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Composite modified double base (CMDB) propellants are heterogeneous propellants in which properties are significantly
improved by adding solid particles into the polymer matrix. A molecular group interaction model that can predict the
mechanical properties of polymers through a molecular structure is used to predict the viscoelastic behavior of the CMDB
propellant. Considering that the addition of solid particles will improve the crosslinking degree between polymer molecules
and reduce its secondary loss peak, the input parameters of the model are modified through dynamic mechanical analysis
(DMA) experimental data. By introducing the strain rate into the expression of model glass transition temperature, the
mechanical properties of propellant over a wide strain range (1:7 × 10−4 s-1~ 3000 s-1) are obtained. The reliability of the model
is verified by comparison with uniaxial compression test data. By modifying the input parameters of the model, the effects of
different mass ratios of nitrocellulose (NC)/nitroglycerin (NG) on the mechanical properties of the CMDB propellant were
analyzed. The results show that the glass transition loss increases with increasing mass ratio of NC/NG, while Young’s
modulus and yield stress decrease.

1. Introduction

The CMDB propellant is a kind of solid propellant formed
by adding high explosives and other components to improve
energy characteristics on the basis of a double base propel-
lant. It is widely used in solid rocket motors due to its unique
characteristics, such as high energy density and good com-
bustion performance [1]. Gun-launched missiles are initially
driven by high-pressure gas within gun chambers to reach a
muzzle speed of several hundred meters per second in a few
milliseconds [2]. The propellant is compressed and
deformed instantaneously; thus, the strain rate varies over
a wide range of values. In high-overload applications, solid
propellant particles are subjected to impact loads at a strain
rate of approximately 102 s-1 (the so-called intermediate
strain rate) [3]. Compared with the quasistatic deformation,

internal defects of the propellant develop faster in the
dynamic response process under a high-overload state, and
the accumulation of a large amount of damage in a short
time is more likely to cause mechanical failures and reduce
engine safety, leading to accidents.

However, due to the long-term lack of experimental data
at intermediate strain rates, it may not be possible to verify
the reliability of the existing CMDB propellant constitutive
model at intermediate strain rates. In other words, there
are few constitutive models that can describe the mechanical
response of CMDB propellants over a wide range of strain
rates, especially at moderate strain rates. Fortunately, Yang
et al. [3] performed many compression experiments of the
CMDB propellant at room temperature and low (<102 s-1),
medium (1 to 102 s-1), and high (>102 s-1) strain rates.
According to Yang’s experimental method, the CMDB
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propellant was uniaxially compressed over a wide strain rate
range. Therefore, the purpose of the present study is to pro-
pose a new rate-dependent model to predict the mechanical
properties of CMDB propellants in various strain rate
ranges. This article has made major innovations in this field
to compensate for the insufficiency of the constitutive model
under a moderate strain rate.

In the past 30 years, several theoretical studies have been
conducted to investigate the dynamic mechanical properties
of solid propellants, and remarkable results have been
obtained. Siviour et al. [4] and Sunny [5] studied the
dynamic mechanical properties and critical strain rate of
hydroxyl-terminated polybutadiene (HTPB) over a wide
range of strain rates using the split Hopkinson pressure bar
(SHPB) experimental system. Combined with the dynamic
mechanical analysis (DMA) experiment, Cady et al. [6]
focused on the stress yield and glass transition temperature
of HTPB under different strain rates. The effects of the strain
rate on the yield stress and initial elastic modulus of
composite modified double base (CMDB) propellants were
analyzed by Chaoxiang et al. [1] and Yang et al. [3] The
strain rate dependence of the ultimate stress and strain
energy of CMDB propellants were revealed by Zhang et al.
[7] These studies have shown that the mechanical properties
of solid propellants have a strong strain rate dependence.

The establishment of a constitutive model is important
for predicting the mechanical properties of a propellant
and evaluating the performance of the solid rocket motor.
The constitutive model established based on the phenome-
nological method has been widely studied because of its
intuitive form and concise calculation. Ho [8] used a phe-
nomenological nonlinear viscoelastic constitutive model that
included a strain energy function to describe the deforma-
tion of the HTPB solid propellant. Sun et al. [9] and Liu
et al. [10] described the deformation of solid propellants
under high-strain-rate uniaxial compression using the
Zhu-Wang-Tang (ZWT) model. Kunz [11] established a
viscohyperelastic constitutive model describing the com-
pression behavior of solid propellants over a wide range of
strain rates based on the viscohyperelastic constitutive
model proposed by Burke et al. [12]. Considering the effects
of aging and damage, Yildirim and Oezupek [13] and
Wang et al. [14] established thermoviscous–hyperelastic
constitutive models that reflect the effects of aging on
the deformation characteristics and show the damage of the
high-strain-rate solid propellant under compression defor-
mation. The macroscopic phenomenological modelling
method does not consider the physical mechanism of the
material and only uses appropriate mathematical expressions
to describe the stress–strain behavior of the propellant based
on its mechanical test data. However, as solid propellants are
mixtures of polymer and solid particles, their macromecha-
nical properties reflect their micromechanical as well as
mesomechanical properties. Chen et al. [15, 16] used holes
to replace dehumidified particles and established viscoelastic
mesodamage models of complete and partial dehumidifica-
tion of particles based on the equivalent inclusion theory.
Tan et al. [17] introduced the cohesion model between parti-
cles and the matrix and established a damage model to

simulate the dehumidification process of the particle inter-
face. Tohgo et al. [18] regarded the material as a four-phase
composite composed of a matrix, fully bonded particles,
holes, and partially dehumidified particles and established
an incremental mesodamage model. Hur et al. [19] investi-
gated the effects of strain rate, temperature, and cyclic load
to improve the constitutive model of Xu [20] by assuming
that the shear modulus of the binder is a product function
of the strain rate and temperature. The modelling method
of mesomechanics does not involve the interactions between
the various components of the matrix and those between the
components of the matrix and the particles, and it cannot
characterize the mechanical properties of the matrix.

