota, 2015). According to Equation(1): 

u = a pn (1) 

Where a is the burning rate coefficient, which is a constant that de-
pends on the chemical composition and the initial propellant tempera-
ture; and n is pressure exponent of the burning rate. To further 
investigate the combustion behavior of propellants, dynamic vivacity 
(L) and relative pressure (B) were calculated (Shen et al., 2020) (Oberle, 
2001) (Kubota, 2015), according to Equations (2) and (3): 

L =
dp(t)/dt
p(t)*pm

(2)  

B = p(t)/pm (3) 

Fig. 4 showed p-t, u-p and L-B curves of NPs propellants with 0.01 g/ 
cc and 0.02 g/cc propellants loading density at 20 ◦C. And Fig. 5, Fig. 6 
and Fig. 7 showed p-t, u-p and L-B curves of prepared propellant with 
0.20 g/cc loading density at 20 ◦C. Obviously, with the increase of NPs 
contents, propellants showed higher burning rate in 5–8 MPa(Fig. 4b), 
8–16 MPa(Fig. 4e), and 20–200 MPa(Fig. 6). When pressure ranged from 
5 MPa to 8 MPa(0.01 g/cc loading density), the maximum burning rate 
of 0 wt% NPs propellant and 1.6 wt% NPs propellant reached to 2.1 cm/ 
s and 2.5 cm/s, respectively; and the burning rate increased 19.0 %. 
When pressure ranged from 8 MPa to 16 MPa(0.02 g/cc loading den-
sity), burning rate of propellant with 0 wt% NPs and 1.6 wt% NPs 
arrived at 1.6 cm/s and 1.8 cm/s, respectively; the burning rate 
increased 12.5 %. The high burning rate of propellant in 0.01 g/cc 
loading density can be attributed to high burning rate of ignition powder 
that empirically provided ignition pressure of 4.5 MPa and affects the 
calculated value of propellants burning rate. Furthermore, when pres-
sure ranged from 20 MPa to 180 MPa(0.20 g/cc loading density), 1.6 wt 
% NPs propellant showed burning rate of 11.3 cm/s at 20 ◦C, 11.3 cm/s 

Fig. 1. Diagram of the closed bomb tester.  

Fig. 2. Photographs of prepared propellants with NPs contents of (a) 0 wt%, (b) 
0.4 wt%, (c) 0.8 wt%, (d) 1.6 wt%. 
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at 50 ◦C, 10.0cms at − 40 ◦C. While the 0 wt% NPs propellant showed the 
values of 10.1 cm/s at 20 ◦C, 10.5 cm/s at 50 ◦C, 8.5 cm/s at 40 ◦C over 
the same burning pressure range. More specifically, the burning rate of 
1.6 wt% NPs propellant was increased by 11.9 %, 7.6 % and 17.6 % at 

20 ◦C, 50 ◦C, − 40 ◦C, respectively. The above results suggested that the 
burning rate of single-based propellants can be significantly increased 
by NPs in the variable-pressure of 5–200 MPa, with a widely initial 
temperature of − 40 ◦C to 50 ◦C. 

Fig. 3. SEM images of (a) original single-based propellants; and (b) (c) (d) modified propellants containing NPs.  

Fig. 4. The (a)p-t, (b)u-p and (c)L-B curves of propellants containing NPs in 0.01 g/cc loading density; (d)p-t, (e)u-p and (f)L-B curves in 0.02 g/cc loading density in 
closed bomb performing at 20 ◦C. 
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Generally, L-B curves (dynamic vivacity) has been used to assess the 
propellant grains surface area upon propellants burning process in 
propellant lot acceptance (Oberle, 2001). According to Fig. 4c, 4f and 
Fig. 7, the L-B curves of propellants exhibited stable L value of 0.6–0.8 
over the same range of B value(0.2–0.8) with 0.01 g/cc and 0.20 g/cc 
propellant loading density, suggested that the grains surface area 
behavior are stable during combustion. While the dynamic vivacity of 
propellants with 0.02 g/cc loading density (Fig. 4f) exhibited a slight 
burning regressivity of the grains. Meanwhile, the L –B curves tendency 
of propellants did not change after NPs adding, indicated that the 
addition of NPs influenced the burning rate but did not vary the burning 
surface area of propellant grains. 

