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To describe the effect of confining pressure on the mechanical responses of N15 propellant, a constitutive model considering the
confining pressure effect was first established for N15 propellant based on the elastic-viscoelastic correspondence principle. Then,
the mechanical properties of N15 solid propellant under different confining pressures were obtained using confining pressure test
system, and the obtained results indicate that the initial modulus of propellant did not change with confining pressure, but the
maximum tensile strength, rupture strength, the maximum elongation, and elongation at break increased with increasing
confining pressure. In conjunction with propellants’ mesoscopic structure and cross-section analysis, the mechanical
mechanism of confining pressure effect on propellant was initially disclosed. Due to confining pressure, the particle dewetting
inside the propellant was reduced, the hole propagation was delayed, and crack extension inhibited germination, proving that
confining pressure has a strengthening impact on the propellant. Finally, assuming that the model parameters were dependent
on pressure, the model parameters acquisition and validation were conducted. The results demonstrated that constitutive
model can describe confining pressure influence on the mechanical properties of N15 propellant accurately.

1. Introduction

The mechanical properties of solid propellants under com-
plex loads are essential as a support and basis to study charge
structure integrity. Based on previous researches [1–3],
engine ignition and pressurization process is a weak link in
charge structure failure. During engine ignition, the internal
pressure of the combustion chamber is as high as 10MPa,
and the charge structure, especially the charge column, is
exposed to high temperature and high-pressure environ-
ments. The mechanical properties of solid propellants in this
complex state vary from those at room temperature and
atmospheric pressure. A solid propellant material is consid-
ered to be incompressible, and the axial and radial strains of
the column demonstrate compressive strain in the confining
pressure environment. However, in the circumferential
direction, the solid propellant material is in three directions.
The study of the mechanical properties of solid propellants

is carried out under atmospheric pressure [4]. By studying
the nonlinear mechanical properties of composite solid pro-
pellants, a damage-containing thermoviscous elastic consti-
tutive model was established, and the material function at
different temperatures was unified to a reference tempera-
ture using conversion time. The model was first proposed
as a one-dimensional form [5] and quickly expanded into
a three-dimensional form [6]. The three-dimensional consti-
tutive model was developed and applied to the finite element
software ABAQUS, and the mechanical response of HTPB
propellant with 70% particle volume fraction was success-
fully simulated under uniaxial and multiaxial complex stress
conditions. On the domestic side, a few nonlinear viscoelas-
tic constitutive models of composite solid propellant under
atmospheric pressure were also proposed by Xu et al. [7],
Peng et al. [8], and Ma et al. [9].

However, a solid propellant is a kind of viscoelastic
material with pressure sensitivity. It is unreasonable to study
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the structural integrity of charge under ignition and pressur-
ization using propellant mechanical characteristics under
atmospheric pressure. This may be the reason that the
mechanical properties of the charge meet the design index
at atmospheric pressure, but frequent failure accidents occur
in the ignition. Therefore, the mechanical properties of pro-
pellants under confining pressure must be studied in detail.

A few research work have been carried out on viscoelas-
tic materials’ mechanical properties under confining pres-
sure. Sridhar and Fleck [10] and Peroni et al. [11] studied
hydrostatic pressure impact on the mechanical properties
of aluminum foam materials. The analysis of the stress state
around the particles filled with solid propellant under con-
fining pressure by Liu et al. [12] showed that (1) there is a
high triaxial tensile stress on particles surface at ambient
pressure or external pressure, and (2) under ambient pres-
sure, tensile stress surrounds the high triaxial tensile stress
region, while the compressive stress surrounds the high tri-
axial tensile stress region under external pressure. The initi-
ation and evolution of damage are inhibited, and the
material has higher strength and modulus. The uniaxial ten-
sile and shear tests of propellants under different confining
pressures (0~ 15MPa) were carried out [13]. It was found
that the confining pressure environment significantly
increased the failure stress and failure strain of propellant.
Özüpek [14] found that the confining pressure environment
has little effect on propellant mechanical properties before
“dewetting,” but it could greatly affect its failure parameters.