An analysis of the relationship between the microstruc-
ture and mechanical properties of the propellant from a
microscopic perspective can reveal the influence of the com-
position of the binder matrix on the mechanical properties
of the propellant, help predict material properties from a
microscopic perspective, clarify the mechanism of material
damage, and provide a basis for the theoretical analysis of
the experimental data. Based on molecular dynamics
methods, Kohno et al. [21], Manaa et al. [22], and Xiao
et al. [23] used a force field to describe the interaction
between the molecules and atoms of each component and
calculated the decomposition characteristics and mechanical
properties of the single-component and two-component
systems of the propellants. Because of the incomplete micro-
mechanics theory and the limitation of computing resources,
the establishment and calculation of large-scale molecular
models is difficult, and the research content is limited to
the microcosm. Through multiscale modelling, Porter [24]
proposed a group interaction model (GIM) to predict the
mechanical properties of polymers based on their molecular
structure. The GIM was based on the premise that mechan-
ical properties result from energy storage and dissipation
during material deformation. By quantifying the energy stor-
age and loss at the molecular level of the interaction between
the characteristic atomic groups in the polymer, GIM
enables the direct calculation of the nonlinear mechanical
properties of polymers as a function of the strain, tempera-
ture, and strain rate based on their molecular structure
[25]. Guan et al. [26] considered the molecular structure
of natural silk, taking into account the influence of the
amorphous structure on the glass transition of silk, reveal-
ing the relationship between the molecular structure of
natural silk and its mechanical properties using GIM
theory. Jordan et al. [27] successfully predicted the thermo-
mechanical and engineering properties of a series of amine-
cured multifunctional epoxy resins. Foreman et al. [28]
predicted the mechanical behavior of three isostructural
variants of HTPB and successfully predicted their impact
performances. The development of the GIM yields a
method for establishing the relationship between the micro-
structure of propellants and their macromechanical proper-
ties. However, the current research on GIMs is still focused
on polymers, and there is insufficient research on propel-
lants, especially on CMDB propellants.

This study considers the CMDB propellant commonly
used in solid rocket motors and analyzes the influence of

2 International Journal of Aerospace Engineering



the binder on the mechanical properties at the molecular
level through GIM theory. Combining GIM theory, uniaxial
compression tests, and DMA experiments, the relationship
between the mechanical properties of the solid propellant
and the component parameters was investigated over a wide
range of strain rates. By varying the mass ratio of NC to NG
in the binder, the influence of the component parameters on
the mechanical properties of the propellant was analyzed.
The results of this study provide a reference for the optimi-
zation design of the charge formulation over a wide range of
strain rates.

2. Experiments

2.1. Uniaxial Compression Test. The composition of the
CMDB propellant used in this study is given in Table 1.
The particle size of HMX is 92 microns.

For the low and medium strain rate uniaxial compres-
sion tests, the GJB770B-2005 Gunpowder Test Method-
Method 415.1-Compressive Strength-Compression Method
was followed using a Φ16 × 20mm cylindrical specimen, as
shown in Figure 1(a). For the high strain rate uniaxial com-
pression tests, to reduce the radial and axial inertia effects in
the small specimen [29], the length-diameter ratio was
designed to be 0.5, and the specimen was a cylinder of Φ10
× 5mm, as shown in Figure 1(b). The propellant specimen
was formed by extrusion.

The low strain rate uniaxial compression tests of solid
propellants were carried out using an Instron 4505 material
universal testing machine. The medium strain rate uniaxial
compression tests were carried out using an Instron VHS
160/100–20 high-speed hydraulic servo testing machine.
When the propellants are compressed at high speed, it may
lead to the change in internal microstructure and chemical
reactions under certain conditions, which may lead to
combustion or explosion. When the propellant burns or
explodes, it will ignite the hydraulic oil in the high-
pressure oil circuit and damage the experimental equipment.
According to the research of Yang et al. on medium strain
rate uniaxial compression tests [3], a protection device was
configured on a high-speed hydraulic servo testing machine
to protect the experimental equipment. When the energetic
material burns or explodes during the compression, the
space formed by the protective sleeve and baffle can prevent
the upward propagation of the flame and the outward splash
of combustion particles. The pressure relief hole on the pro-
tective sleeve and the gap between the protective sleeve and
baffle can quickly discharge the high-pressure fuel gas and
reduce the pressure inside the sleeve. More details of the
experimental equipment and data processing can be found
in the study of Yang et al. [3]

High strain rate uniaxial compression tests of solid
propellants were carried out using an SHPB.

