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At present, the casting of large-size motors often adopts pressure cure. This technology can effectively reduce the risk of damage to
the structural integrity of the grain in the case-bonded casting solid rocket motor. In this paper, ABAQUS is used to establish a
finite element model of star-shaped grains. The whole process of pressure cure was simulated and modeled, and the Python script
was redeveloped. The Evol evolutionary algorithm was used in ISIGHT to optimize the load parameters such as pressure value,
attenuation coefficient of the relief curve, and the attenuation coefficient of the cooling curve. The effects of different pressure
values and different cooling and depressurizing rates on the residual stress and strain were analyzed. The optimization results
show that the closer the pressure value is to the theoretical pressure, the more significant the effect of pressure cure. However,
the effect of stress and strain reduction in different directions is slightly different. The different cooling and pressure relief rates
have a great influence on the process quantity. Pressure cure works best when the pressure attenuation coefficient is equal to
6850, and the temperature attenuation coefficient is equal to 8650. The optimization analysis of pressure curing provides a
reference for engineering practice.

1. Introduction

With the development of solid propellant technology, large
thrust and large propellant loading ratio are required for
the motor [1]. The application of pressure curing can effec-
tively reduce the thermal stress and thermal strain of the
motor during the propellant grain pouring process. The prin-
ciple is that the propellant slurry is pressurized during the
pouring process to make the motor case expand until the
propellant grain solidifies. The pressure was reduced while
lowering the temperature. The pressure compensates the
shrinkage deformation caused by a temperature decrease,
thus alleviating the limitation of the motor case on the
shrinkage of grain. Equipment related to pressure cure is
shown in Figure 1.

The survey results show that the relevant scholars in the
United States [2], France [3], and Japan have carried out
related research on pressure cure. The new technology is

known to have been used in some models of the solid rocket
motor in the United States. Arai [4] demonstrated the feasi-
bility of pressure cure in the 20th century. It is proved that
pressure cure can reduce the thermal stress and strain during
curing and cooling without affecting the ignition. Zong et al.
[5] calculated the theoretical pressure of pressure cure for
different types of motor cases and proposed a simplified
pressure cure simulation method. Liu et al. [6] derived a the-
oretical pressure cure formula for composite cases and veri-
fied that demoulding could be completed after pressure cure.
Liang et al. [7] successfully carried out the ignition test of a
pressure cure motor.

In order to accurately simulate the full process of pres-
sure cure, the calculation is carried out in three steps during
the simulation process. The first step of the analysis process
assumes that the grain is a very elastic elastomer, and it can
be assumed that the calculation is applied for a short period
of time and that the pressure increases directly from 0 to the
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designed pressure value. The second step is to keep the
design pressure value unchanged and the drug grain to cure
completely. In the third step, the pressure is reduced from
the design pressure value to 0, and the temperature is cooled
from the curing temperature to the storage temperature. In
this process, it is important to emphasize that the material
properties of propellants need to be changed from elastic
to viscous [8].

Pressure cure is still in the stage of technological explora-
tion, and the process pressure can not meet the demand of
theoretical pressure actually. At present, there is no unified
standard for pressurization, pressure relief, and cooling,
but the ultimate goal is to minimize the residual stress and
strain in the propellant. In the process of simulation analysis,
it is necessary to optimize the design of pressure value, pres-
sure relief mode, and cooling mode, which will provide effec-
tive technical guidance for the subsequent development of
the technology.

In this paper, ISIGHT optimization software by Dassault
Company is used to analyze the load optimization problem.
ISIGHT is a multidisciplinary platform [9]. Based on this
software, the pressure and temperature load in the process
of pressure cure of the motor propellant is analyzed in detail.
The combination of this software, and ABAQUS is mostly
used for structural optimization [10, 11]. There are also cases
of load optimization [12–14].

2. Finite Element Modelling

2.1. Model and Material Parameters. This paper mainly
studies the interaction between the case and the propellant
grain. A motor was selected to simulate the whole process
of pressure cure. The motor is a simple star-shaped propel-
lant grain. The front of the grain is cylindrical, and the back
of the grain is star-shaped. It is a single-stage motor with
case bounded.

