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Foamed combustible material based on polymer bonded RDX was fabricated using CO2 as foaming agent.
The inner structures of felted and foamed combustible materials were presented by SEM. The two
materials presented different formulations and inner porous structures. The combustion behaviors of
felted and foamed materials were investigated by closed vessel test. Simultaneously, the co-combustion
behavior of combustible cartridge case with 7-perf consolidated propellants was also investigated. The
results of closed vessel test is applicable to gun system which is made of the foamed combustible material as component.
© 2017 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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1. Introduction
In the past, the porous combustible materials for combustible
cartridge case or caseless ammunitions were fabricated by various
methods, such as felt-moulding, winding or impregnation of resin
in the felted combustible components, in which nitrocellulose were
used as energetic ingredient [1e5]. The materials can burn out in a
shortened time due to a giant internal surface area, leaving no
burning residue. The material is easily ignited and misﬁres due to
the inﬂammable property of nitrocellulose component when it
leaves in hot gun chamber. Hence, the foamed combustible materials based on polymer bonded RDX, which present better heat
resistance, were fabricated [6,7]. The foamed combustible materials
have the advantages of adjustable energy content, high burn rate,
improved heat resistance and low vulnerability [7e12].
In the weapon systems, the presence of combustible material
complicates the interior ballistic performance, in that the
combustible material differs in its combustion characteristics from
the propellant. Its burning characteristics have signiﬁcant effect on
the interior ballistic cycle. Early attempts at investigating the
combustion of the porous combustible materials in closed vessel
were not entirely successful since the discrepancies of combustion
behavior were noted in measured and predicted pressures in the
gun chamber [8]. In fact, the dependence of combustion behavior
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on porous structure, sample size and loading density on combustion behavior were also noticed when a porous material was
burned in a closed bomb. In addition, the material may be ignited
by varied ignition pressures for different applications. Consequently, the energy output will not follow the desired way.
In this paper, a comparison of the foamed material with the
felted combustible material was investigated. What's more, the
effects of two kinds of cartridge case on consolidated propellants
were tested by closed bomb test. The results of this study will be
primarily used for the further development of combustible cartridge case. The ﬁndings may also be applicable to other applications in which the foamed combustible materials are used.
2. Experiment
The combustion properties of combustible materials in 109 ml
closed vessel were tested, and the data sampling interval was
0.001 ms. Sample size was 10  10  6 mm. The output of closed
vessel test data acquisition system was fed to a computer, and the
pressure histories were recorded. Nitrocellulose with nitrogen
content of 12.0% was used as ignition powder, of which the force
constant and co-volume of ignition powder are 883 J/g and 1.0 cm3/
g, respectively.
The mass of ignition powder was calculated according to Eq.(1)

mig ¼

V0 ð1  DÞ=rÞpig
fig þ pig aig

(1)
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where V0 is the volume of closed vessel; mig is the mass of ignition
powder; D is the loading density; r is the density of sample; pig is
the ignition pressure; fig is the force constant of ignition powder; a
is the co-volume of ignition powder.
The mass of tested sample, m, is calculated according to Eq.(2)

m ¼ V0  mig aig



temperature of tested samples was 25  C. Table 1 presents the
maximum pressure (pm), burning time (tk), peaks of dp/dt-t curves,
maximum dynamic vivacity and corresponding value of B.
Obvious differences in combustion behavior were observed
from the proﬁles of pressure histories and dp/dt-t curves in Figs. 3
and 4. The maximum pressure of foamed propellant is higher than

(2)

3. Results and discussion
3.1. Inner structures
The two types of combustible materials, i.e. felted combustible
cartridge case material and foamed combustible material were
observed by SEM. Felted combustible cartridge case material was
felted and moulded from a mixture of nitrocellulose ﬁbers, cellulose ﬁbers and binder. The nitrocellulose content is 62%, and the
density of the material is 1.0 g/cm3. The foamed combustible
components were blended, kneaded, moulded and dried by traditional method. The dried materials were placed in a high pressure
vessel, and CO2 in the vessel was pumped to 15 MPa. After the
sample was exposed in SC-CO2 at 50  C for 10 h, the pressure was
quenched rapidly to atmospheric pressure. The details of foaming
equipment was described in Ref. [6]. RDX content of the formulation is 70% in weight, and the density of the foamed sample is
1.34 g/cm3. The density of sample before foaming is 1.61 g/cm3.
Hence, the relative densities of sample before and after foaming are
0.83, or the expansion ratio is 1.2.
Different inner structures were obtained using two different
methods. The inner structures were observed by scanning electron
microscope (SEM). Fig. 1 and Fig. 2 show the inner structures of the
felted and foamed materials. As shown in the Fig. 1, the felted case is
composed of ﬁbers which were piled up and bonded. The average
diameter of ﬁbers was about 20 mm. In Fig. 2, the cross section of
foamed sample presents a micro foamed structure, which is
composed of RDX particles and micro pores with diameter < 10 mm.