The impact of the gas gun on the incident bar generates
an incident stress pulse, which travels along the incident bar
until it reaches the specimen. Part of the stress pulse reflects
while the rest is transmitted through the specimen. The
strain gauges placed at the incident bar and the transmission
bar measure the incident strain εI , the reflected strain εR, and

the transmitted wave strain εT .Under the assumption of
one-dimensional stress wave and dynamic stress balance of
the test piece, the engineering strain rate _εE , engineering
stress σE, and engineering strain εE of the specimen can be
calculated as follows:

_εE = −
2CI

Ls
εR tð Þ,

εE = −
2CI

Ls

ðt
0
εR tð Þdt,

σE =
AT

AS
ETεT tð Þ,

8>>>>>>>><
>>>>>>>>:

ð1Þ

where CI is the elastic wave velocity of the incident bar,
LS is the initial length of the specimen, AT is the cross-
sectional area of the transmission bar, AS is the initial
cross-sectional area of the specimen, and ET is Young’s
modulus of the transmission bar.

Copper plate is used as pulse shaper to control the shape
of incident strain pulse, and vaseline is used to lubricate the
interface between compression rod and sample to reduce the
radial friction between them. The schematic diagram of the
experimental device for medium strain rate and high strain
rate is shown in Figure 2.

The wide strain rate uniaxial compression test equip-
ment and test conditions of the CMDB propellant are listed
in Table 2. To ensure the accuracy and reliability of the test
data, three parallel tests were carried out under each test
condition, and the average value of the three parallel tests
was taken as the final test data under this condition. All
uniaxial compression tests of the CMDB propellant were
carried out at room temperature (20°C).

2.2. DMA Experiments. The DMA tests measured the change
in strain or stress of the polymer with time under the action
of alternating stresses or alternating strains. When an exter-
nal force acts on the polymer, the outside transfers mechan-
ical energy to the polymer system. The polymer then deforms
owing to its elasticity. The energy stored in the deformation is
referred to as storage energy; the remainder of the energy is
irreversibly dissipated and is referred to as dissipated energy
[30]. The storage modulus, loss modulus, and loss tangent
characteristics of the propellant are obtained through DMA
experiments, which can characterize the viscoelastic proper-
ties and analyze the changes in the mechanical properties of
the propellant from a molecular perspective.

The tests were carried out using a DMA-Q800
dynamic mechanical analyzer manufactured by TA Com-
pany. The size of the test piece for the DMA tests was
12:4 × 4 × 3:3mm, and the temperature range was -50–
90°C (223.15–363.15K), applied through stepwise heating

Table 1: Composition of the CMDB propellant.

Composition NC NG HMX RDX Others

Content 50% 32% 10% / 8%
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with a temperature step of 3°C. The specimen was sup-
ported by a single cantilever beam, the initial amplitude
was 5μm, and the loading frequency of the CMDB propel-
lant sample was 1, 2, 5, 10, and 20Hz.

2.3. Results and Analysis. Figure 3 shows the stress–strain
curves of the CMDB propellant obtained in the uniaxial
compression tests under a strain rate range of 1:7 × 10−4 s-1
to 3000 s-1 at 20°C. According to the test results, the
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m

(a) Specimen for the low and medium strain rate uniaxial compression tests

10mm

5m
m

(b) Specimen for the high strain rate uniaxial compression tests

Figure 1: Specimen for the uniaxial compression test.

Baffle 

Dynamic anvil 

Protecive sleeve 

Static anvil 

Specimen

(a) Schematic of the medium strain rate uniaxial compression tests

Gas Gun Striker Bar Pulse Shaper Incident Bar Specimen Transmission Bar Dashpot 

Protective Box Strain gauge Strain gauge 

(b) Schematic of the SHPB apparatus

Figure 2: Schematic diagram of experimental device.
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mechanical behavior of the CMDB propellant shows certain
characteristics:

(1) The mechanical behavior of the CMDB propellant
has an obvious strain rate dependence: the stress
under constant strain increases with increasing
strain rate

(2) The rate of change of the stress–strain curve for the
CMDB propellant exhibits an obvious inflection
point

Figure 4 shows the storage modulus, loss modulus, and
loss tangent over 1–20Hz with temperature obtained in the
DMA tests. There are two inflection points in the dynamic
mechanical properties of the CMDB propellant. Taking the
loss tangent curve as an example, there is a small loss peak
at low temperature, which corresponds to the secondary
transformation (α transition) of the CMDB propellant; this
is generally considered to be related to the side base move-
ment of NC and NG. The transition peak-to-peak value of
the high-temperature section is larger and corresponds to
the glass transition (β transition) of the CMDB propellant,
which is generally considered to be related to the main chain
movement of NC and NG [31]. As the frequency increases,
the α and β transition peaks of the CMDB propellant shift
to higher temperatures.

3. Constitutive Model

The GIM theory was established by Porter [24] in 1995 to
describe the relationship between a polymer molecular
structure and its macroscopic mechanical properties. The
basic assumption of GIM theory is that the mechanical
properties of polymers are the direct result of energy storage
and dissipation during material deformation. GIM theory
quantifies the energy storage and loss at the molecular level
of the interaction between characteristic groups (polymer
molecular units) and converts the above assumptions into
a series of continuous structure–performance relationships
to construct equations of state and constitutive relationships.
The GIM allows the mechanical properties related to the
strain, temperature, and strain rate of polymers to be calcu-
lated directly based on the polymer molecular structure.

The CMDB propellant is a composite material composed
of a binder matrix and a solid particle filler. Its mechanical
properties reveal a viscoelasticity similar to that of a pure poly-
mer, and it is also affected by solid particles and the interaction
between solid particles and the binder. Based on the GIM
method combined with the Mori–Tanaka mesomechanics
model and considering the impact of solid particles on charac-
teristic molecular groups, a method for predicting the
mechanical properties of solid propellants based on compo-
nent information is established over a wide strain rate range.