The total length of the grain is 1600mm, the external
radius of the grain is 100mm, and the inner radius of the
grain 20mm. From the inside to the outside in turn is the
grain, cladding, insulation, and case. Considering the tem-
perature load symmetry, pressure load symmetry and geo-
metric symmetry, 1/12 of the original model was taken.
The finite element model is shown in Figure 2. In order to
ensure the accuracy of calculation, the number of elements
should be guaranteed in the establishment of a 3D finite ele-
ment model. The finite element model calculates a total of
27641 elements, all using hexahedral solid elements.

For the solid rocket motor mentioned above, the follow-
ing assumptions are made before selecting material
parameters:

(a) The propellant slurry is pressurized during the solid-
ification stage. The propellant slurry is considered to
be an approximately incompressible fluid. At this
time, the propellant grain is considered to be a mate-
rial with very small modulus and almost zero stress

(b) The cladding is very thin, and the material properties
are similar to the propellant grains, which can be
simplified to the same material

Pouring unit

Pressure
gage

Presure unit

Case

PropellantCore

Figure 1: Equipment of pressure cure.

Figure 2: Finite element mesh of the solid rocket motor.

Table 1: Basic material parameters.

Material parameters Case Insulation
Cladding/
propellant

Young’s modulus, E (MPa) 18600 60.1 E tð Þ
Coefficient of thermal
expansion, α (1/K)

1:1 × 10−5 2:1 × 10−5 8:6 × 10−5

Poisson’ ratio, ν 0.3 0.497 0.498

Table 2: The relaxation modulus prony series coefficient.

n 0 1 2 3

τn (s) —— 5.56 55.6 555.6

En (MPa) 5.9334 1.8925 1.3376 1.3309
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(c) The shrinkage deformation caused by curing of a
thermosetting material is approximately replaced
by temperature compensation. According to experi-
ence, the zero stress temperature is increased by
8°C [15] relative to the curing temperature during
calculation

(d) The motor case is assumed to be a uniform, less rigid
elastic material. Prony series in the generalized Max-
well model is used to define the viscoelasticity of
propellant grains [16]

Detailed material parameters are shown in Tables 1
and 2.

The relaxation modulus is expressed as follows:

E tð Þ = E∞ + 〠
NE

n=1
Ene

−ξ/τ, ð1Þ

where EðtÞ is the relaxation modulus, n is the fitting
coefficient, and E∞ is the equilibrium modulus.

2.2. Load Analysis

2.2.1. Theoretical Pressure Calculation. Combining the char-
acteristics of the star tube motor model in this paper, it is
simplified to a cylinder to calculate the theoretical pressure
of pressure cure. For convenience of calculation, only pro-
pellant grain and case are considered here. The principle is
shown in Figure 3. The position of the mandrel is fixed.
The volume deformation caused by the outward expansion
of the motor case under the pressure load ΔVp is equivalent
to that caused by the cooling of the solidified cylinder ΔVT .

Case Propellant Core

Increase in
volume due to
pressureΔVP

The case returns
to its original

position Temperature and
pressure reduction

Pressure boost

The volume
shrinkage due to

coolingΔVT

Original state

Equilibrium condition
ΔVP = ΔVT

Figure 3: Principle of theoretical pressure calculation.

Table 3: Parameters and interpretation.

Parameter Numerical Explanation

L 1600mm Axial length of the grain

h 1.6mm The thickness of the case

R 100mm External radius of the grain

r 20mm Inner radius of the grain

E 18600MPa The elastic modulus of the case

α 8:6 × 10−5
1/K

Coefficient of thermal expansion of the
grain
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Figure 4: Mises stress time history diagram.
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At this time, the pressure value is the theoretical pressure
required by the pressure cure of the grain.

According to reference [5], the calculation formula is
shown as follows:

ΔVT = 3απL R2 − r2
� �

ΔT , ð2Þ

ΔVp = 2πR P

Eh/R2 L, ð3Þ

P = 3α R2 − r2
� �

EhΔT

2R3 : ð4Þ

Combined with the model parameters, the theoretical
pressure of the model is about 1.4MPa. Detailed model
parameters are shown in Table 3.