In the finite strain model framework of Simo [15], Tunç,
and Özüpek [16, 17] developed the three-dimensional visco-
elastic constitutive model under confining pressure environ-
ment by introducing the damage evolution model of Canga
et al. [18] and carried out the finite element secondary devel-
opment to expand the application. A confining pressure test
system with hydraulic oil as a pressurized medium was
designed to study the effect of confining pressure on double-
base propellant mechanical properties [19]. Also, following
the finite strain framework of Simo, Kumar et al. [20, 21]
adopted two kinds of dilatational strain energy models to
model the effect of confining pressure. The wide
temperature-gas confining pressure test system was developed
by Zhang et al. [22], a high-pressure gas was used to form the
confining pressure environment, and the temperature of high-
pressure gas and propellant samples was controlled by convec-
tion heat transfer. Bihari et al. [23] pointed that the strain
capability of HTPB propellant increased as the strain rate at
a given pressure increased, and the maximum stress capability
was in the pressure range of 4 to 6MPa.

To sum up, a series of studies have been carried out on
propellant mechanical characteristics under confining pres-
sure environment during past decades. However, these work
focus on the HTPB propellant, and comparing to the recent
solid propellant, the deformation is relatively small. Mean-
time, these models need the dilatational volume to deter-
mine the model parameters and the ability to describe
large deformation response of recent solid propellant has
not been proved. Therefore, the mechanical properties and
corresponding constitutive model of solid propellant should
be carried out.

In this paper, we introduced a nonlinear viscoelastic
constitutive model to model the effect of confining pressure
and the method of model parameters acquisition was pre-
sented. The mechanical properties of N15 solid propellants
under confining pressure were obtained and analyzed. The
ability of the nonlinear constitutive model to describe the
stress-strain responses of N15 propellant was validated. It
is believed that this work will lay a foundation for analyzing
the structural integrity of charge under the ignition shock
and pressure load of a solid rocket engine.

2. Constitutive Model

2.1. Constitutive Model Theory. In order to build a relation-
ship between mechanical states of elastic and viscoelastic
media, Schapery [24] proposed the concept of pseudovari-
able and developed for constitutive equations of nonlinear
viscoelastic materials. Corresponding to the stress-strain
relationship of elastic materials, for viscoelastic materials,
the definition is as follows:

εR ≡
1
ER

ðt
0
E t − τð Þ dε

dτ
dτ: ð1Þ

In the formula, εR is the pseudostrain, ER is the reference
elastic modulus, usually taken as ER = 1, and the relaxation
modulus function of viscoelastic material is EðtÞ. Then, the
relaxed integral viscoelastic constitutive model can be writ-
ten

σ = ERε
R: ð2Þ

Generally, under small deformation, the mechanical
responses of solid propellant can be described by the linear
viscoelastic model theory (equation (2)), and as the strain
and stress increase, damage (e.g., deweeting and micro-
crackes) would generated inside propellant, and a damage
function is essential to describe the degradation of mechan-
ical properties at this stage. Therefore, a damage function
CðSÞ is introduced when there is damage inside the visco-
elastic body, and the upper formula can be rewritten to

σ = C Sð Þ ⋅ ER ⋅ ε
R: ð3Þ

The pseudostrain energy density function is

WR εR, S
� �

= C Sð Þ εR
� �2
2 : ð4Þ

Considering the local crack growth obeys a power law in
energy, the damage evolution law can be expressed [25]

_S = −
∂WR

∂S

� �α

: ð5Þ

Based on the equation (3), the damage evolution law of
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the material can be changed into

_S = −
εR
� �2
2

∂C Sð Þ
∂S

 !α

: ð6Þ

If the data acquisition frequency is high, the time incre-
ment step Δt is small, and the derivative of the damage inter-
nal variable S to the time t and the derivative of the damage
function CðSÞ to the internal variable S can be expressed in
the form of increment:

ΔS
Δt

≈ −
εR
� �2
2

ΔC Sð Þ
ΔS

 !
: ð7Þ

Then, the incremental form ΔS of the damage internal
variable S is

ΔS = −
εR
� �2
2 ΔC Sð Þ

 ! α
1+α

Δt
1

1+α,

S t + Δtð Þ − S tð Þ = −
εR
� �2
2 C t + Δtð Þ − C tð Þð Þ

 ! α
1+α

Δt
1

1+α:

ð8Þ

In equation (8), to characterize the material damage evo-
lution law, the value of material constant at different tensile
rates is considered as invariant, related to the creep and
relaxation characteristics of the material, and has the follow-
ing similar relations:

α = 1 + 1
n
,

n ≈
log D tð Þ
log t = −

log E tð Þ
log t ,

ð9Þ

where the creep compliance and relaxation modulus of the
material is expressed as DðtÞ and EðtÞ, respectively.
2.2. Method of Model Parameters Acquisition. The parame-
ters to be determined in the constitutive equation in the pre-
vious section are relaxation modulus function EðtÞ, material
constant α, internal damage variable S, and damage function
CðSÞ. The acquisition steps of other parameters are
described below:

① Determine the initial value of the material constant
describing the law of damage evolution according to the
relaxation modulus in the form of Prony series fitted by
relaxation test

② According to the theory of linear viscoelasticity and
ER = 1, the corresponding pseudostrain values at different
tensile rates are calculated

③ According to the stress-strain calculation at different
tensile rates, the relationship CðtÞ between damage function
CðSÞ and time t is obtained

④ Based on equation (8), the function relation SðtÞ
between variable S and time t in damage can be obtained,
and the corresponding relation CðtÞ can be formed with
the function obtained in step 3, and the function CðSÞ can
be obtained

⑤ The function curves CðSÞ obtained under different
tensile rates of the same ambient pressure are plotted in
the same coordinate system. If the coincidence degree of
each curve is poor, adjust the material constant value appro-
priately, and repeat steps 4 and 5.

⑥ According to step 5, the final function curve CðSÞ is
obtained, and then the function CðSÞ is fitted

⑦ Following the same fitting processes, the function CðSÞ
can be determined for various confining pressure conditions,
and the material parameters and fitted parameters are consid-
ered as pressure-dependent. Finally, the constitutive model
considering the effect of confining pressure can be developed.

The fitting flow chart of each parameter is shown in
Figure 1:

3. Experimental Research and Discussions

3.1. Compass Test System. The confining pressure test system
consists of three parts: pressure supply device, confining pres-
sure device, and loading device. The pressure supply device is
used to supply high-pressure gas required in the test, and the
confining pressure device takes the closed cylinder block,
which is resistant to high pressure as the main body to provide
high-pressure gas environment required during the test and
keeps the pressure stable in the cylinder. The detailed installa-
tion of the confining pressure device is shown in Figure 2.

3.2. Test Program

3.2.1. Test Material. N15 propellant is a particle-filled high-
energy composite material, which is usually adjusted according
to different application indexes to meet the demand for its
combustion or energy characteristics. Because of the influence
of processing flow and environmental factors, the internal
structure state is uneven, while propellant microstructure is
not different, and the macroscopic mechanical properties are
basically unchanged. A certain formula of the same batch
N15 cast propellant embryo is selected as the research object
in this paper. The basic formula is shown in Table 1. Referring
to the standard of the tensile test method of solid propellant
QJ924-85, N15 propellant embryo material is cut and
machined into dumbbell specimen with specific size as demon-
strated in Figure 3(a). The specimen is put into the incubator
after processing and kept in a constant temperature environ-
ment of 50°C for 24h and then cooled naturally to eliminate
the residual stress produced inside the specimen during
machining. The test fixture adopts the standard QJ924-85 rec-
ommended tensile test fixture, as displayed in Figure 3(b).

3.2.2. Relaxation Test. The relaxation test was carried out on
QJ211B electronic universal testing machine at room temper-
ature (20 ± 1°C). The strain level should be selected in the
relaxation test when the propellant material is in the linear vis-
coelastic stage. At this time, the propellant has not suffered any
damage, such as dewetting and interchain sliding fracture; so,

3International Journal of Aerospace Engineering



the accuracy of the obtained propellant relaxation modulus
can be guaranteed. The strain level is 8%, and the equivalent
rate linear loading process is selected for strain loading. The
tensile rate of the specimen is 100mm/min to 4mm (the stan-
dard distance of the specimen is 50mm). After the strain level
is reaches 8%, the stress response of the specimen is stopped
and recorded in real-time. The relaxation time is 3600 s. Under
this condition, repeated tests are carried out many times, the

test is terminated when test data repeatability is good, and
the average value is taken as the final test result.