3.1. GIM Model. The geometric model of the interaction
between molecular segments in GIM theory is shown in
Figure 5. Each polymer segment is surrounded by six identi-
cal molecular segments. Each bendable and deformable
polymer molecular segment is an inextensible cylinder with
a diameter of r composed of Z characteristic group units;
the length of each unit is L.

The distance between the centers of adjacent molecular
segments is the same as the diameter of the segments. Adja-
cent molecular segments are bound by an attraction force
such as the binding energy of the van der Waals force, i.e.,
the molecular group interaction energy, E. A potential func-
tion is introduced to describe the interaction between molec-
ular groups. The relationship between the interaction energy
and the center distance, r, of the chain segment is as follows:

E = Ecoh
r0
r

� �12
− 2 r0

r

� �6� �
: ð2Þ

This can be expressed in terms of the volume (V = L · r2)
as follows:

Table 2: Uniaxial compression test conditions.

Test type Low strain rate Medium strain rate High strain rate

Equipment Instron 4505 Instron VHS 160/100-20 SHPB

Average loading speed/launch pressure 0.2, 2, 20 (mm/min) 20, 200, 2000 (mm/s) 0.015, 0.03, 0.15 (MPa)

Engineering strain rate (s-1) 1:7E − 4, 1:7E − 3, 1:7E − 2 1, 10, 100 400, 1000, 3000
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Figure 3: True stress–strain curves.
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E = Ecoh
V0
V

� �6
− 2 V0

V

� �3
" #

, ð3Þ

where r0 and V0, respectively, represent the distance and
volume of the center of the chain segment when a pair of
molecular chain segments in contact with each other are in
equilibrium at absolute zero. Ecoh represents the value of
the potential function when the distance between the centers
of the chain segments is r0, which is referred to as the zero-
point binding energy.

The interaction energy, E, of molecular groups can also
be expressed as −Ecoh, which is the sum of the conforma-
tional energy and thermal energy:

E = −Ecoh +Hc +HT : ð4Þ

For crystalline and amorphous polymers, the conforma-
tional energy Hc is 0.04Ecoh and 0.06Ecoh, respectively, which
can also be summed according to the ratio of each state pres-
ent. The thermal energy is obtained as follows:

HT =
ðT
0

NR 6:7T/θ1ð Þ2
1 + 6:7T/θ1ð Þ2� 	

( )
dT , ð5Þ

where θ1 is the cooperative vibration reference temperature,
N is the freedom of movement of the characteristic group,
and R is the molar gas constant.

The expression for the coefficient of thermal expansion,
α, is as follows:

α = 1:38C
EcohRð Þ : ð6Þ

For most polymers at room temperature (20°C), the
coefficient of thermal expansion, α, is approximately equal
to the following:

α ≈
1:35N
Ecoh

: ð7Þ

The GIM has established an atomic group contribution
table and selection principle for θ1, which can determine
the van der Waals volume, VW (V0 = 1:26Vw), Ecoh, N ,
and θ1 of the characteristic group based on the molecular
structure of the high-reference characteristic group and the
principle of atomic group addition.

In the GIM, the pressure is calculated as a function of
unit volume by differentiating the potential function.

P = dE
dV

= 6Ecoh V0/Vð Þ3 − V0/Vð Þ6� 	
V

: ð8Þ

The bulk modulus of the pure elastic form of the binder
matrix, B0, is the derivative of the pressure:
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B0 =V
dP
dV

≈ 1:7 Ecoh 2 V0/Vð Þ3 − V0/Vð Þ6� 	
V/V0 − 1ð ÞVW½ � : ð9Þ

Considering that the addition of solid particles will affect
the pure elastic bulk modulus of the propellant, the Mori–
Tanaka [32] method is used to calculate the pure elastic bulk
modulus, B, of the propellant.

The Mori–Tanaka expression for the pure elastic bulk
modulus of particle-filled composites is

B
B0

= 1 + Q
1 −Qα0ð Þ ,

Q = 〠
n

i=1

ci B − B0ð Þ
α0 Bi − B0ð Þ + B0½ �

α0 =
3B0

3B0 + 4G0ð Þ ,

8>>>>>>>>><
>>>>>>>>>:

, ð10Þ

where B0 is the pure elastic bulk modulus of the matrix, G0 is
the pure elastic shear modulus of the matrix, ci is the volume
fraction of the ith solid particle, and Bi is the bulk modulus
of the ith solid particle. The expression for G0 is as follows:

G0 =
B0

3/ 1 − tan Δ1/2
β

� �2
− 0:33

� � , ð11Þ

where tan Δβ is the area under the β transition peak in the
loss tangent curve. Under purely elastic conditions, tan Δβ

≈ 0. Then, Equation (11) is substituted into the expression
for α0, resulting in α0 = 0:67, which will continue to be used
in the subsequent calculation of the bulk modulus.

