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The residual strain generated in grains during the propellant manufacturing process can significantly impact the safety and
stability of solid rocket motors. Pressure curing molding technology has been employed as an effective approach to mitigate
residual strain. This research paper focuses on deriving a strain prediction function for grains based on continuum mechanics,
taking into account the influence of pressure curing molding technology. The accuracy of the prediction function is verified
through finite element analysis. The results show that the proposed function accurately predicts strain distribution at critical
positions within the grains. And the effects of curing pressure and the elastic modulus of the case on residual strain are
analysed. Specifically, for a given material of case, an optimal curing pressure is identified that minimizes residual strain in the
grains. Moreover, it is observed that materials with lower hoop elastic modulus, such as composites, tend to require lower
optimal curing pressures. The outcomes of this study provide valuable guidance for grain shape design and the selection of

optimal curing pressure.

1. Introduction

Solid rocket motors (SRMs) are widely used in space vehicles
and spacecraft due to their simple structure, high reliability,
and low cost. The grain serves as the power source of the
SRM and is subjected to various loads from production to
the launch process, resulting in stress and strain [1].
Currently, casting molding technology is widely used in
the manufacturing process of grains. The propellant slurry
solidifies into a propellant grain during the process of cool-
ing from production temperature to room temperature
under atmospheric conditions [2]. However, during the
cooling process, the difference in thermal expansion coeffi-
cient between the grain and the case results in residual
strain, which must be avoided as much as possible [3]. Dur-
ing the entire life cycle of a SRM, grains may undergo signif-
icant strains due to various loads, including temperature,
gravity, and pressure. The accumulation of large residual

strains can exacerbate overall strain levels, potentially result-
ing in grain damage. This, in turn, poses risks to the safety,
stability, and even the possibility of explosion of the engine.
Hence, it is crucial to minimize residual strain of the grains
of SRMs to ensure their reliability.

With the increasing loading ratio of SRMs, the residual
strain in the grain from atmospheric pressure curing and cool-
ing increases significantly, affecting the integrity of SRMs.
Pressure curing molding technology can effectively reduce
the residual strain in the grain. This technology involves
applying pressure to the inside of the SRM before the cooling
step. By elastically expanding the case through pressure appli-
cation, the case shrinks during the cooling process due to the
release of pressure. This elastic shrinkage deformation of the
case offsets the thermal shrinkage deformation of the grain
due to cooling, ultimately reducing residual strain in the grain.
Scholars have carried out related research on pressure curing
molding technology [4, 5], and the feasibility of this
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technology has been verified through experiments [6]. Finite
element methods have been used to study residual strain
under pressure curing molding technology [7-9].

For SRMs, safety and integrity evaluation are crucial.
While most analyses focus on the impact of temperature load-
ing [10, 11], ignition pressurization [12-14], and aging effect
[15-17] on the grain of SRMs, relatively few studies have been
conducted on integrity analysis of SRMs based on residual
strain, and an evaluation system has not yet been formed.

Hoop strain of the grain is a significant indicator for
evaluating safety and integrity of SRMs. However, limited
by measurement methods, obtaining grain strain data
through tests is challenging. Theoretical calculations of
strain changes under different load conditions can help with
design and optimization of SRM structures.

This paper employs continuum mechanics to obtain
basic solutions of the strain prediction function considering
residual strain under pressure curing conditions. Viscoelas-
tic material parameters of the grain are obtained through
tests. The accuracy of assumptions and the theoretical model
of the strain prediction function is verified by comparing
with numerical results. Furthermore, the influence of curing
pressure and hoop elastic modulus of the case is discussed
based on strain prediction function. The results show that
the pressure curing molding technology can effectively
reduce the residual strain of the grain. There is an optimal
curing pressure to minimize hoop strain reduction percent-
age, and for different case materials, a smaller hoop elastic
modulus leads to smaller costs for achieving optimal curing
pressure. This article provides guidance for the application
of pressure curing molding technology.