To further study the influence of NPs on the burning behavior of 
single-based propellants, maximum pressures are shown in Fig. 8. And 

pressure exponent(n), burning rate coefficient(α) are given in Fig. 9. 
From equation (1), the burning pressure(p), pressure exponent(n) and 
burning rate coefficient(α) are closely affected, which suggested that a 
slight change in the experimentally measured variables will result in a 
large change in the calculated pressure exponent and combustion rate 
coefficient (Oberle, 2001) (Kubota, 2015). According to Fig. 8, the 
maximum pressure gradually decreases as the NPs content increasing. 
Compared with 0 wt% NPs propellant, the maximum pressure of 1.6 wt 
% NPs propellants decreased by 0.43 MPa (5.0 %), 0.53 MPa (3.1 %) 

Fig. 5. The p-t curves of propellant containing NPs in 0.20 g/cc loading density 
in closed bomb performing at (a)20 ◦C, (b)50 ◦C and (c)-40 ◦C. 

Fig. 6. The u-p curves of propellant containing NPs in 0.20 g/cc loading den-
sity in closed bomb performing at (a)20 ◦C, (b)50 ◦C and (c)-40 ◦C. 
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with 0.01 g/cc and 0.02 g/cc loading density at 20 ◦C test; and decreased 
5.2 MPa (2.3 %), 7.5 MPa (3.3 %), 4.6 MPa (2.1 %) with 0.20 g/cc 
loading density at 20 ◦C, 50 ◦C and − 40 ◦C test, respectively. Mean-
while, the maximum burning pressure of propellants samples were not 
increased by NPs that phenomenon can prevent higher bore pressure of 
gun weapons. We thought that the reduced burning pressure to some 
extent hedge against the higher bore pressure of gun weapons caused by 
the increasing burning rate of propellant. 

In addition, as shown in Fig. 9a, with the increase of NPs contents, 
the pressure exponent(n) of propellants exhibited a decreasing trend in 
20–50 MPa at 20 ◦C and 50 ◦C. The decreased pressure exponent(n) 
indicated more stable combustion under varying burning pressure 

condition (Zuo et al., 2022). From Fig. 9c; over the same pressure range 
at 20 ◦C and 50 ◦C, the burning rate coefficient(α) of NPs propellants 
gradually increased as the NPs contents increasing. Furthermore, the 
large fluctuations of pressure exponent(n) and burning rate coefficient 
(α) of 0.8 wt% NPs propellant at − 40 ◦C can be result from the unstable 
combustion, which attributed to poor mechanical properties of propel-
lant at cool temperatures. Moreover, as shown in Fig. 9b and Fig. 9d, 
pressure exponent(n) ranged from 0.76 to 0.79, and burning rate coef-
ficient(α) ranged from 0.14 to 0.19 in the pressure from 20 MPa to 200 
MPa. The results indicated that NPs had positive enhancing effect on 
propellants burning rate and had minor effect on the average pressure 
exponent(n) and burning rate coefficient(α) of propellant from 20 MPa 
to 200 MPa. 

3.3. Constant-pressure burning properties 

Constant-pressure burning properties of nickel powders(NPs) pro-
pellants were investigated by a transparent combustion chamber which 
filled nitrogen with constant pressure of 1.0 MPa, 1.5 MPa, 2.0 MPa, 3.0 
MPa, 5.0 MPa. Fig. 10a and Fig. 10b showed respectively the burning 
rate and catalytic efficiency of propellant samples. The relationships 
between burning rate(u) and pressure(p) have been also calculated ac-
cording to Equation(1). Meanwhile, the catalytic efficiency(Z) was 
evaluated by Equation (4) (Denisyuk et al., 2018): 

Z = uadd/u0 (4) 

Where uadd and u0 are the burning rates of NPs propellants and 
propellant without NPs, respectively. 