Under loading of an external force, external mechanical
energy is applied to the polymer system, and part of the
increased mechanical energy is stored as deformation, while
the remainder is dissipated. This energy dissipation is
divided into two parts: the first part is thermodynamic loss,
in which energy is dissipated irreversibly in the form of
heat energy; the second part is energy dissipation due to
the transition of polymer states. Because polymer molecules
have large molecular weights, the molecular chain is long,
and the degrees of freedom are high. In addition, there is
cross-linking between the molecular chains. When the
molecular motion reaches a certain level, the state of the
polymer will change. Under low-temperature conditions,
the polymer chain is in a frozen state. When the tempera-
ture rises, the restrictions on a specific atom group are
gradually lifted, the degrees of freedom in the molecule
are activated, and the polymer undergoes a β transforma-
tion. However, the entire polymer chain is still constrained
in a fixed position. As the temperature continues to rise, the
degrees of freedom in the movement of the main chain are
activated, and the polymer chain can undergo short-range
diffusion movement. The degree of freedom of the move-
ment increases from N to 1:5N , and the substance
undergoes an α transformation.

In GIM theory, the glass transition temperature, Tg, of
the polymer is obtained by deriving the potential function
based on the Born instability criterion. The expression for
the glass transition temperature at 1 rad/s is as follows:

Tgr = 0:224θ1 + 0:0513 Ecoh
N

� �
, ð12Þ

The relationship between Tg and the angular frequency,
f (the angular frequency of the DMA test loading), is given
by the GIM theory as follows:

f = f0 exp
− 1280 + 50 ln θ1ð Þ

Tg − Tgr + 50

 �

" #
: ð13Þ

In this equation, the reference angular frequency, f0, is
related to the Boltzmann constant, k, and Planck constant, h:

f0 =
kθ1
h

: ð14Þ

Equation (13) shows that the glass transition temperature,
Tg, increases roughly linearly with log f . The angular
frequency, f , and the strain rate, _ε, of the propellant have the
following relationship:

f = _εl0
2d0

, ð15Þ

where l0 is the initial thickness of the DMA test specimen and
d0 is the loading amplitude in the DMA test. The values of l0
and d0 in the DMA tests in this study are 3.3mm and 5μm,
respectively.

Energy dissipation can be measured by the loss tangent
(dissipated energy/energy storage). The cumulative loss tan-
gent is defined as the total area under the loss tangent peak.
GIM theory calculates the value of the cumulative loss tan-
gent of α by quantifying the ratio of the energy dissipated
due to the increase in degrees of freedom during the α trans-
formation to the energy required for the polymer to undergo
α transformation. The calculation method for the α cumula-
tive loss tangent is

tan Δg ≈ 0:0085 Ecoh
Nc

, ð16Þ

where Nc represents the number of degrees of freedom
activated when the molecular chain is stretched. The
specific values are obtained from the atomic group con-
tribution table.

The distribution of the α loss tangent, tan Δg, with tem-
perature is assumed to be a Gaussian distribution function
centered on the peak temperature, Tg, and divergence, sg.

tanδg =
tanΔg

sg
ffiffiffiffiffiffi
2π

p� �
0
@

1
Aexp

− T − Tg

 �2

2s2g

 !
: ð17Þ
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Compared with the glass transition loss tangent, which
can be accurately quantified, the β transition is difficult to
predict owing to its complexity and uncertainty. The GIM
theory uses an empirical method combined with DMA tests
to describe the β transition. The β transition temperature is
described by the Arrhenius formula as follows:

Tβ =
−ΔHβ

R ln f /f0ð Þ½ � , ð18Þ

where ΔHβ represents the activation energy of the β

transformation.
The β cumulative loss tangent is also measured by the

ratio of dissipated energy to stored energy during the β
transition, as follows:

tan Δβ ≈ kc
ΔNβ

Nc
, ð19Þ

where ΔNβ represents the degree of freedom of the poly-
mer that is activated by the β transformation, ΔNβ/Nc is
the ratio of the degrees of freedom of the side group of
the polymer molecule to the degrees of freedom of the
main chain, and kc is a proportional coefficient. An empir-
ical value for kc of 25 was obtained by analyzing a large
number of polymers.

The distribution of the β transition peak is generally
wider than that of the α transition peak. Similarly, the dis-
tribution of the β loss tangent, tan Δβ, is described by a
Gaussian function:

tan δβ = tan Δβ

exp − T − Tβ


 �2/ 2s2β
� �h i

sβ
ffiffiffiffiffiffi
2π

p� � : ð20Þ

The expression for the distribution function of the loss
tangent, tanδ, is the sum of tan δg and tan δβ.

According to the temperature gradient of the pure elastic
bulk modulus derived above, the Young’s modulus before
the glass transition can be obtained as follows:

Yβ = B exp
−
Ð T
0 tan δβdT

A ⋅ Bð Þ

" #
, ð21Þ

where the upper limit of integration, T , is the observation
temperature, i.e., the ambient temperature of the propellant.
The expression for A is

A = 1:5 × 105L
θ1 ⋅Mð Þ , ð22Þ

where M is the molar mass of the characteristic group.

On this basis, the expression for Young’s modulus cover-
ing the range of the polymer rubber state is as follows:

Yα =
Yβ

1 +
Ð T
0 tan δgdT

� �2 : ð23Þ

The yield point is an important demarcation point for
the mechanical properties of polymers, and it represents
the beginning of plastic deformation. The GIM theory
defines the yield point as the state point where the character-
istic group units can undergo large-scale translational
motion relative to each other. The mechanical yield point
is equivalent to the thermal glass transition point.