2.2.2. Pressure Relief Curve and Cooling Curve. According to
reference [5], the pressure value of the current pressure cure
simulation analysis is linearly reduced to 0. The decreasing
mode of temperature generally shows a nonlinear attenua-
tion trend. The Mises stress comparison diagram of the mid-
dle section of the propellant grain was obtained under the
conditions of normal pressure cure and pressure cure.

In the structural integrity assessment of the grain, the
stress and strain values at the end point are usually con-
cerned. According to the data comparison in Figure 4, it
can be clearly seen that the final stress after pressure cure
is significantly less than that of normal pressure cure. It is
proved that pressure cure can effectively reduce the residual
thermal stress of the cylinder. However, the problem is that
the final stress after pressure cure is far less than the extreme
value of the stress in the calculation process. Therefore, only
focusing on the final value is not accurate enough for struc-
tural integrity analysis, so it is necessary to design a reason-
able relief curve to reduce the stress value in the process.

The ABAQUS decay amplitude curve was used as an
example, and the definition formula for the curve was as fol-
lows:

Z = A0 + A exp − t − t0ð Þ
td

� �
, for t ≥ t0,

Z = A0, for t < t0:

8
><

>:
ð5Þ

In combination with the changing rules of temperature
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and pressure in the curing and cooling process, only the sit-
uation of the t ≥ t0.

Cooling curve:

T = AT0 + AT exp − tT − tT0ð Þ
tTd

� �
: ð6Þ

The initial value is tT0 = 0, tTd = 10000, AT = 38, and
AT0 = 293:15.

Pressure relief curve:

P = AP0 + AP exp
− tP − tP0ð Þ

tPd

� �
: ð7Þ

The initial value is tP0 = 0, tPd = 10000, AP = ‐2, andAP0
= 0,

where tTd and tPd determine the curvature of the cooling
and pressure relief curves. The following is collectively
referred to as the attenuation coefficient of the cooling curve

and the attenuation coefficient of the pressure relief curve.
Taking the initial value as an example, the cooling and pres-
sure relief curve are shown in Figure 5.

3. Optimization Design and Results

3.1. Secondary Developments of Pressure Cure Simulation
Process. The optimization problem belongs to the optimiza-
tion of load, mainly including curing pressure value, pres-
sure relief method, and cooling method. For the sake of
simplicity, the following are directly referred to as the pres-
sure relief curve and the cooling curve. The objective is to
minimize the residual thermal stress after curing and cool-
ing. The specific optimization process is shown in Figure 6.

ABAQUS has three ways to execute commands: graphi-
cal user interface, command-line window, and script [17,
18]. Firstly, the whole process of finite element analysis
should be based on ABAQUS platform and Python scripting
language. Then load parameters such as the pressure value,
attenuation coefficient of pressure relief curve, and attenua-
tion coefficient of cooling curve were taken as the input of
ISIGHT, and the code was rewritten to extract the stress-
strain data from the result file into TXT file as the output
of ISIGHT. The input, output, and execution steps of the
application are integrated through the Sim Code module in
ISIGHT.

Then, the corresponding optimization analysis is carried
out with the optimization module. The Evol optimization
algorithm [19] in global optimization was selected. An evo-
lutionary optimization algorithm is an evolutionary strategy
based on Rechenberg and Schwefel, which change the design
by adding a normally distributed random value to each
design variable. The variation intensity changes adaptively
during the optimization process.

“for step in o.steps.values():
for frame in step.frames:

fopstress = frame.fieldOutputs[‘S’]
stress = fopstress.getSubset(region = \
propellant_e)
stressOutputExists = TRUE
for stressValue in stress.values:
if (not maxValue or stressValue.mises\

>maxValue.mises):
maxValue = stressValue
maxStep,maxFrame = step, frame

elementL =maxValue.elementLabel
integration_point =maxValue.integrationPoint”

Algorithm 1
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Figure 7: The variation of max Mises stress with pressure.
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3.2. Sensitivity Analyses of Pressure Value. In the simulation
analysis of the whole process of pressure cure, the initial
values of the temperature drop and pressure relief curve
remain unchanged, as shown in equations (6) and (7). Only
the influence of the pressure value on the stress/strain curve
is studied.

