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A B S T R A C T

Improving the burning progressivity is an effective approach to improve the muzzle velocities of projectile of a
gun. Composite multi-layered flaky gun propellant is a combination of a fast-burning inner layer and a slow-
burning outer layer. It has an obvious burning progressivity which decreases the pressure in bore and increases
the muzzle velocity, thus this characteristic is widely concerned by the research of gun propellant. The thermal
expansion coefficient of composite multi-layered gun propellant has a significant influence on the combustion
performance. Therefore, understanding the thermal expansion properties of the composite multi-layered gun
propellant is important. In this study, the thermal expansion coefficients were measured by thermal mechanical
analyzer (TMA) for a three-layered flaky gun propellant, and the influence of laminating and coating flaky gun
propellant on thermal expansion coefficient was investigated. The results showed that the slow-burning layers
had a higher thermal expansion coefficient than the faster-burning layers, the thermal expansion coefficient of
slow-burning layers was 4–5 times bigger than that of fast-burning layers, and the order of magnitudes was
1×10−5 K−1. The laminating and coating had a great influence on the thermal expansion coefficient of flaky
gun propellant, the thermal expansion coefficient of laminate sample was 10 times greater than that of the
original sample, and the order of magnitudes for two layers and three layers propellant reached 1×10−4 K−1.
Furthermore, the theoretical relations between the thermal expansion coefficient of axial and the thermal ex-
pansion coefficient of the fast and slow burning layer were derived.

1. Introduction

The composite multi-layered flaky gun propellant is a kind of flaky
gun propellant which is composed of a fast-burning layer and slow-
burning layer. It is a kind of variable burning-rate gun propellant with a
“sandwich type” structure. The gun propellant was proved to have a

good burning progressivity [1,2]. Because of the differences in the ratio
of the fast-burning layers and slow-burning layers, the combustion
speeds and some other physical properties (such as the thermal ex-
pansion coefficient) are different. When using and storing gun pro-
pellants, the environment temperature can be changed. Because of
different thermal expansion coefficients in the composite multi-layered
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flaky gun propellant, the stress state of the interface between fast-
burning layer and slow-burning layer changes, and thus affects the
mechanical properties and combustion performance. As a result, the
thermal expansion coefficient plays a significant role in the research of
flaky gun propellant.

As an inherent characteristic of gun propellant, the thermal ex-
pansion coefficient of the material remains constant winthin a small
temperature range. However, if the temperature varies widely, the
value will change. Many optical methods were used to measure the
thermal expansion coefficient before year of 2000. For example, The
University of California created a simplified mathematical model for
the measurement of thermal expansion coefficient of thin sheet mate-
rials with a holographic technique. This experimental apparatus can
test both above and below room temperature, but it needs use different
experimental apparatus structures [3]. Okaji et al. used an absolute
interferometric dilatometer to measure the thermal expansion coeffi-
cient of copper in the temperature range of 20–300 K, the test results
showed that the improved interferometer enabled more accurate length
measurement than the previous one [4]. Strycker et al. demonstrated
that it was possible to measure homogeneous thermal strain fields on
steel samples with digital image correlation technique. But the mea-
sured data is a point set, not a curve, which is not convenient for data
processing [5]. There is a close relationship between the thermal ex-
pansion coefficients and the glass transition temperature for double-
based gun propellant, thus studying the glass transition temperature by
measuring the thermal expansion coefficients is an important research
method [6–9]. Also, negative thermal expansion of materials has at-
tracted considerable attentions [10–12]. Many metallic compound
materials have demonstrated negative thermal expansion, such as
Y Mo O2 3 12 and NbOPO4. These metallic compound materials were mea-
sured by X-ray diffraction (XRD) method, the results show that these
materials represent negative thermal expansion in some rising tem-
perature ranges on a specific crystal plane [13–15]. Also, the XRD
method was applied for the determination of thermal expansion coef-
ficient [16,17], and the density was measured [18]. Since the discovery
of graphene, various properties of graphene were tested. One of its
significant properties is its negative thermal (0–300 K) expansion and
isotropic behavior [19]. The negative thermal expansion is possibly
caused by particular molecular structure of materials, such as non-
metallic materials with laminar molecular structure [20], composites
with needle-like inclusion also exhibit negative thermal expansion at
any length scale including microscale [21]. Some researchers analyzed
the uniaxial negative thermal expansion in an organic complex, it
showed that the sliding of layers may cause the negative thermal ex-
pansion [22,23]. Tada et al. used microelectromechanical systems