The magnitude of the expansion of a unit volume from
V to the glass transition state can be measured using the
temperature increase and thermal expansion coefficient, α:

ΔV
V

� �
y

= α T − Tg


 �
: ð24Þ

Substituting the expression for α into Equation (24)
yields the following:

ΔV
V

� �
y

=
1:35N T − Tg


 �
Ecoh

: ð25Þ

Only part of the energy input to the propellant is used to
generate elastic strain, while the other part is lost through
thermal dissipation or the phase change of the polymer.
The strain can thus be expressed as follows, assuming that
the total strain, ε, is consumed by the pure elastic strain, Δ
V/V , and viscous strain, εv:

ε = ΔV
V

+ εv =
ΔV/Vð Þ

1 − tan Δ1/2
β

� � , ð26Þ

where tan Δβ is the cumulative loss tangent of the β transition.
The yield strain can be expressed as follows:

εy Tð Þ = 1:35N T − Tg

 �

1 − tan Δ1/2
β

� �
Ecoh

h i : ð27Þ

According to the elastic modulus of the polymer before
the glass transition,

Ee = B 1 − tan Δ1/2
β

� �2
: ð28Þ

The expression for the yield stress is as follows:

σy Tð Þ =
1:35B 1 − tan Δ1/2

β

� �
N T − Tg


 �
Ecoh

: ð29Þ

3.2. Input Parameters. The molecular structures of NC and
NG are shown in Figure 6. The GIM input parameters of
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related groups are found in the atomic group contribution
table, and the GIM input parameters of the binder system
are obtained based on the principle of addition. These
parameters are listed in Table 3.

Unlike θ1 and ΔNβ, the GIM input parameters Ecoh, Vw,
N, and Nc for NC and NG are obtained through addition of
the values in the atomic group contribution table. The CMDB
propellant binder matrix is a mixture of NC and NG. For the
mixed polymer, the GIM input parameter value is calculated
as a weighted average, where the weight is the fraction of the
amount of substance, ni. For example, the value of N for the
binder matrix is NNC × nNC +NNG × nNG. The conversion
between the mass fraction, mi, of the ith (i = 1, 2) polymer
and the molecular weight fraction, ni, is calculated using
Equation (30). The value of the β cumulative loss depends
on the structural characteristics of the polymer molecule. For
a polymer consisting of a mixture of two polymers, the β
cumulative loss tangent value is expressed as Equation (31).
The GIM input parameters are listed in Table 4, in which
the β activation energy, ΔHβ, is obtained by fitting the β tran-
sition temperature in the 1–20Hz DMA experiments.

ni =
mi/Mið Þ

mNC/MNC +mNG/MNGð Þ , ð30Þ

tan Δβ = 〠
2

i=1
tanΔβ,ini: ð31Þ

In Equation (30), mi represents the molar mass of the ith

polymer molecule.
Based on the propellant binder matrix and solid particle

component parameters, the pure elastic bulk modulus is
calculated. The component mass fraction is given in the pro-
pellant component information and needs to be converted
into a volume fraction. The conversion relationship between
the mass fraction, mi, and volume fraction, Vi, of each com-
ponent is as follows:

Vi =
mi/ρið Þ

∑n
i=1 mi/ρið Þ½ � , ð32Þ

where Vi is the volume fraction of the ith component in the
propellant, mi is the mass fraction of the ith component, and
ρi is the density of the ith component. The density and bulk
modulus of each component in the CMDB propellant are
listed in Table 5.
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R

R

R

O

R
R = ONO2 or OH

O

n

(a) Molecular structure of NC

O

O
O

O
O

O

O–

O–

O–N+
N+

N+

(b) Molecular structure of NG

Figure 6: Molecular structures of NG and NC.

Table 3: Input parameters of the binder.

Ecoh (J/mol) N Nc Vw (cc/mol) M (g/mol)

-CH- 4500 2 — 10.23 13

-CH2- 4500 2 — 10.23 14

-O- 6300 2 — 5 16

-OH- 13000 2 — 8 17

-NO2- 21500 4 — 14 46

NC 235070 61.3 94 337 559

NG 96900 24 12 87 227

Table 4: GIM input parameters for the CMDB propellant.

Ecoh (J/mol) N N ′ Nc Vw (cc/mol) L (Å) ΔHβ (J) Θ1 (K)

150540 38.5 31.6 43.7 184.1 44.1 53065.3 364

Table 5: Physical parameters of each component.

Binder RDX HMX

Density, ρ (g·cm-3) 1.61 1.82 1.894

Bulk modulus, B (GPa) / 46.43 9.4
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4. Results and Discussion

4.1. Model Verification. The mechanical loss characteristics
of the propellant are predicted, and the divergence of the loss
tangent distribution of α and β is determined based on DMA
experiments. As shown in Figure 7, the prediction results for
the loss tangent curve at 10Hz are quite different from the
experimental data. In particular, relative to the experimental
data, the α transition temperature is too low, and the β tran-
sition peak is too high in the predicted results. For the glass
transition temperatures predicted in the range of 1–20Hz,
the results show that the predicted α transition temperature
at each frequency is relatively low.

Due to the microscopic analysis, near the surface of the
solid particles, the polymer chain segments will be entangled
with each other. Dehm [33] showed that solid particles are
actually a function of physical cross-linking points. With
increasing cross-linking point density, the free volume of
the polymer decreases, the degree of restriction on the activ-
ity of the molecular chain increases, and the average chain
length between adjacent cross-linking points decreases.