As seen from Fig. 10a, with increasing of initial chamber pressure, 
burning rate(u) of propellants were obviously enhanced. Meanwhile, 
according to Fig. 10b, the catalytic efficiency(Z) had high dependence 
on NPs contents and pressure. At 5 MPa, the 0.4 wt%, 0.8 wt% and 1.6 
wt% NPs in propellant can both enhance burning rate, with catalytic 
efficiency(Z) of 1.42, 1.44 and 1.68, respectively. It indicated that a little 
NPs can increase burning rate in a higher pressure. On the other hand, 
when pressure was below 3.0 MPa, only 1.6 wt% NPs propellants had 
obviously catalytic effect, with maximum Z value of 1.28 at 3.0 MPa. 
Over the same pressure range, adding 0.4 wt% and 0.8 wt% NPs cannot 
increase propellant burning rate, with Z value between 0.93 and 1.06, 
suggested that the less NPs content and lower pressure were not 
conducive to improve burning rate. The result is consistent with the 
phenomenon in work (Ma et al., 2015), in which nickel additives has no 
significant effect on the burning rate of RDX-CMDB propellant at 1 MPa. 
In pressure of 1.0–5.0 MPa, the propellant with 1.6 wt% NPs exhibited 
the highest catalytic efficiency(Z) at 5.0 MPa, with value of 1.69, indi-
cated that catalysis effect of NPs was significant with a high pressure. 

To further investigate the dependence of the burning rates on initial 
chamber pressure, the pressure exponent(n) and burn rate coefficient(α) 
were fitted according to Equation (1). As seen from Fig. 11, despite 
higher catalytic efficiency with the increase of NPs content, the pressure 
exponent of propellants was enhanced, indicated that combustion de-
pends on burning pressure. In general knowledge, pressure exponent(n) 
was affected by many factors. In work (Oberle, 2001), 2 wt% nano nickel 
powders decrease pressure exponent(n) of AP/RDX/Al/HTPB pro-
pellants. In work (Athwawale et al., 2004), 20 wt%-40 %wt% micron 
nickel powders decrease pressure exponent(n) of HTPB propellants, but 
that increase the pressure exponent(n) of GAP-based and DB matrix- 
based propellants. The disparate results in above studies suggested 
that pressure exponents(n) were affected by much aspects, such as 
particles sizes of catalyst, chemical composition of propellant and flame 
temperature. In this work, Ni powders exhibited higher the catalytic 
efficiency as the increasing pressure in closed bomb(~200 MPa) and at 
constant 5 MPa in transparent combustion chamber(1 MPa, 1.5 MPa, 2 
MPa, 3 MPa and 5 MPa). Previous reported that higher burning pressure 
can leaded to the enhanced temperature in burning surface, which could 
promote the melting of the metal powder and its oxide, along with their 

Fig. 7. The L-B curves of propellant containing NPs in 0.20 g/cc loading den-
sity in closed bomb performing at (a)20 ◦C, (b)50 ◦C and (c)-40 ◦C. 
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vapor flows out (Athwawale et al., 2004) (Kubota, 2015), which in-
crease the catalytic interface and efficiency. And the increased pressure 
dependence of the catalytic effect may be due to the relatively lager size 
of Ni particles. It is notable that the high-pressure-exponent is detri-
mental for rocket propellants burning (Kubota, 2015). While it might 
partially increase burning progression for gun propellant and offset the 
expansion of the volume in gun chamber during projectile launching, 
and thus improve the work efficiency of propellant gases. 

3.4. Observation of flame structure 

The overall flame propagation processes of prepared propellants 
were recorded with a high-speed camera in transparent combustion 
chamber. The flame sequence photographs of propellants combustion 
obtained at 1.0 MPa and 5.0 MPa are shown in the Figs. 12 and 13, 
respectively. All propellants samples can burn in parallel basically. At 
1.0 MPa, the region above the burning surface of 0 wt% NPs propellant 

was dark. The phenomenon is consistent with Kubota’s observation 
(Kubota, 1978) in DB propellant burning at 12 atm. The flame of pro-
pellant without catalyst are almost no visible in relatively low pressure. 
This is due to the low velocity of NO2 → NO → N2 process (Kubota, 
2015). While with increase content of NPs, the NPs propellants had a 
flame surface with more thickness and more brightness. In addition, at 
5.0 MPa, the combustion of all the samples became more intense than 
that at 1.0 MPa, as well the brightness zone of flame was closer to the 
propellant burning surface, indicating the above NO2 → NO → N2 pro-
cess accelerating and that the combustion wave structure was modified 
not only by the presence of Ni catalyst, but also by the increasing 
pressure. Furthermore, as seen from Fig. 14, some burning nickel par-
ticles were away from propellant grains surface, which is consistent with 
the typical combustion phenomenon of metal particles (Yuan et al., 
2021) (Jiang et al., 2006) that burning metal powders will liquefy and 
vaporize and away from burning surface when temperature reach their 
melting and boiling point (Kubota, 2015). 