(MENS) to determine the difference in thermal expansion coefficients
between poly-Si and SiO2 thin films in the temperature range of
∼293–1123 K and they showed that the thermal expansion coefficient
of poly-Si thin films might be higher than that of Si crystals [24,25].
Yoon et al. measured graphene samples and showed the thermal ex-
pansion coefficient of single-layer graphene was estimated with tem-
perature-dependent Raman spectroscopy in the temperature range from
200 to 400 K, the strain caused by the thermal expansion coefficient
mismatch between graphene and the substrate played a crucial role in
determining the physical properties of graphene [26]. G Ventura and M
Perfetti introduced the methods of testing thermal expansion coefficient
in details, the new instrument can be used to measure thermal expan-
sion coefficient at low temperature [27]. Herrmann et al. measured
thermal expansion of α-HMX, β-HMX, γ-HMX at room temperature,
transition temperature respectively and got their linear expansion
coefficient [28]. The thermal expansion coefficient of composite ma-
terials is also studied, especially the laminar structure materials
[29,30]. The thermal expansion coefficient of carbon composites was
measured in the temperature range of 303–573 K by thermal diffusivity
method [31], and some researchers analyzed the thermal stability
[32,33]. Some other materials were used as the substrate, and the
curvature method was used to measure the thermal expansion coeffi-
cient by molecular perspective [34–37].

In this study, the thermal expansion coefficient of double-base gun
propellants with three layers was studied. The theoretical relationships
of thermal expansion coefficient between the fast and slow burning
layer and the whole composite multi-layered flaky gun propellant in
longitudinal were investigated. The thermal expansion coefficient of
flaky gun propellant can directly influence the loading density and
combustion performance of the gun propellant. Therefore, this study
has significance for gun propellant loading, and will increase the un-
derstanding of the influence of thermal expansion coefficient on the
combustion performance. Testing by TMA in this experiment is dif-
ferent from the method of optical measurement, the variation of spe-
cimen thickness is measured directly with precision instrument.

2. Experimental

2.1. Materials

1# double-base absorbent propellant (mass percentage NC (ni-
trocellulose): 73%, NG (nitroglycerin): 26%, C2 (Dimethyl dipheny-
lurea): 0.5%, TEGDN (triethylene glycol dinitrate): 0.5%, North Xingan
Chem. Co.) and 2# double-base absorbent propellant (NC: 83%, NG:
10%, C2: 2%, TEGDN: 5%, North Xingan Chem. Co.) were prepared by

Fig. 1. The preparation of composite multi-layered flaky gun propellant.
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methods in Fig. 1, and they were dried at 293 K for 72 h 400 g of 1# and
2# double-base absorbent propellant were weighed and used, respec-
tively. EC (Ethyl cellulose) (North Xingan Chem. Co.) was weighed 35 g
and dried for 72 h at 293 K. The mixed solvent (volume fraction 1:0.9,
ethyl alcohol and acetone) was 200mL (see Fig. 2).

2.2. Test samples preparation

The main component of the fast-burning layer material was 1#
double-base absorbent propellant. The absorbent propellant and the
mixed solvent were stirred in a blade incorporator with cooling water
bath for 30–40min. The slow-burning layer material were composed of
high polymer flame retardant (EC) and 2# double-base absorbent
propellant, processed in the same method as that of fast-burning layer
material. The faster-burning layer and the slow-burning layer materials
were preferably blocked in two concentric cylinders mould, respec-
tively, and the composite multi-layered flaky gun propellant was ex-
truded under appropriate pressure (5–8MPa) through flaky mould. By
controlling the flow, the fast-burning layer was three times as thick as
the slow-burning layer. The flaky gun propellant was cut into suitable
length and dried by blowing hot air at 303 K for 96 h. The preparation
diagram is presented in Fig. 1 and the sample description is shown in
Table 1.