The paper is structured as follows: Section 2 provides basic
solutions of the strain prediction function. Viscoelastic material
parameters of the grain are obtained through tests in Section 3.
Section 4 verifies accuracy of assumptions and theoretical
models of the basic solution by comparing with numerical
results. Section 5 discusses influence of curing pressure and
hoop elastic modulus of case based on strain prediction func-
tion. Finally, Section 6 summarizes main conclusions.

2. The Strain Prediction Function of Grain

The pressure curing molding technology is a useful method
for reducing the residual strain of the grain, which can
improve the safety and reliability of solid rocket motors
(SRMs). This technology involves a two-stage manufactur-
ing process, as shown in Figure 1.

The pressure curing molding technology consists of two
stages in the manufacturing process of the grain. In the pres-
surization curing stage, the propellant is injected into the
case in a liquid state. Pressure is applied inside the case,
causing elastic expansion deformation, as shown in
Figure 1(a). In the pressure relief cooling stage, pressure in
the case is released and the propellant slurry solidifies into
a solid propellant grain due to temperature drop. Here is a
significant disparity in the thermal shrinkage between the
grain and the case because of the large difference in thermal
expansion coefficient between the grain and the case. After
pressure relief, the case experiences shrinkage deformation,
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FIGURE 1: The process of the pressure curing molding technology:
(a) pressurization stage; (b) cooling stage.
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FIGURE 2: Structure diagram of theoretical model: (a) the three-
dimensional method; (b) the 1/2 two-dimensional axisymmetric
model.

equal to the expansion of the case during the pressurization
curing stage, as shown in Figure 1(b). The elastic shrinkage
deformation of the case can offset the thermal shrinkage
deformation of the grain due to cooling. In this way, the
residual strain of the grain can be reduced.

2.1. Theoretical Model of the Strain Prediction Function. The
strain prediction function can quickly and efficiently obtain
the strain of the grain without complicated numerical simu-
lation. However, due to the complexity of the SRM structure,
simplifications are necessary. In this paper, we make the fol-
lowing assumptions:

(1) The SRM model is simplified as cylinders, including
a thin-walled cylinder (case) and a thick-walled cyl-
inder (grain), with the shape of the grain ignored

(2) Only the initial and final states of the grain are con-
sidered, so the grain is considered as a linear elastic
material for calculation

(3) The influence of the thermal insulation layer is
ignored due to its small thickness and low modulus

For convenience, the model is simplified to a 1/2 two-
dimensional axisymmetric model, as shown in Figure 2.
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FIGURE 3: The mechanical analysis model of the thick-walled cylinder.

2.2. Basic Solution of Thick-Walled Cylinder. During the life
cycle of the SRM, the grain is subjected to temperature loads
and pressure loads. If the inner surface of the grain is sub-
jected to pressure, a compressive stress will be generated
between the grain and the case, which is equivalent to the
outer surface of the grain also being subjected to pressure.
Assume that the pressure on the inner cylindrical surface
of the grain is P;, the pressure on the outer cylindrical sur-
face is Py, and the pressure on the axial surface is P,, as
shown in Figure 3. Therefore, the strain analysis of the grain
can be transformed into the problem of thick-walled
cylinder.

In polar coordinates, according to the Lamé equation,
the stress of a thick-walled cylinder under pressure is

A

O'ZZB+ 7'72) A= (Pe—Pl)azbz
A Y-

o} =B- -, 2p _p*p M
r? =% 6

azgz_Pz’ bz—az

where G‘Z, 0d, and o7 are the hoop stress, radial stress, and
axial stress of the case caused by interfacial forces, respec-
tively, a is the radius of the inner cylindrical surface of the
grain, and b is the radius of outer cylindrical surface.