As the degree of cross-linking increases, the degree of
freedom of movement of the polymer segment, N , will
decrease. From the above assumptions, the value of N is
reversed based on the experimental data. In the DMA tests,
at a frequency of 10Hz, Tg = 334K. Substituting this into
the expression for the glass transition temperature, the
corrected value of N ðN ′Þ is 31.6.When the correctedN value
is used to predict the Tg values of the 1–20Hz DMA experi-
ments, the GIM theory can predict the glass transition tem-
perature of the CMDB propellant well, as shown in Figure 8.

Zhou et al. [34] compared the experimental results of
DMA experiments on a double base propellant and modified
doublebase propellant with the same NC/NG mass ratio.
The results showed that the solid particles had little effect
on the value of Tβ but reduced the β loss peak.

In the calculation equation for tan Δβ, ΔNβ/Nc is the
ratio of skeletal degrees of freedom to degrees of freedom
in the chain which is the molecular structure characteristic
parameter of the polymer. It is believed that the addition
of solid particles will not change this value. The proportional
coefficient kc presents the ratio of the secondary transition
temperature to the peak distribution width. On the premise
that kc is a fixed value, the peak distribution width must
increase as the peak temperature increases to maintain a
constant total cumulative loss tangent area under the peak.
It is considered that the addition of solid particles will
change the width of the peak distribution resulting in chang-
ing the value of kc.
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Figure 7: Prediction results for the 10Hz loss tangent.

0 2 4 6 8 10 12 14 16 18 20 22
Frequency (Hz)

327

328

329

330

331

332

333

334

335

336

337

Tg
 (K

)

Experimental
Theoretical prediction

Figure 8: Glass transition temperature prediction with a corrected
value of N .

10 International Journal of Aerospace Engineering



According to the DMA experimental data, the kc value of
the CMDB propellant is 8.42. By substituting the corrected N
and kc values into the loss tangent expression, the prediction
of the loss tangent curve is significantly improved and is more
consistent with the experimental data, as shown in Figure 9.

Young’s modulus is a measure of elastic energy stored in
materials, so larger energy dissipation or loss must be
reflected in lower Young’s modulus [35]. Bondi [36] pointed
out that if the mechanism of mechanical energy conversion
to heat can be identified, the empirical proportional relation-
ship between the loss tangent and elastic modulus tempera-
ture gradient can be used to predict the elastic modulus.
Equation (21) is given on this basis. When the temperature
is higher than the glass transition temperature, this simple

proportionality fails, so a separate relationship needs to be
called to cover the glass transition temperature and above.
Equation (23) is taken from the original GIM model [24]
to predict Young’s modulus at and above the glass transition
temperature because the glass transition has a very high
energy dissipation factor (loss tangent).

Based on the input values of the pure elastic bulk modulus
and loss tangent of the CMDB propellant, compressed
Young’s modulus could be calculated over a wide strain rate
range using the aforementioned GIM prediction method.
Comparing the results with the experimental data, it can be
seen that this prediction method is accurate and reliable. The
prediction results are shown in Figure 10. The temperature
and strain rate dependence of Young’s modulus can be
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Figure 9: Prediction results for 10Hz loss tangent with corrected values of N and k.
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attributed to the strain rate dependence of the glass transition
temperature and secondary transition temperature. Under the
condition of small strain, the value of compressive Young’s
modulus is the same as that of tensile Young’s modulus.

Similarly, the yield stress can be predicted based on the
data in Table 4. The prediction results are shown in
Figure 11. Comparing the prediction results with the exper-
imental data shows that the GIM method is very effective for
predicting the yield stress of the CMDB propellant in the low
and medium strain rate ranges. However, the prediction of
the yield stress in the high strain rate range is poor.

It can be seen from the expression for the yield stress in
the GIM model that at a certain temperature, the growth of
the yield stress is approximately linear with the logarithm of
the strain rate. In fact, when the strain rate reaches a certain
value, there is an inflection point in the change in the yield
stress with the strain rate, resulting in a significant increase

in the yield stress growth rate at high strain rates. Yang
et al. [3] used DMA experiments on a CMDB propellant
and the detachment-shift-reconstruction (DSR) analysis
method to determine that the inflection point in the trends
of the yield stress and other mechanical properties with the
strain rate can be attributed to the change in the strain rate-
related mechanism from α transformation control to a com-
bined α and β transformation control. GIM theory indicates
that the mechanical yield point is equivalent to the glass tran-
sition point in thermals, emphasizing the decisive role of the α
transition without considering the effect of the β transition,
and thus, it is only suitable for the prediction of yield stresses
at low and medium strain rates (<100 s−1).

4.2. Influence of the NC/NG Mass Ratio. Based on the con-
tent of the previous section, the mechanical properties of
the propellant are predicted by varying the NC/NG mass
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Figure 12: Mechanical properties of the propellant with different NC/NG mass ratios.

12 International Journal of Aerospace Engineering



ratio in the propellant while keeping the other components
unchanged. The changes in the mechanical properties of
the propellant are analyzed as the NC/NG mass ratio is
varied from 0.5 to 2.

As shown in Figure 12(a), as the mass ratio of NC to NG
increases, the pure elastic bulk modulus of the propellant
decreases, indicating that the ability of the propellant to
resist deformation is weakened.