2.3. TMA measurement

The theory of TMA measurement is based on the deformation of
materials that can be obtained as the temperature changes. In some
temperature range, the linear thermal expansion coefficient is a con-
stant, TMA can measure the length change (distance between probe and
workbench) of materials when the temperature changes, the linear
thermal expansion coefficient of material is calculated by measuring the
deformation of a material in this temperature range. The schematic
diagram of TMA is showed in Fig. 3.

The samples were made by selecting the smooth part from the flaky

gun propellant, the samples were flaky shape cuboids with 1 cm in
length, 0.5 cm in width, and 0.3–0.6 mm in thickness. The thermal
expansion coefficient of the sample was measured by TMA-Q 400 (TA
instrument in USA) with a 5 K/min heating rate under dry nitrogen
atmosphere over the range of 233–323 K. The thermal expansion
coefficient can be expressed by equation (1) [38].
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where α, ΔL, L0, ΔT are the thermal expansion coefficient, length
change, original length, and corresponding temperature change, re-
spectively.

2.4. The theoretical derivation of composite multi-layered flaky gun
propellant

Fig. 4 shows the structure of composite multi-layered flaky gun
propellant. It is assumed that each layer of the composite multi-layered
flaky gun propellant is isotropic (each layer is consisted of a mixture of
homogeneous materials). When the temperature rises from T0 to T , the
physical parameters e0, e2 1, b2 1 and V change to e0T , e2 1T , b2 1T and VT ,
respectively. The change of temperature is ΔT , the thermal expansion
coefficient Eq. (1) can be obtained from Eq. (2) [38].
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where e0 and e0T are thickness of slow-burning layer, e2 1 and e2 1T are
thickness of fast-burning layer, b2 1 and b2 1T are length changes and
width, V and VT are volume, αe0 is the thermal expansion coefficient of
slow-burning layer, αe1 is the thermal expansion coefficient of fast-
burning layer.

The volume of the gun propellant at T0 and T can be determined by
Eq. (3) and Eq. (4), respectively:

= + ⋅ ⋅ = +V e e b b e e b(2 2 ) 2 2 8( )0 1 1 1 0 1 1
2 (3)

Fig. 2. The flow chart of composite multi-layered flaky gun propellant samples.
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The thermal expansion coefficient is very small, the quadratic of
thermal expansion coefficient can be ignored, after simplification, Eq.
(4) can be rewritten as Eq. (5):
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The volume thermal expansion coefficient can be expressed as Eq.
(6),
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As for the volume thermal expansion of composite multi-layered
flaky gun propellant, the thermal expansion on z-axis is much bigger
than that on x-axis and y-axis, so the thermal expansion on x-axis and y-
axis can be ignored, αb1 is ignored, Eq. (6) can be rewritten as Eq. (7),
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And the thermal expansion coefficient in thickness is determined by
the proportion of fast-burning layer and slow-burning layer. The

proportion of fast-burning layer and slow-burning layer in composite
multi-layered flaky gun propellant is defined as δf and δs, respectively.
The relationship between them can be expressed as follows:

+ =δ δ 1s f (8)

The substitution of Eq. (8) into Eq. (7) results in Eq. (9).

= +α δ α δ αV s e f e0 1 (9)

Table 1
The samples label and sample description.

Samples label Sample description

(1) 0.4mm thickness of NO.1 composite multi-layered flaky gun propellant
(2) 0.5mm thickness of NO.1 composite multi-layered flaky gun propellant
(3) 0.6mm thickness of NO.1 composite multi-layered flaky gun propellant
(4) 0.3mm thickness of NO.2 composite multi-layered flaky gun propellant
(5) 0.4mm thickness of NO.2 composite multi-layered flaky gun propellant
(6) 0.5mm thickness of NO.2 composite multi-layered flaky gun propellant
(7) 0.3mm thickness slow-burning layer
(8) 0.4mm thickness slow-burning layer
(9) 0.4mm thickness fast-burning layer
(10) 0.4mm of the coated fast-burning layer
(11) Two layers of 0.4mm thickness of the laminated fast-burning layer
(12) Three layers of 0.4mm thickness of the laminated fast-burning layer
(13) 0.4mm coated NO.2 composite multi-layered gun propellant
(14) Two layers of 0.4mm coating NO.2 composite multi-layered gun propellant
(15) Three layers of 0.4mm coating NO.2 composite multi-layered gun propellant

Fig. 3. Schematic diagram of TMA measurement.