Fig. 8. The maximum burning pressure of propellants with NPs in (a)0.01 g/cc (b)0.02 g/cc and (c)0.20 g/cc propellants loading density.  

Fig. 9. The pressure exponent(n) and burning rate coefficient(α) of propellants with NPs in 0.20 g/cc propellants loading density.  
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3.5. Discussion of combustion mechanism 

Due to high density, reactivity, and appropriate melting point, Ni and 
its oxide have been extensively studied as catalysts for promoting the 
combustion of Al powders (Vummidi et al., 2010) (Liang et al., 2020) 
(Lee et al., 2020), B powders (Ma et al., 2022) (Yan et al., 2023), AP 
particles (Elbasuney et al., 2023) (Tan et al., 2004), and CMDB rocket 
propellants (Athwawale et al., 2004) (Jiang et al., 2006) (Divekar et al., 
2001). In this work, Ni powders also exhibited well-catalytic effect on 
the burning rate of single-base gun propellant, and obvious modified the 
propellant flame structure. Based on the previous studies, the catalytic 
mechanisms of nickel powder on the propellant were considered from 
following perspectives: 

As shown in Fig. 15a, it is well-known that typical flame structure of 
homogeneous propellant containing R-ONO2 group composes of five 
zones, which are heat conduction zone, solid-phase reaction zone, fizz 
zone, dark zone, and flame zone (Athwawale et al., 2004) (Kubota, 
2015), respectively. The flame zone involving NO → N2 process is pri-
marily responsible for the heat generating during propellant combus-
tion, but which is constrained by the reaction velocity of NO2 → NO 
occurring in fizz/dark zone (Kubota, 2015). 

The flame structure observation in this study revealed that the in-
clusion of Ni powders resulted in a noticeable reduction in the distance 

Fig. 10. (a) Burning rate of NPs propellants and (b) Catalytic efficiency of NPs propellants in pressure of 1.0 MPa, 1.5 MPa, 2.0 MPa, 3.0 MPa, 5.0 MPa.  

Fig. 11. Dependence of the burning rates on initial chamber pressure 
(1.0–5.0 MPa). 

Fig. 12. Flame propagation images sequences of propellant strands at 1.0Mpa: (a) 0 wt%; (b) 0.4 wt%; (c) 0.8 wt%; (d) 1.6 wt% NPs propellants.  
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of the fizz/dark zone, as well as a significant increase in the length of the 
luminous flame zone for single-based propellant. The phenomenon can 
be explained on basis of Kubota’s theory (Kubota, 2015) (Kubota, 1978), 
that Ni powders promote the reduction reactions of NO2 → NO in pro-
pellant fizz/dark zone. The promoted NO2 reduction reaction by Ni can 
possibly be explained on the partially filled d-shell to accept electron 
and a high magnetism to increase the mobility of the electrons (Elba-
suney et al., 2023). Due to the electron-deficient state of the Ni atom 
surface, it can adsorb gas phase substances which have excess electrons, 
and form complexes with them, thereby facilitating the corresponding 
heterogeneous catalysis occurring in metal/gas interface (Tan et al., 
2004) (Behrens, 2014). 

Subsequently, Ni powders melted, burn and converted into NiO 
product (Liang et al., 2020), with heat generating in the process, which 
is similar to the typical combustion of Al, Mg and B powders, but 
released comparatively less heat (Athwawale et al., 2004). Compared 
with uncatalyzed propellant, the combustion heat of metal powders and 
the increased length of flame zone could both result in higher conduc-
tive/radiative heat flux feedback from flame zone to burning surface 
(Athwawale et al., 2004) (Divekar et al., 2001). 

In addition, according to Wei’s investigation (Wei et al., 2009), 
nickel oxide(NiO) has also shown to be as catalyst for the thermal 
decomposition of NC/TEGDN propellant. In Wei’s work, NiO nano-
particles can lead to the decrease intensities in NO, H2O, CO2 signals, 
along with the increase intensities in CO, N2, HCHO and HCN signals in 
TG-MS analysis (Wei et al., 2009). And thus; the presence of NiO in 
propellant burning is indicated to enhance the conversion rate of NO 
more rapidly in flame zone. Fig. 15b shows the possibly catalytic 
mechanism involved in this work. All of the above process could 
potentially cause to the increased velocity in gas reaction and enhanced 
burning surface temperature, and thus accelerated thermal 

decomposition of propellant matrix and burning rate. 