3.2.3. Uniaxial Tensile Test. Under uniaxial tensile test, to
analyze the mechanical properties of N15 propellants under
different pressures, four groups of pressure environments were
selected for testing: 0, 0.5, 2, and 5.4MPa (apparent pressure).
Uniaxial tensile tests of 4 rates at each pressure value were car-
ried out. The tensile rates were 2, 10, 50, and 200mm/min, and
corresponding strain rates were 0.000667, 0.00333, 0.0167,
and 0.0667 s-1, respectively. The detailed experimental plan is
listed in Table 2. This testing scheme not only studies the effect
of different tensile rates on mechanical properties of N15 pro-
pellants under the same pressure environment but also inves-
tigates the effect of different environmental pressures on the
mechanical behavior of N15 propellants at the same tensile
rate. The scheme comprises 16 working conditions, three
repeated tests are conducted under each working condition,
and the total number of tests is 48. Because of the difference
of propellant material itself, if there is a strange result in the
process, the test result should be abandoned and repeated to
ensure three test data with good repetition under each working
condition. The average value of three groups of test data is
chosen as the final test result.

3.3. Test Results

3.3.1. Relaxation Test. The relaxation test results are depicted
in Figure 4. In the early stage of relaxation (0~ 1000s), N15

Prony series
Relaxation modulus

Material constant α

Whether to
coincide 

Pseudo strain
εR1

Pseudo strain
εR2

Pseudo strain
εR3

Pseudo strain
εR4

Determine the
value of each

parameter

No

Yes

C1(t)

C1(S1) C2(S2) T3 (S3) C4(S4)

S1(t) S2(t) S3(t) S4(t)

C2(t) C3(t) C4(t)

Figure 1: Flowchart of constitutive model parameter fitting.

Loading beam

Upper end cap

Confining cylinder

Lower end cap

Observation
window 

Air inlet

Figure 2: Physical diagram of the confining pressure device.

Table 1: N15 Solid propellant base formula.

Adhesive/% Plasticizer/% AP/% Al/% RDX/% Catalyst/%

6~ 8 17~21 20~30 20~30 18~20 1~ 3
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propellant stress decreases rapidly with time. After 2000 s,
the specimen enters the stable stage, and the stress tends to
stabilize gradually, consistent with the stress relaxation phe-
nomenon of viscoelastic materials mentioned above.

According to relaxation test results, relaxation modulus
EðtÞ decreases in logarithmic order with time. According
to experimental results, the relaxation modulus function of
the 7th order Prony series is as follows:

E tð Þ = 1:3518 + 26:5316e− t
0:001 + 13:1452e− t

0:01 + 7:9518e− t
0:1

+ 3:5226e−t + 2:9025e− t
10 + 1:5485e− t

100 + 0:4591e− t
1000:

ð10Þ

3.3.2. Uniaxial Tensile Test. Under environmental pressure
of 2MPa and a tensile rate of 10mm/min, the test data are
processed after three repeated tests. As demonstrated in
Figure 5, engineering stress-strain curves of the three sam-
ples basically coincide, with a better degree in the initial sec-
tion of the curve, and some differences are found between
the equilibrium section and descending section of the curve,
which may be caused by measurement error or uneven inter-
nal structure of the specimen.

As mentioned above, all the test data are processed and
drawn into engineering stress-strain curves under different
environmental pressures at the same tensile rate, as shown
in Figure 6. In this figure, the engineering stress-strain curve
has obvious viscoelastic characteristics, and the initial sec-
tions of each curve exhibit linear growth and then enter
the yield section, and fracture failure occurs after the strain
strengthening section.