Fig. 4. The shape sketch of composite multi-layered flaky gun propellant.
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According to Eq. (9), it can be inferred that the volume thermal
expansion coefficient is determined by linear thermal expansion of fast-
burning layer and slow-burning layer, and αe0≫αe1 (Experimental result
shows that nearly 5–6 times bigger), therefore, in order to decrease the
volume thermal expansion coefficient of composite multi-layered flaky
gun propellant, the δs should be increased and the δf should be de-
creased (Under the premise of ensuring gun propellant performance).

The influence of L0 is even greater than the influence of materials
proportion, L0 is an order of magnitude bigger than the thermal ex-
pansion coefficient, so the influence of L0 is much bigger than that of
thermal expansion. It means that the coated composite multi-layered
flaky gun propellant makes the thermal expansion coefficient in-
apparently decrease. For the laminated composite multi-layered flaky
gun propellant, the proportions of fast-burning layer and slow-burning
layer were consistent. However, between the two layers of the cellulose,
nitrate mixed solvent was added, it means that when the proportion of
slow-burning layer (the mixed solvent is main components in slow-
burning layer) was increased, δs increased a little, and the αL increased a
little, thus the thermal expansion coefficient of laminated composite
multi-layered flaky gun propellant unapparent was increased.

3. Results and discussion

3.1. Microscope analysis

In order to determine whether the structure of the composite multi-
layered flaky gun propellant matches the theoretical model, a VHX-
2000 scanning electron microscope (SEM) (Keyence company in China)
was used to observe the sample. Fig. 5 shows the SEM image of com-
posite multi-layered gun propellant. The picture shows that the sample
is layered and symmetric. There is a transition layer between fast-
burning layer and slow-burning layer. Meanwhile, many grooves are
observed on the fast-burning layer, and the faster-burning layer is
covered by slow-burning layer tightly. The faster-burning layer and
slow-burning layer penetrated each other, thus the surface of fast-
burning layer and slow-burning layer was seamless.

The image of SEM shows that the selected sample is smooth, and the
sample structure conforms to the theoretical model, this “sandwich
type”model is consisted of two slow-burning layer and one fast-burning
layer, the fast-burning layer is between tow slow-burning layer as
shown in Figss. 4–5 [1,2]. When the material is elongated (or shor-
tened) along the direction of the load, the deformation is shortened (or
elongated) in the direction perpendicular to the load, this effect is
called Poisson Effect [39]. Because of Poisson Effect, when the com-
posite multi-layered flaky gun propellant is extruded at the outlet of the
die, the gun propellant will be extruded in an outlet direction, and the
other two directions perpendicular to this direction will be stretched, so
the fast-burning layer will be squeezed into the slow-burning layer. In
the experiment of this paper, whether the faster-burning and slow-
burning layer penetrate each other has an effect on thermal expansion

coefficient of whole composite multi-layered flaky propellant is studied.

3.2. Thermal expansion coefficient of different sample analysis

The experiment was conducted at 233 K–258 K, the thickness of
sample did not have a big change, and the curves had a big vibration.
This curve fitting for a straight line may be inaccurate. For example,
when the experiment was conducted at 288–303 K, the curves increased
slowly, the thickness of sample did not change obviously. When the
experiment was conducted at above 303 K, the sample turned soft and
shrunk, the curves declined. Because the main ingredients in the com-
posite multi-layered gun propellant was double-based absorption pro-
pellant, there was small molecules plasticizer nitroglycerin in the
double-based absorption propellant, its glass-transition temperature
was relatively low. The probe in the TMA presses the sample with a
pressure of 0.05 N, the sample turns to shrink. Therefore, the thermal
expansion coefficient is calculated from the data in the temperature
range from 263 K to 283 K where the curves are linear, then straight
lines are fitted to get L-T curves of various burning-rate gun propellant.
The thermal expansion coefficient of sample was calculated using the
curves. The data are summarized in Tables 2–5.