4. Conclusions 

In this work, single-based propellants containing 0.4 wt%, 0.8 wt% 
and 1.6 wt% nickel powders(NPs) have been prepared and investigated 
in a closed bomb tester and a transparent combustion chamber, which 
provided variable-pressure and constant-pressure combustion condi-
tion, respectively. The SEM images exhibited NPs can well dispersed in 
propellant matrix. And the prepared NPs propellants have higher 
burning rate than the original single-based propellant in various pres-
sure ranges and combustion conditions. The flame propagation images 
were recorded by high-speed camera in transparent combustion cham-
ber. All propellants samples can stably burn in parallel. The propellants 
with NPs had thicker and brighter flame surface than original pro-
pellants. The main conclusions are as follows:  

(1) In variable-pressure combustion condition, propellants burned in 
closed bomb tester to a pressure above 8 MPa, 16 MPa and 220 
MPa, with propellants loading density of 0.01 g/cc, 0.02 g/cc, 
0.20 g/cc, respectively. The results showed that the burning rate 
of propellants was significantly enhanced by NPs, which content 
was 0.4 wt%, 0.8 wt% and 1.6 wt% in propellants. The Pro-
pellants with 1.6 wt% NPs exhibited highest burning rate in 
prepared propellant samples. Compared with original single- 
based propellant, 1.6 wt% NPs respectively increased the 
maximum burning rate by 19.0 %, 12.5 % and 11.9 % in 5–8 MPa, 
8–16 MPa and 20–200 MPa. The above results suggested that the 
burning rate of single-based propellants can be significantly 
increased by NPs in the variable-pressure of 5–200 MPa, with a 
widely initial temperature of − 40 ◦C to 50 ◦C. Meanwhile, the 
maximum burning pressure of propellants samples were not 
increased by NPs that phenomenon has potential to hedge against 
the higher bore pressure of gun weapons caused by the increasing 
burning rate of propellants. The maximum burning pressure of 
1.6 wt% NPs propellants decreased by 0.43 MPa (5.0 %), 0.53 
MPa (3.1 %) and 5.2 MPa (2.3 %) than 0 wt% NPs propellant in 
0.01 g/cc, 0.02 g/cc and 0.20 g/cc propellant loading density at 
20 ◦C. In addition, pressure exponent(n) decreased and burning 
rate coefficient(a) increased in 20–50 MPa after adding NPs. In 
20–200 MPa, pressure exponent(n) ranged from 0.76 to 0.79 and 
burning rate coefficient(α) ranged from 0.14 to 0.19.  

(2) In constant-pressure combustion condition, propellants burned in 
transparent combustion chamber, which filled nitrogen with 
constant pressure of 1.0 MPa, 1.5 MPa, 2.0 MPa, 3.0 MPa, 5.0 
MPa. The results showed NPs could increase burning rate of 
propellants in 1.0–5.0 MPa. While the catalytic efficiency(Z) had 
high dependence on NPs contents and burning pressure. At 5 
MPa, the 0.4 wt%, 0.8 wt% and 1.6 wt% NPs in propellant can 
both enhance burning rate, with Z value of 1.42, 1.44 and 1.68, 
respectively. In pressure below 3.0 MPa, adding 1.6 wt% NPs in 
propellant had catalytic, with maximum Z value of 1.28 at 3.0 
MPa; While adding 0.4 wt% and 0.8 wt% NPs cannot increase 
burning rate, with Z value between 0.93 and 1.06, suggested that 
the high NPs content and high pressure were conducive to 

Fig. 13. Flame propagation images sequences of propellant strands at 5.0Mpa: 
(a) 0 wt%; (b) 0.4 wt%; (c) 0.8 wt%; (d) 1.6 wt% NPs propellants. 

Fig. 14. Combustion flame structures of propellants at 5Mpa: (a) 0 wt%; (b) 0.4 wt%; (c) 0.8 wt%; (d) 1.6 wt% NPs propellants.  
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improve burning rate. The catalysis effect of NPs was significant 
with the pressure above 5 MPa. 
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