Based on the generalized Hooke’s law, the strain of the
grain can be obtained using Equation (1):

401 = [ (1- )= (1) 5] + 2

g g
sf(r):Eig[(l—yg)B+<l+yg)%} +‘ugjz, (2)

where €], ¢/, and &/ are the hoop strain, radial strain, and
axial strain of the grain caused by pressure loads, respec-
tively, E, is the elastic modulus of the grain, and y, is its
Poisson’s ratio. If the thick-walled cylinder is subjected to
temperature loads, then it needs to consider a temperature

term in the strain:

1 Uyt
eg(r)zEg|:(1—Mg)B—(1+yg)r2:|+ zg +(ngT,
g " B+ (1+ +[/£gpz+ AT
rN=—|(1- = ,
9= g [ (1) B (1t 2] + 757 v
2 P,
&(r) = EgygB—E—g+ochT,

where «, is the thermal expansion coefficient of the grain

and AT is the temperature difference.
The displacement of the grain can be described as

1 Al ru, P,
ug(r):E—[(l—Mg)Br—(l+yg) 7} + 'l;g +ra AT,
g g

2 P
ud(z) :—E—z//th— % +za, AT.
g g
(4)

The strain needs to be solved based on the boundary
conditions of the thick-walled cylinder. At different stages
of SRV, different loads act on the grain; therefore, its bound-
ary conditions also differ. Next, the boundary conditions
under different loads need to be investigated.

2.2.1. Temperature Load Condition. In SRM production pro-
cesses, residual strain appears in the grain under tempera-
ture load. The grain and case of a solid rocket motor can
be approximated as continuous, fully filled space media.
Therefore, at the interface between the grain-case, the stress
field and displacement field of the grain and case should be
continuous. Thus, the boundary conditions of the model at
this stage can be expressed as

Q

9 =
r (a) 0: u?(b) _ uz’
7 ( j

o b):PG,

A (5)
ag(1>=P ud( 5 ) = uip-
z 2 z?
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FIGURE 4: The mechanical analysis model of the thin-walled cylinder.

However, Py and P, are unknown quantities. Therefore,
in order to obtain the basic solution of strain, it is necessary
to analyze the thin-walled cylinder with a mechanical analy-
sis model shown in Figure 4.

Based on pressure curing molding technology, displace-
ment of the thin-walled cylinder consists of three parts:

oT oT : P oP

uy or uy, caused by temperature difference, u; or ujj
. . c,curin:

caused by pressure at grain-case interface, and u,"" ' or

c,curin . .
uyy ¢ caused by the pressure release in pressure relief stage.

The displacement of the thin-walled cylinder uj, or uj, can
be expressed as

c,curin;
uf = up" + ud? + uy

(6)

c _.oT P c,curing
Upp = Uyp Uy T Uy

In particular, for orthotropic materials, Equation (6) can
be expressed as
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where Ey and E, are hoop and axial elastic moduli of the
case, respectively; u,, and p,, are Poisson’s ratios of the case,
respectively; and P*" is pressure of pressure curing molding

technology.

Py and P, can be obtained by solving Equation (5), and
then, Equation (3) can be used to calculate residual strain

for the thick-walled cylinder. This equation is also applicable
to casting molding technology, only need to set P**" = 0.

2.2.2. Pressure Load Condition. During the working process
of SRM, ignition pressure Py acts on inner surface of the
grain for an extremely short time (0.1 s). Therefore, it is con-
sidered that temperature does not change in this stage. Thus,
the boundary conditions of the model are express as

o9(a)=P,,
;(b) 1 u}q(b) = ui’ ( 0)
o =Py, 1
/(0)=Fo g (112) = 1.
o?(l2) =P,

The displacement of the thin-walled cylinder uj, or uj, in
working process can be expressed as

b, (V- a)
c— Py p,— 0z P,
wp =iy =bp P by I ”
Ul = c,P__leeb +lb2_a2P
2= "2 = Eﬂ 0 ETEZb z

Similarly, P, and P, can be obtained by solving Equation
(10). Because residual strain is generated in the production
process of grain, it should be added to model as initial con-
dition in working process of grain. Then, Equation (12) can
be used to obtain strain for grain:

e(r) = Eig {(1 ﬂug)Bf (1 +,,¢g> ﬁ} + /‘ij +ep(r),

r2

e(r)= Eig {(1—‘%)B+ (1+yg> %} + P‘ng

1 q
&(r)= —E—gZ(AgB— E—; +e8(r),

vl (12)
9

where ¢f, X, and €} are the residual strains obtained in
Section 2.2.1.