The influence of the NC/NG mass ratio on the tangent
curve of the CMDB propellant loss is shown in
Figure 12(b). The NC/NG mass ratio has little influence on
the α and β transition temperatures of the propellant. When
the mass ratio of NC/NG decreases, both the α and β loss
peaks increase, the α and β cumulative losses also increase,
and the effect of the mass ratio on the α transition is greater.
These rules are consistent with the experimental results
reported by Yao et al. [37]. The main reason for this phe-
nomenon is that when the NC/NG mass ratio decreases,
the free volume between molecules increases, and conforma-
tional change of the polymer chain more easily occurs,
which leads to the increase of the α mechanical loss.

Young’s modulus and yield stress under different mass
ratios are shown in Figures 12(c) and 12(d). Yang et al.’s
[3] research shows that the mechanical properties of propel-
lants at low and medium strain rates are mainly affected by β
transition, while at high strain rates, they are jointly affected
by β transition and α transition. The NC/NG mass ratio has
little effect on β transition but has a great influence on the α
transition. Therefore, it can be seen that the mass ratio has
little effect on Young’s modulus and yield stress at low and
medium strain rates but has a greater effect at high strain
rates. With the increase in the NC/NG mass ratio, Young’s
modulus and yield stress of the propellant decrease.

5. Conclusion

This study utilizes GIM theory; starting from the micromo-
lecular structure of the binder in a solid propellant, a series
of physical equations are used to measure the energy storage
and dissipation characteristics of the characteristic group
under an external load. The influence of the discrete phase
of particles is considered to establish a method for predicting
the mechanical properties of solid propellants over a wide
strain rate range based on their composition. When model-
ling the CMDB propellant, it is found that the solid particles
act as physical cross-linking points, which will reduce the
freedom of movement of the molecules and the cumulative
loss. The experimental data are combined to create an
empirical summary of the effect of solid particles and correct
the corresponding GIM input parameters. By comparing the
prediction results with the experimental data, it can be seen
that the CMDB propellant exhibits linear viscoelastic
characteristics before the yield point. The loss tangent curve
has a small secondary transition loss peak at low tempera-
ture and a large glass transition loss peak at high tempera-
ture. The values of Young’s modulus and yield stress have
obvious strain rate dependence, and both increase with an
increase in the strain rate.

According to the constructed prediction method for the
mechanical properties of the CMDB propellant, the influ-
ence of the NC/NG mass ratio in the binder on the mechan-
ical properties of the CMDB propellant is analyzed over a
wide strain rate range. With a decrease in the NC/NG mass
ratio in the binder, the changes in the α and β transition
temperatures are small, the peaks of the α and β loss peaks
both increase, and the cumulative loss increases. At a certain
strain rate, as the mass ratio decreases, Young’s modulus and
yield stress of the propellant increase. At a high strain rate,
the change in the mass ratio has a greater effect on the
increase in the Young’s modulus. At the same time, the
change in the mass ratio at each strain rate increases the
yield stress. This law can provide a reference for the optimi-
zation design of CMDB propellant charge components.

In addition, when using the GIM method to establish
the relationship between the propellant micromolecular
structure and macromechanical properties, not only its
structural characteristics but also the microstructure of the
binder polymer may be affected by the manufacturing pro-
cess. These uncertainty factors in the GIM input parame-
ters have a certain influence and may lead to deviations
in the prediction results.

In general, this study analyzes the influence of the binder
matrix component mass ratio on the mechanical properties
of propellants, which provides the possibility to judge
whether the designed propellant can maintain structural
integrity in the application environment by digital means
rather than experimental means. The constitutive model
under a wide strain rate considering the influence of parti-
cles proposed in this paper effectively makes up for the defi-
ciency of CMDB propellants in the medium strain rate range
and provides motivation and prospect for the research of
propellant constitutive models in the wide strain rate range
and the development of mechanical property prediction of
particle-reinforced composites.

Nomenclature

σE: Engineering stress
εE: Engineering strain
_ε: Strain rate
σ: True stress
ε: True strain
Tg: Glass transition temperature
Tβ: β transition temperature
tanδ: Loss tangent
α: Glass transition
β: β transition
r: The diameter of characteristic group unit
r0: The value of r at absolute zero
L: The length of characteristic group unit
V : The volume of characteristic group unit
V0: The value of V at absolute zero
VW: van der Waals volume
E: The molecular group interaction energy
Ecoh: The value of the potential function when r = r0
N : Freedom of movement of the characteristic group
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Nc: Number of degrees of freedom activated when the
molecular chain is stretched

ΔNβ: The degree of freedom of the polymer
θ1: Cooperative vibration reference temperature
C: Specific heat
R: Molar gas constant
α: Coefficient of thermal expansion
B0: The pure elastic bulk modulus of the matrix
B: Pure elastic bulk modulus of the propellant
G0: Pure elastic shear modulus of the matrix
Tgr: Glass transition temperature at 1 rad/s
f : Angular frequency
f0: Reference angular frequency
tan Δg: α cumulative loss tangent
tan Δβ: β cumulative loss tangent
tan δg: The distribution of the α loss tangent
tan δβ: The distribution of the β loss tangent
s: Divergence of Gaussian distribution
ΔHβ: The activation energy of the β transformation
Y : Young’s modulus
σy : Yield stress
εy: Yield strain
M: Molar mass of the characteristic group
mi: Mass fraction of component i
ni: Molecular weight of component i
Vi: Volume fraction of component i
DMA: Dynamic mechanical analysis
SHPB: Split Hopkinson pressure bar
CMDB: Composite modified double base
GIM: Group interaction model
NC: Nitrocellulose
NGN: Nitroglycerin
HTPB: Hydroxyl-terminated polybutadiene.
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