3.2.1. The influence of thickness for thermal expansion coefficient
Fig. 6 shows the ΔL-T curves of composite multi-layered flaky gun

propellant and Table 2 shows the calculation result of their thermal
expansion coefficient. These curves correspond to different thermal
expansion curves, and the ratio of the slope to L0 is the corresponding
thermal expansion coefficient, it can be found that the fitting curves
have a higher degree of fitting, and the slopes of curves are significantly
different. As it is shown in Fig. 6, thermal expansion coefficient of the
composite multi-layer gun propellant decreases with the increase of
thickness. Due to the main ingredients in the composite multi-layered
gun propellant, fast-burning layer holds a large proportion, specifically,
three times as much as slow-burning layer. When the thickness in-
creases, the fast-burning layer and slow-burning layer increase at the
same time, so the total mass fraction of the fast-burning layer is bigger
than that of slow-burning layer, but the thermal expansion coefficient
of the fast-burning layer is much smaller than that of the slow-burning
layer, so the thermal expansion coefficient of the composite multi-
layered flaky gun propellant declines. Thus, it can be seen for the

Fig. 5. Microscopic structure of the sample.

Table 2
The value for thermal expansion coefficient of propellant samples (263–283 K).

Samples label (5
samples in each group)

Average thickness
L0/mm

thermal expansion coefficient (the
average value) α/10−5 K−1

(1) 0.4485 6.7331
(2) 0.5356 6.0422
(3) 0.6174 5.4802
(4) 0.3093 3.4460
(5) 0.3997 2.3302
(6) 0.4739 1.8779

where (1), (2), (3) is 0.4 mm, 0.5 mm, 0.6mm thickness of NO.1 composite
multi-layered flaky gun propellant, (4), (5), (6) is 0.3 mm, 0.4 mm, 0.5 mm
thickness of NO.2 composite multi-layered gun propellant.

Table 3
The value for thermal expansion coefficient of propellant samples (263 K–283).

Samples label (5
samples in each group)

Average thickness
L0/mm

thermal expansion coefficient (the
average value) α/10−5 K−1

(7) 0.3147 8.9537
(8) 0.4521 6.3739
(9) 0.4469 1.6531

where (7) (8) is 0.3 mm, 0.4 mm thickness slow-burning layer, (9) is 0.4 mm
thickness fast-burning layer.
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composite multi-layer gun propellant of the same material, when its
thickness increases, its thermal expansion coefficient declines.

3.2.2. The thermal expansion coefficient of fast-burning layer and slow-
burning layer

Fig. 7 shows the curves of fast and slow burning layer. The calcu-
lation results of their thermal expansion coefficient are summarized in
Table 3 From Fig. 7, we can conclude that the thermal expansion
coefficient of the slow-burning layer is much greater than that of the
fast-burning layer. Due to some difference in the ingredient of slow-
burning layer, on the basis of fast-burning layer, it contains 10% flame
retardant (EC), thus in the process of temperature rising, the coiled
molecular chain will be extended because of the Elastic Effect, which
makes the thermal expansion coefficient of the slow-burning layer
much greater than that of the fast-burning layer (see Fig. 8).

3.2.3. The influence of coating and laminating on the thermal expansion
coefficient of fast-burning layer

In order to ensure the uniformity of the samples, the laminated
samples were used to test the change of thermal expansion coefficient.
The preparation of laminated samples required applying solvent be-
tween the layers, so the effects of coating samples on the thermal ex-
pansion coefficient were needed to test.