Fig. 2. SEM micrograph of foamed combustible materials.

3.2. Combustion characteristics of felted and micro foamed
combustible materials
The burning behaviors of combustible materials are inﬂuenced
by the formulations as well as the inner structure. A comparison of
pressure histories, dp/dt curves and L-B curves of felted and foamed
samples are shown in Fig. 3, Fig. 4 and Fig. 5, respectively. The initial

Fig. 3. p-t curves of (a) felted and (b) foamed combustibles materials.

Fig. 1. SEM micrograph of felted combustible material.

Fig. 4. dp/dt-t curves of (a) felted and (b) foamed combustible materials.
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Fig. 6. Schematic diagram of molded 7-perf propellant.

Fig. 5. L-B curves of (a) felted and (b) foamed combustible materials.

that of the felted one under the same loading, thus indicating that
the foamed material contains more energy. Simultaneously, the
felted sample got ignited due to its inﬂammability before the
ignition powder burned out. Hence, the pressure increased
smoothly from atmospheric pressure to pm. Since the foamed
material was hard to ignite, the pressure history of foamed sample
contained an initial pressure rise of ignition powder combustion
and the pressure rise of tested sample. The pressure increased
slowly at the initial burning period and started to rise rapidly when
t was about 25 ms. Compared with felted sample, dp/dt value of
foamed sample increased to peak 2 after dp/dt value dropped to
zero.
Fig. 5 shows L-B curves of felted and foamed combustible materials. As shown in Fig. 5, the vivacity of felted sample is higher
than that of foamed sample. Since the felted sample was easy to
ignite and the ﬂame penetrated in the felted sample in ignition, the
burning area was giant at initial period. Therefore, the maximum
vivacity of felted sample was obtained at lower relative pressure
(B ¼ 0.31). Since the foamed sample was hard to get ignited and
penetrated, its initial combustion area was small, and the
maximum vivacity was obtained during later combustion
(B ¼ 0.62). The signiﬁcant difference of dynamic vivacity between
the felted and foamed materials in the closed vessel tests indicates
that the two case types have different burning mechanisms.

achieve the high burning progressivity of consolidated propellants,
a propellant geometry with 7-perforation structure was used (see
Fig. 6). More detail about consolidated propellants is shown in
Ref. [13].
As can be seen from Fig. 7, the curve shape of consolidated
propellant is similar to that of 7-perforation propellant with lower
dynamic vivacity value. The dynamic vivacity of consolidated propellant starts to fall slowly for B ¼ 0.5, and L-B curve is ﬂat before
B ¼ 0.5.
Figs. 8 and 9 show L-B curves of felted and foamed combustible
materials with consolidated propellants, respectively. The mass
ratio of cartridge case and 7-perf propellant is 1:1, and the loading
density is 0.2 g/cm3. As shown in Fig. 8, the maximum dynamic
vivacity of felted case þ 7-perf propellant is higher than that of the

3.3. Co-combustion behavior
The double-base oblate spherical propellants were foamed using CO2 as the blowing agent by a batch foaming process. The
consolidated propellants were molded using energetic adhesive. To

Fig. 7. L-B curve of consolidated propellant.

Table 1
Characteristic points of p-t curves, dp/dt-t curves and L-B curves.
Sample

Felted
Foamed

p-t

dp/dt-t

L-B

pm/
MPa

tk/
ms

(dp/dt)1
/MPa/ms

t1
/ms

(dp/dt)m
/MPa/ms

tm
/ms

Lm
/1/(MPa ms)

Bm

140.04
206.42

9.13
32.31

5.08
6.73

3.12
3.16

63.23
69.73

6.03
30.04

7.97
2.36

0.31
0.62
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combustion area was small and the maximum vivacity was obtained during later combustion (B ¼ 0.45). Figs. 8 and 9 indicate
that the co-combustion of foamed case and 7-perf propellant
shows better combustion progressivity and smaller initial burning
area.

4. Conclusions
The new type of combustible material presents a signiﬁcant
difference in inner structure and burning characteristics in comparison with the traditional felted case material. The new
combustible material has good combustible behavior, including
heat resistance (long ignition delay time), burning progressivity
and consistency under different conditions of loading. This material
has great potential for application in combustible cartridge case,
modular charge in the near future.
Fig. 8. L-B curve of consolidated propellants with felted cartridge case.
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