3. Mechanical Test of Grain

3.1. Stress Relaxation Test. Grain exhibits classic viscoelastic
response to loading and is subject to property degradation
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FIGURE 5: Specimen and its size.

over time. Therefore, the grain is generally regarded as a vis-
coelastic material during analysis. The integral-type consti-
tutive equation for viscoelastic materials is shown in

O'=J'tE(t—T)%dT, (13)

0

where E(t) is the relaxation modulus, ¢ is the time, and the
time argument 7 is specified as the variable of integration.
For viscoelastic materials, the phenomenon of stress
decreasing with time when strain &(t) = ¢,H(t) is applied is
called stress relaxation. Where H(t) is Heaviside function

defined as:
0)
H(t) =
]-)

Relaxation test is the most common approach to deter-
mine relaxation properties of the materials. To determine
the relaxation modulus, a relaxation test was conducted
according to the aerospace industry standard of PRC, QJ
2487-93. The test specimen used for the relaxation test is
illustrated in Figure 5. The specimen was initially stretched
at a tensile rate of 100 mm/min, and when the strain of the
specimen reached 5%, it was held constant for 1000s.

The relaxation modulus was calculated using Equation
(15), and the test was repeated five times to obtain the aver-
age relaxation modulus.

t<0,
(14)
t>0.

P GIET)

(15)
Apgg

where F(t) is the relaxation force at the corresponding
moment, &, is the initial strain value, and A is the initial
cross-sectional area of specimen. The relaxation modulus
can be fitted using the Prony series, as shown in Equation
(16). The test curve and fitted curve of the relaxation modu-
lus are shown in Figure 6.

5
h
(=)
3
y
Prony series
5 Ly
1.8
1.6 . .
E (t) = 0.7808 + 0.0935¢ 0.005 + 0.0935e 0.05
< 14 ot ot
S +0.7109¢ 07048 + 0.0009¢ 41709
o 124 e i
+0.1191e 486163 + 0.1211e 484.17
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*  Test data
—— Prony series

FIGURE 6: Test curve and Prony series fitting curve of the relaxation
modulus.

(16)

where E; and 7, represent the parameters of the Prony series.
The relaxation modulus at t = 0 is referred to as the ini-

tial modulus (E,=1.9198 MPa), while at t=1000, it is

known as the equilibrium modulus (E_, = 0.7808 MPa).

3.2. Ground Test. The accuracy of the strain prediction func-
tion needs to be verified by measuring the strain of the grain
in the ground test; however, it is difficult to measure the
strain of the grain in the test, so the hoop strain on the outer
surface of the SRM case is measured to indirectly provide
support for verifying the accuracy of the strain prediction
function.
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A cylindrical SRM was used for ground test. The radius
of the SRM case is 375 mm, the radius of the inner surface
of the grain is 100mm, and the thickness of the case is
3.5mm. The Poisson ratio of the grain is 0.4999, and the
elastic modulus of the grain is 0.7808 MPa during the cool-
ing process and 1.9198 MPa during the ignition process.
The Poisson ratio of the case is 0.285, and the elastic modu-
lus is 206 GPa. The SRMs used for ground test were pro-
duced under the cast molding technology. During the
ignition process, a comparison of the hoop strain of the case
measured by the ground test with the predicted strain is
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TABLE 1: Viscoelastic material parameters.