Fig. 9 shows the curves of coated fast-burning layer samples and
Table 4 shows the calculation result of their thermal expansion

coefficient. From Fig. 6, which corresponds to (9), (10), (11), (12), we
can conclude that the thermal expansion coefficient of the coated fast-
burning layer increases. Since the coating was made by using a layer of
solvent (dissolve the nitrocellulose with acetone solution) on both side
of the fast-burning layer, the nitrocellulose was the main ingredients of
solvent and the same was for the slow-burning layer. It will be equal to
add the slow-burning layer to the fast-burning layer, and the thermal
expansion coefficient of the slow-burning layer is greater than that of
the fast-burning layer, so its thermal expansion coefficient increases.
When the number of layers of laminated fast-burning layer increases,
the numbers of layers of same material has no effect on the thermal
expansion coefficient, the thermal expansion coefficient does not
change obviously, thus it can be seen that the number of layers of

Table 4
The value for thermal expansion coefficient of propellant samples (263–283 K).

Samples label (5
samples in each group)

Average thickness
L0/mm

thermal expansion coefficient (the
average value) α/10−5 K−1

(9) 0.4469 1.6531
(10) 0.5245 7.6542
(11) 1.1414 18.8341
(12) 1.4162 18.7408

where (9) is 0.4mm thickness of the fast-burning layer, (10) is 0.4 mm of the
coated fast-burning layer, (11), (12) is two layers and three layers of 0.4 mm
thickness of the laminated fast-burning layer.

Table 5
The value for thermal expansion coefficient of propellant samples (263–283 K).

Samples label (5
samples in each group)

Average thickness
L0/mm

thermal expansion coefficient (the
average value) α/10−5 K−1

(5) 0.4521 6.3739
(13) 0.6224 1.6832
(14) 1.0968 2.3412
(15) 1.4060 2.7552

Fig. 6. ΔL-T curves for composite multi-layered flaky gun propellant.

Fig. 7. ΔL-T curves for fast and slow burning layer.

Fig. 8. Schematic diagram of the coated and laminated samples.
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lamination has a small influence on the thermal expansion coefficient of
fast-burning layer.

3.2.4. The influence of coating and laminating for thermal expansion
coefficient of composite multi-layered gun propellant

Fig. 10 shows the curves of the laminated propellant samples and
Table 5 shows the calculated results of their thermal expansion coeffi-
cient. From Fig. 7 which corresponds to (5), (13), (14), (15), we can
conclude that after coating, the thermal expansion coefficient of the
composite multi-layered flaky gun propellant declines, and after lami-
nating, the thermal expansion coefficient of composite multi-layered
flaky gun propellant basically stays the same. The reason is that for the
coated composite multi-layered flaky gun propellant, its thickness in-
creases, the proportion of fast-burning layer and its thickness increases,
so its thermal expansion coefficient declines. As for the laminating
composite multi-layered flaky gun propellant, the thickness of slow-
burning layer increases, but fast-burning layer is the major proportion,
so its thermal expansion coefficient does not change obviously.

Compared with the test result by Zhang, the thermal expansion
coefficients of composite multi-layered flaky gun propellants and
double-layered variable burning-rate gun propellant have the same
order of magnitude (1× 10−5 K−1), meanwhile, the result showed that

the thermal expansion coefficient of slow-burning layer is higher than
that of fast-burning layer [40].where (5) is 0.4mm thickness of the
NO.2 composite multi-layered gun propellant, (13) is 0.4 mm coated
NO.2 composite multi-layered gun propellant, (14), (15) is two layers
and three layers of 0.4mm coating NO.2 composite multi-layered gun
propellant.

4. Conclusion

The average thermal expansion coefficient of this kind composite
multi-layered flaky gun propellant is 1× 10−5 K−1 from 263 to 283 K,
at the thickness of 0.4 mm. For 0.4mm gun propellant, coating makes
the thermal expansion coefficient reduced, the laminating makes the
thermal expansion coefficient reduce inapparently. For the fast-burning
layer, coating makes the thermal expansion coefficient increase, the
laminating makes the thermal expansion coefficient increase, but there
is no obvious relationship with numbers of layers. In this study, the
calculation model is based on the structure of the gun propellant type.
Theoretically, this calculation model can be applied to determinate the
thermal expansion coefficient of materials with similar structure, these
materials can include the ceramic, carbon, metals [41–53], polymers
[53–56] and their colloids and nanocoposites [57–78].
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