Increasing the confining pressure exhibits little impact
on the initial modulus of material but prolongs the linear
elastic stage of the curve, causing the yield section of the
curve to recede, and the maximum tensile and fracture
strength of the sample increases by varying degrees. Maxi-
mum elongation and elongation at break also increase with
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Figure 5: Uniaxial tensile stress-strain curves (2MPa, 10mm/min).
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Figure 3: The propellant specimen size and fixture.

Table 2: The detailed experimental plan.

Test
temperature/°C

Tensile speed/
(mm/min)

Confining pressure/MPa
(relative atmospheric pressure)

20

2 0, 0.5, 2, 5.4

10 0, 0.5, 2, 5.4

50 0, 0.5, 2, 5.4

200 0, 0.5, 2, 5.4

0 1000 2000 3000 4000
0.10
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0.16
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0.20

t/s

Sample 1
Sample 2
Average value

σ
/M

Pa

Figure 4: Test results of N15 propellant relaxation at room
temperature.
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environmental pressure, which are different from the results
of HTPB propellant [22, 23]. This may be caused by the par-
ticles’ size and compositions [22]. Nevertheless, in generally
speaking, compression has a strengthening effect on N15
propellants and increases the mechanical properties with
enhanced effect in a low confining pressure environment.
When the pressure rises from 0 to 0.5MPa, the mechanical
parameters of the material are improved, and the strength-

ening effect is weakened in a high confining pressure
environment [26]. However, the existence of a pressure
threshold makes the relevant mechanical parameters reach
the upper limit and no longer increase with pressure.

3.4. Effects of Compression Effect on Mechanism. N15 propel-
lant is a high-energy polymer based on a binder and filled
with several solid particles. The schematic diagram of

Adhesive matrix

Solid particles

Holes

Figure 7: Schematic diagram of the propellant microstructure.
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Figure 6: Stress-strain curves of N15 propellant under different confining pressures.
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SU3500 20.0kV 17.0mm×100 SE

Magnify 100 times Magnify 1000 times

SU3500 20.0kV 17.2mm×1.00k SE500 μm 50.0 μm

(a) Environmental pressure 0MPa and tensile rate 2 mm/min

SU3500 20.0kV 16.2mm×100 SE SU3500 20.0kV 16.2mm×1.00k SE500 μm 50.0 μm
Magnify 100 times Magnify 1000 times

(b) Environmental pressure 2MPa and tensile rate 2 mm/min

SU3500 20.0kV 17.3mm×100 SE SU3500 20.0kV 18.0mm×1.00k SE500 μm 50.0 μm
Magnify 100 times Magnify 1000 times

(c) Environmental pressure 0MPa and tensile rate 200mm/min

Figure 8: Continued.
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SU3500 20.0kV 16.4mm×100 SE SU3500 20.0kV 16.6mm×1.00k SE500 μm 50.0 μm
Magnify 100 times Magnify 1000 times

(d) Environmental pressure 2MPa and tensile rate 200mm/min

Figure 8: N15 profile of propellant.
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Figure 9: Graphs of environmental pressures CðSÞ.
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propellant microstructure is shown in Figure 7. The mesos-
tructure of the material has a direct effect on its macroscopic
mechanical properties. In the multicomponent viscoelastic
material, an obvious interface is found between matrix (con-
tinuous phase) and solid particles (dispersed phase), and the
mesostructure distribution is not uniform, indicating that
N15 propellants belong to heterogeneous ones.

A SU 3500 scanning electron microscope was employed
to scan and observe the cross-section morphology of the
propellant, and the cross-section morphology was obtained,
as presented in Figure 8.

Under a tensile rate of 2mm/min, compared with 0 and
2MPa environmental pressures, the cross-section morphol-
ogy is enlarged by 100 times. From Figure 8(a), an apparent
particle dehumidification phenomenon was observed on a
cross-section at 0MPa, cracks in the joint surface are
formed, and more holes are distributed due to the complete
separation of particles and matrix. At 2MPa, dehumidifica-
tion phenomenon is also found on the section, but forming
hole size is less than 0MPa verified from the enlarged 1000
times morphology diagram, and 2MPa is higher than
0MPa when the section is denser, resulting in holes and

cracks that are also significantly reduced, as shown in
Figure 8(b). When the tensile rate is 200mm/min, the sec-
tion under 0MPa has a crack of propagation and fusion
but compared with 2mm/min tensile conditions, and there
is no evident particle dewetting phenomenon that may be
due to the fast tensile rate, seen in Figure 8(c). It can be
explained that the environmental pressure affects the inter-
nal fracture evolution mechanism of the propellant during
the tensile process, which shows that particle dehumidifica-
tion degree on the section decreases, and the germination
and propagation process of microcracks and microspore
holes is delayed.