7, (s) 7, (s) 73 (s) 74 (s) 75 (s) 76 ()
0.005 0.05 0.7048 4.1709 48.617 484.17
E, (MPa) E, (MPa) E, (MPa) E, (MPa) E, (MPa) E, (MPa)
0.0935 0.0935 0.7109 0.0009 0.1191 0.1211
E_, (MPa) U a (CCh
0.7808 04995 1x10™*

TaBLE 2: Orthotropic material parameters.
E, (GPa) Eq (GPa) E, (GPa) G, (GPa) Gy, (GPa)
6.7 77 58.1 5.26 19.1
G,. (GPa) Hr Ho: Hre a('Ch
5.26 0.23 0.192 0.1 3x1077

shown in Figure 7. It can be figured out that the strain mea-
sured by the ground test is in good agreement with the cal-
culation result by prediction function.

4. Numerical Validation

In Section 2, a strain prediction function of the grain under
pressure curing molding technology is obtained based on a
series of assumptions and an ideal cylinder model. The pro-
posed function ignores the effect of the real structure of the
grain. Therefore, to verify the predictive capability of the
proposed function, a numerical simulation analysis based
on real grain structure was carried out using the finite ele-
ment method.

4.1. Model and Material Parameters. This paper modeled
the case, insulation layer, and grain structure of the SRM
separately. The dimensions of the SRM are shown in
Figure 8, where the total length of the model is 4578 mm
and the length of the cylindrical part is 3080 mm. For
the cylindrical part, the radius of the case is 594 mm, the
radius of the inner surface of the grain is 165mm, the
thickness of the insulation layer is 2.5mm, and the thick-
ness of the case is 4.6mm. Due to the symmetry of the
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(a) strain field in the middle of the simulation model; (b) strain distribution in the radial direction.

SRM structure, a 1/20 model is used for simulation analy-
sis to save computational resources without losing effec-
tiveness, as shown in Figure 8.

Figure 9 shows the grid division and boundary condi-
tions of the model. The total number of elements in the
model was 296254, including 275212 elements for the grain,
8442 elements for the insulation layer, and 12600 elements
for the case. The end face of the shell was applied with fixed
boundary condition, while the side faces of the model were
applied with symmetry boundary conditions. Symmetry
boundary conditions were set by fixing the hoop transla-
tions, normal rotations, and axial rotations of the side faces
in the cylindrical coordinate system.

4.2. Cooling Process Based on Pressure Curing Molding
Technology. This paper presents an improved two-step anal-
ysis method, based on reference [7], for simulating the

manufacturing process of grain using pressure curing mold-
ing technology in the SRM. The process involves pressuriza-
tion curing and pressure relief cooling stages.

During the pressurization process, pressure is applied
on the inner surface of the case, while the inner hole of
the model is fixed. The model expands under pressure,
approximating the process of model volume expansion
caused by pressure curing. The modulus and Poisson’s
ratio of propellant slurry are 0.001 MPa and 0.495,
respectively.

In the cooling process, the model after the first step of
deformation is extracted as the analysis model. The stress
results of the case in the first step are extracted as the pre-
strain in the second step, which simulates the shrinkage pro-
cess after pressure release. At this step, SRM decreases from
production temperature (58°C) to room temperature (20°C).
The propellant slurry transforms into solid viscoelastic
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FIGUre 12: Comparison of hoop residual strain and radial residual strain between strain prediction function and numerical results: (a)

pressure curing molding technology; (b) casting molding technology.

grain. The viscoelastic parameters are given by the tests in
Section 3 and can be found in Table 1.

Throughout the entire process, both the case and insula-
tion layer maintain their original material properties. The
material properties of the case can be found in Table 2.
The insulation layer is regarded as a linear elastic material
with a modulus of 1 MPa, a Poisson ratio of 0.4995, and a
linear expansion coefficient of 1.3 x 1074°C™".