It can be known from the above calculation that the the-
oretical pressure is about 1.4MPa. Here, the pressure value P
is taken as the input variable parameter in the range ½0, 2�.
The maximum Mises stress point was used as the reference
point for analysis. The objective of optimization is to mini-
mize the stress/strain value after cooling is completed.

Since the structural integrity of the grain is mainly con-
sidered, the processing result here requires the change of
stress. Only search elements in Set [‘PROPELLANT’]. The
program sets the following:

“propellant_e= o.rootAssembly.instances\
[instanceL].elementSets[‘PROPELLANT’]”
The algorithm 1 in the paper is to select the unit number

of maximum Mises Stress and its integral point was selected
by cycling.

Figure 7 shows the variation trend of the maximum
Mises stress with the pressure value. It can be observed that
the maximum Mises stress value is the smallest at about
1.4MPa. It is shown that the effect of pressure cure is the
best under this pressure value, consistent with the calcula-
tion above.

The stress calculation results are shown in Figure 8,
which shows the trend chart of radial, hoop, and axial
stresses changing with pressure values using different pres-
sure values. When the radial stress is about 1.3MPa, the
maximum residual stress decreases to zero. When the cir-
cumferential stress is about 1.5MPa, the maximum residual
stress of the cylinder decreases to zero. When the axial stress
is about 1.6MPa, the maximum residual stress decreases to
zero.

The strain calculation results are shown in Figure 9,
which shows the trend chart of radial, hoop, and radial
strains changing with pressure values using different pres-
sure values. When the radial strain is about 1.3MPa, the
maximum residual strain decreases to zero. When the cir-
cumferential strain is about 1.4MPa, the maximum residual
strain decreases to zero. When the axial strain is about
1.2MPa, the maximum residual strain of the grain decreases
to zero.

The overall variation trend of residual stress and strain
curve is approximately linear. When the pressure value is
close to 1.4MPa, the final residual stress value is closer to
zero; that is, the absolute value is the minimum. The overall
trend has the opposite effect at 1.4MPa. It is the same with
the results of related literature and theoretical analysis.

3.3. Sensitivity Analyses of Pressure Relief Curve and Cooling
Curve. The simulation results show that different pressure
relief curves and cooling curves do not affect the final resid-
ual stress and strain of the propellant grain but have an effect
on the stress and strain in the process.

Therefore, it is necessary to consider whether the stress
and strain in the cooling process of the grain will be too
large, or the mutation will be rapid. Therefore, the absolute
value of the maximum Mises stress time history curve was
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Figure 9: The trend of strain in three directions with pressure.

Table 4: Correlation analysis of max Mises stress.

Attenuation coefficients Pearson correlation coefficient

tPd -0.5308

tTd -0.5204
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taken as the optimization objective parameter, and the tem-
perature attenuation coefficient tTd and pressure attenuation
coefficient tPd are taken as the design variables. The value
range is ½1000, 10000�. Running the calculation 100 times,
when these two values exceed this range, the temperature
and pressure values can no longer be reduced to the specified
values, which do not match the actual situation.

The correlation between pressure (temperature) attenua-
tion coefficient and maximum Mises stress were obtained by
analysis. Table 4 shows the Pearson correlation coefficient
between the two variables and the design variables, which
is between -1 and 1. The simple correlation coefficient here
measures the linear relationship between two variables. Both
pressure attenuation coefficient and temperature attenuation
coefficient were negatively correlated with max Mises stress.
The correlation between the two indexes and max Mises
stress was -0.5308 and -0.5204.

The relationship between the target variable maximum
Mises stress and the design variables tPd and tTd was calcu-
lated. It can be seen from Figure 10 that the minimum stress
is at ½tPd , tTd� = ½6850, 8650� and the Mises stress is
0.03086MPa.

It is obvious that there is a region where the value of the
target variable is maintained around 0.0308MPa. At the
same time, there is a linear relationship between the two
design variables. The relationship between tPd and tTd was
obtained by linear fitting of the data points in this region.
The fitted curve is shown in Figure 11.