The ambient pressure effects on propellants’ mechanical
properties can be summarized as follows: ambient pressure
acts directly on propellants’ surface, compacting the matrix
and particles. The propellant specimens are under three-
direction compression at first. During propellants being
stretched, propellants’ internal structure should be dehumi-
dified, whereas microcracks and microholes should be ger-
minated compared with that of propellants at atmospheric
pressure. Due to external pressure, the matrix and particles
are compressed, which cannot produce particle dewetting,
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Figure 10: Model parameter fitting results.
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inhibiting germination of internal cracks and pores, and thus
delays their fusion development, and the compactness of
propellants is greatly improved [12]. The macroscopic
results show that the yield section of the stress-strain curve
is delayed, mechanical properties of each material are related
to the environmental pressure, and propellant mechanical
properties are strengthened.

4. Model Parameter Acquisition and Validation

4.1. Model Parameter Acquisition. According to relaxation
modulus EðtÞ obtained by the relaxation test above, the ini-
tial value α = 10 is selected, and the sum of each working
condition CðtÞ and SðtÞ is obtained in turn by the above fit-
ting steps. After many iterations, the curves CðSÞ under each
environmental pressure are finally fitted as shown in
Figure 9.

The fitting curves CðSÞ under various environmental
pressures can be fitted in the following functional forms:

C Sð Þ = C0 + Ae −S
Bð Þ: ð11Þ

The damage model parameters C0, A, and B are
described as the function of environmental pressure p, and
the model parameters are shown in Figure 10.

α = 1:597p + 9:22,

C0 = 0:45 + 0:03 exp −
p

0:64
� �

,

A = 0:52,

B = 0:33 − 0:16 exp −
p

0:666
� �

:

ð12Þ

4.2. Model Validation. After obtaining all constitutive model
parameters, the mechanical response under different envi-
ronmental pressure and different strain rates can be calcu-
lated and then compared with the test results to verify the
model’s accuracy.

First, the pseudostrain value is calculated from the
known strain rate and relaxation modulus, and then the
damage variable S value is calculated, in which the incre-
ment form of the damage internal variable is

ΔS = εR
� �2
2

A
B
e−

S
B

 !α

Δt: ð13Þ

Then, the damage function value CðSÞ is obtained, and
the stress response is calculated. Finally, the complete
stress-strain relationship is obtained.

The stress-strain relationship of specimens under differ-
ent strain rates of 0.5MPa and tensile rate of 2mm/min is
calculated. The calculated results are compared with the test
results in Figure 11. The coincidence degree between the cal-
culated result curve and the test curve is better, indicating
that the model’s accuracy and parameters are better.

5. Conclusions

Based on the mechanical properties test and theoretical anal-
ysis of N15 solid propellants under different confining pres-
sure conditions, we concluded the following:

(1) The confining pressure exhibits little impact on the
propellant’s initial modulus but extends the linear
elastic stage of the stress-strain curve, causing the
yield section of the curve to recede and the
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Figure 11: Comparison of the model predictions and experimental results.
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maximum tensile strength and fracture strength of
the specimen augment in varying degrees

(2) The SEM technique was developed to analyze pro-
pellant cross-section morphology, and it was found
that the internal particle humidity of the propellant
decreased due to the confining pressure

(3) The damage viscoelastic constitutive model of N15
propellant considering confining pressure effect is
established. The mechanical response under differ-
ent working conditions is calculated and compared
with experimental results. The results show that
N15 propellant containing damage viscoelastic con-
stitutive model considering confining pressure
effect is precise and can accurately describe confin-
ing pressure impact on N15 propellant mechanical
properties

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request
(hanjunli3390@sina.com).
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