The long-time (>10*s) temperature load (-38°C) causes
residual strain in the grain. The numerical results of hoop
residual strain at different positions of grain are shown in

Figure 10. The strain is most pronounced at the middle posi-
tion of the grain, as it is less affected by the SRM structure
and closer to the theoretical model of the strain prediction
function discussed in Section 2. Because the residual strain
is highest in the middle position, this is also where the grain
is most likely to be damaged. Consequently, in subsequent
analysis, we verify the accuracy of the strain prediction func-
tion by comparing the strain in the middle of the simulation
model with predicted strain.

The hybrid element C3D8H in Abaqus is used for the
grain and insulation layer to avoid the self-locking problem
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FiGurg 13: Comparison of hoop strain and radial strain between strain prediction function and numerical results: (a) pressure curing

molding technology; (b) casting molding technology.

of the high Poisson’s ratio. In order to verify the difference
between the two hybrid elements, C3D8H and C3D20H, this
paper first numerically simulates the cooling process under
casting molding technology. C3D8H and C3D20H are used
for the grain as well as the insulation layer, respectively,
and C3D8 is always used for the case. Figure 11(a) shows
the strain field in the hoop as well as radial direction at the
center of the model, and Figure 11(b) shows the strain vari-
ation along the radial direction of the strain field. The com-
parison shows that the difference between the strains of
C3D20H and C3D8H is greater on the inner surface of the

grain than on the outer surface of the grain, but all the differ-
ences are within tolerance. However, the numerical analysis
using C3D20H requires much more computer performance
and computational time than using C3D8H. Therefore,
combining the accuracy of the numerical analysis and the
computational cost, C3D8H is used for the grains and the
insulation layer and C3D8 is used for the case in all the
numerical analyses below.

The comparison between predicted strain function and
simulation model under different casting conditions is shown
in Figure 12. The results indicate that coincidence between
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F1GURE 14: The hoop residual strain at the inner surface under the
casting molding technology and the pressure curing molding
technology.

numerical results and predicted values is high for radial and
axial directions. The largest error is observed at inner hole of
grain, which is influenced by stress release boot at both ends
of SRM. Overall, strain prediction function can predict resid-
ual strain at most critical position of grain during cooling pro-
cess, and thus, assumptions and theoretical model of strain
prediction function in Section 2 are deemed acceptable.

4.3. Ignition Process Based on Residual Strain. During work-
ing process of SRM, inner hole of grain was subjected to a
pressure (6.28 MPa) lasting for 0.1s, resulting in deforma-
tion of grain. In this process, influence of residual strain of
grain cannot be ignored. Therefore, residual strain of grain
was considered as initial state of model under ignition pres-
sure load. The results are shown in Figure 13. Although
absolute value of numerical results is slightly lower than pre-
dicted value due to stress release boot of grain, coincidence
degree of two is within tolerance range. Hence, it can be con-
cluded that strain prediction function can predict strain at
most critical position of grain in working process, which also
validates rationality of assumptions and theoretical model of
strain prediction function.

5. Discussion

Accurately predicting the strain in the grain under pressure
curing conditions is crucial for the design of the SRM [18].
Figure 14 shows that under pressure curing molding tech-
nology, for a specific SRM size, a curing pressure of 2 MPa
can significantly reduce the residual strain in the hoop direc-
tion due to the temperature decrease during the manufactur-
ing process of the grain, which can reduce the total strain of
the grain during storage and working processes, and
improve the safety and stability of the SRM.

Overall, the hoop residual strain of the grain is maxi-
mum at the inner surface. The value gradually decreases
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FIGURE 15: The relationship between the hoop strain reduction §
and curing pressure P.

along the radial direction and tends to be constant when it
is close to the outer surface of the grain. Compared with
the casting molding technology, the hoop residual strain
was reduced from the inner surface to the outer surface of
the grain under the pressure curing molding technology,
with the greatest reduction at the inner surface. Therefore,
the reduction of hoop residual strain at the inner surface
under different casting conditions is used to numerically
characterize the effect of pressure curing on residual strain,
as shown in

o lal-1d

€]

where & is the hoop strain reduction, & is the hoop strain on
the inner surface of the grain under the casting molding
technology, and &} is the hoop strain on the inner surface
of the grain under the pressure curing molding technology.