According to the fitting results, the concern can be
expressed by the following linear relationship.

tPd = 1:18552tTd‐126:22911: ð8Þ

3.4. Simulation Verification of Optimization Results. Accord-
ing to the optimized conclusion above, the value of the
design variable corresponding to the minimum value of
maximum Mises stress was selected. The pressure attenua-
tion coefficient and temperature attenuation coefficient are
as follows: ½tPd , tTd� = ½6850, 8650�. The mechanical
responses under the same time course of normal pressure
cure and pressure cure before optimization and after optimi-

zation were compared under the middle position of the
inner hole of the grain.

As showing in Figure 12, the Mises stress distribution
nephogram after the completion of curing and cooling in
the three states showed that the stress in the middle of the
round tube section of the propellant grain was significantly
reduced by pressure cure.

For this model, the maximum stress of the propellant
grain is located in the middle of the circular tube section
under atmospheric pressure cure, and the maximum stress
of the propellant column is located in the star hole at the tail
of the propellant column after pressure cure. It shows that
the application of pressure cure can effectively reduce the
residual stress in the round tube section and the transition
section of the grain, the effect of pressure cure for different
positions of the reduction effect is different. The optimized
residual stress level of the grain star tube can be significantly
reduced. This proves that optimization is meaningful.
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Figure 13 shows the variation curve of the stress in three
directions with time during the cooling process of the pro-
pellant grain.

From the final value, it can be found that the pressure
cure can effectively reduce the residual stress of the grain.
The radial stress reduction effect reached 95.67%. The effect
of hoop stress reduction reached 95.66%. The axial stress
reduction effect reached 87.20%.

By comparing the pressure cure data before and after
optimization, it is found that the optimization of pressure
relief curve and cooling curve has no effect on the final resid-
ual stress value, and the final residual stress value is only
related to temperature difference and pressure difference.
However, the optimization can effectively reduce the
extreme stress value in the process. The curve gets smoother.
It reduces the risk of local damage caused by excessive stress
in the cooling process.

Figure 14 shows the time variation curve of the strain in
three directions during the cooling process of the propellant
grain.

From the final value, it can be found that the pres-
sure cure can effectively reduce the radial and hoop
residual strains of the grain. The radial strain reduction
effect reached 86.39%. The effect of hoop strain reduc-
tion reached 80.99%. The axial strain changes from the
tensile strain ratio to compressive strain. The main rea-
son is that the motor case does not wrap the front
and rear end faces of the grain, which leads to its free
contraction. The numerical order of magnitude itself is
in the tens of thousands place. Compared with the strain
in other directions, this effect can be ignored. The con-
clusion that the effect of pressure cure is significant still
held.

By comparing the pressure cure data before and after
optimization, the optimization of pressure relief curve
and cooling curve have no effect on the final residual
strain value. Same trend after stress optimization was
observed. After optimization, the stress extremum in the
process can be effectively reduced. The curve changes
more gently.
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Figure 12: Mises stress nephogram.
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Figure 13: Stress comparison during pressure relief and cooling.
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4. Conclusions

The pressure cure casting process was decomposed into two
processes, curing and cooling, and the simulation model of
the whole process was established. The pressure value, pres-
sure relief curve, and temperature drop curve were optimized
with ISIGHT optimization software. According to the
research results, the following conclusions can be drawn:

(a) Within the allowable range of theoretical pressure,
with the increase of pressure value, the effect of pres-
sure cure is more significant. After cooling, the resid-
ual stress and strain of the propellant grain along the
three coordinate axes gradually decrease and
approach zero. The effect is reversed when the theo-
retical pressure is exceeded

(b) With the same pressure value and direction, the
effect of reducing stress and strain at different posi-
tions is different. It shows that different grain struc-
tures have different requirements for theoretical
pressure

(c) When applying pressure cure during the pouring
process of grains, different pressure relief rates and
cooling rates have an effect on the stress and strain
of the propellant grains. The time at which the max-
imum stress (strain) in the time history appears is
different. When the pressure relief rate has a certain
linear relationship with the cooling rate, the effect of
pressure cure is the best. Taking the exponential
attenuation in this paper as an example, the cooling
attenuation coefficient is 8650, and the pressure
relief attenuation coefficient is 6850, which has a bet-
ter effect. The use of other types of pressure relief
and cooling methods can also be discussed on this
basis
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