For pressure curing molding technology, the greater the
hoop strain reduction §, the smaller the hoop residual strain.
Figure 15 shows the relationship between the hoop strain
reduction § and curing pressure P. The hoop strain reduc-
tion § under pressure curing molding technology initially
increases and then decreases with the increase of curing
pressure P. When the curing pressure is 3.16 MPa, & is
100%, which means that the hoop strain on the inner surface
of the grain becomes 0. However, when the pressure exceeds
3.16 MPa, the elastic deformation of the case becomes too
large, causing the hoop strain on the inner surface of the
grain to change from tensile strain to compressive strain
and gradually increases. This is why the hoop strain reduc-
tion percentage decreases. Therefore, there is an optimal
value of curing pressure that can make the efficiency of pres-
sure curing molding technology optimal.

The optimum curing pressure is a constant number for a
given SRM size. Ideally, the optimum curing pressure can be
used to reduce the residual strain of the grain to 0. In prac-
tical engineering applications, the curing pressure may not
reach the optimal value due to equipment and cost

x 100, (17)
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FIGURE 16: The relationship between the optimal curing pressure P
and the hoop elastic modulus of case E,.

constraints, but it can be kept as close to the optimum value
as possible to minimize residual strain caused during the
cooling process of the grain.

Moreover, the elastic modulus of the case also affects the
efficiency of pressure curing molding technology. The hoop
elastic modulus of the case has a significant impact on pres-
sure curing for orthotropic materials [18]. Therefore, the
relationship between optimal curing pressure and hoop elas-
tic modulus of the case was studied, as shown in Figure 16.
For the same grain material, the larger the hoop elastic mod-
ulus of the case, the greater the optimal curing pressure. This
means that materials with lower hoop elastic modulus are
more appropriate as a case material under pressure curing
molding technology since they require lower costs to achieve
optimal curing pressure.

For pressure curing molding technology, the smaller the
hoop modulus, the easier it is to achieve the optimum curing
pressure for a given size of case. However, the case also
needs sufficient strength to protect the grain. Therefore, it
is necessary to find a suitable solution for the case material,
so that both the hoop modulus and the optimal curing pres-
sure are within tolerable limits. Compared with metal mate-
rials, composite materials are more suitable as case materials.
This is because it saves costs by reducing both the weight of
the case and the optimum curing pressure while providing
sufficient strength.

6. Conclusion

In this paper, a strain prediction function for the grain under
pressure curing molding technology was derived. The
assumptions and theoretical model of the strain prediction
function were verified using the finite element method.
And the efficiency of pressure curing molding technology
and its influencing factors on optimal curing pressure were
discussed. The following conclusions were drawn:

(1) The strain prediction function of the grain was
established based on continuum mechanics, which
effectively predicted the strain of the grain during
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cooling and working processes. The strain under
pressure curing molding technology was decom-
posed into thermal strain and mechanical strain
according to the superposition principle. The basic
solution was obtained by solving displacement conti-
nuity between grain and the case at the interface

(2) The pressure curing molding technology was simu-
lated using a modified two-step analysis method.
By comparing the numerical results with the pre-
dicted values, the rationality of the assumptions
and theoretical model was verified. The strain pre-
diction function accurately predicted the strain dis-
tribution at the most critical position in grain

(3) Pressure curing molding technology can effectively
reduce the residual strain of the grain. An optimal
value of curing pressure exists, which makes the effi-
ciency of pressure curing molding technology opti-
mal. For materials with lower hoop elastic
modulus, such as composites, the optimal efficiency
of pressure curing molding technology can be
achieved with lower curing pressure
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