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As one of the key components of solid rocket motors (SRMs) and launch vehicles
(LVs), the deformation and damage of the composite rocket motor case (CRMC)
can directly affect the effectiveness of the SRMs. Therefore, it is particularly
important to analyze the damage failure of composite cases. As the analysis
remains complex due to the different failure modes of composites at different
scales, this paper applies multiscale analysis methods to CRMC damage. A
multiscale mechanical model of CRMC is established, and data transfer
between the microscale, mesoscale, and macroscale models is achieved using
submodel techniques. In this paper, CRMC was finely modeled, and the thickness
and carbon fiber angle of each fiber winding layer were accurately described.
Additionally, the results of hydrostatic tests and numerical calculations were
compared to verify the validity of the modeling method. The stress levels of
the material at macroscale, mesoscale, and microscale scales were obtained
through numerical calculations, and the microscale damage failure behavior of
the material under the internal pressure load of the composite shell was predicted
by combining the strength assessment criterion.

KEYWORDS
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1 Introduction

Owing to the manufacturing process, CRMCs are often designed for refinement with
possible failures in the dome or some critical areas (Ozaslan et al., 2022; Srivastava et al.,
2022a; Wu et al, 2022). This is highly detrimental to the overall safety of the SRM.
Furthermore, considering the complex working conditions during the use of CRMCs, such as
pressure curing and reuse, there is also potential damage to CRMCs (Nebe et al., 2021; Wang
et al,, 2022). This makes it imperative to understand the safety of CRMCs. This creates an
urgent need to understand the microscale damage characteristics of CRMCs and to reliably
assess their structural integrity and safety. Therefore, multiscale refinement modeling of
CRMCs is of particular importance and is currently a research priority in the field of SRMs.

CRMCs are usually made using wet fiber winding technology with T700 carbon fibers
and an epoxy resin reinforced system, offering a light weight, high strength, and fatigue
resistance superior to conventional metals (Srivastava et al., 2022b; Meyer et al., 2022; Zhang
et al., 2022). Existing studies have shown that the physical and mechanical properties and
overall reliability of CMRCs are influenced by the thickness of the fiber winding layer, the
fiber winding angle, the lay-up sequence, and the fiber winding process (Park and Sakai,
2020; Zaami et al., 2020; Zu et al., 2020; Hu et al., 2021; Blachut et al., 2023). (Ozaslan et al.
(2018) investigated the effect of the variation of fiber volume fraction due to fiber winding
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thickness and the manufacturing process on the mechanical
properties of pressure vessels through numerical simulations and
experiments; Nguyen et al. (2021) investigated the effect of spiral ply
winding angle on the damage evolution and rupture pressure of
composite vessels and found that appropriate fiber orientation could
significantly reduce early matrix cracking; Nebe et al. (2020)
analyzed the effect of lay-up sequence (high-angle and low-angle
plies) on the lay-up quality, structural surface deformation, and final
burst pressure of composite pressure vessels. The results showed that
the final burst pressure of composite vessels with different lay-up
sequences could vary by 67%. The parameters of fiber tension and
their associated challenges are discussed based on numerical
simulations, and the manufacturing process of fiber tension is
explored, showing that an increase in fiber tension causes
compressive stresses that lead to an increase in burst pressure
(Blachut et al, 2023). Liu and Shi (2020) proposed an
optimization model for obtaining a better load-bearing capacity
of the composite vessel and achieving the optimum fiber winding
angle and tension based on the fiber winding process and curing
residual stresses.

Therefore, reasonable control of key parameters in the
CRMC fabrication process can further optimize the overall
force performance of the structure and improve the overall
effectiveness of the SRM. However, it is very time consuming
and uneconomical to rely solely on experiments to verify the
optimal design parameters of CRMCs under different test
conditions. Moreover, the experiments can only observe the
macroscale damage results on the surface of the CRMC and
cannot accurately characterize the microscale damage
characteristics of the critical parts of the structure during the
tests. By contrast, finite element analysis (FEA) methods have
been used to study the mechanical properties, damage
processes, and optimal design of composite structures due
to their powerful design capabilities and reliable simulation
(Dahl et al., 2019; Ebermann et al., 2022; Solazzi and Vaccari,
2022).

Wang et al. (2015) predicted the burst strength and complex
damage behavior of aluminum-carbon fiber/epoxy composite
vessels based on a progressive damage model and found that
the main forms of failure for the ring-wound and spiral-wound
layers were fiber fracture and matrix cracking, respectively, and
that delamination failure between the outer composite layers was
more severe. Considering the debonding of the composite/liner
layers and the variation of fiber thickness and angle in the dome
section, Ahmadi Jebeli and Heidari-Rarani, (2022) modeled a
type IV composite pressure vessel using the Wound Composite
Modeler (WCM) plug-in in Abaqus to simulate the debonding
process of the composite case from the liner and tab during
curing, and found that the initial debonding did not affect the
progressive damage process of the cylinder composite plies.
However, direct modeling of the microstructure of carbon-
(CFRP) wusing previous finite
element methods is too complex and difficult to handle.

fiber-reinforced polymers

Moreover, detailed microstructure geometry modeling requires
fine mesh cells and huge computational costs (Zhai et al., 2022).
Multiscale models linking microscale to macroscale composite
layers have been successfully used for the evaluation and analysis
of CFRPs.
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J. Aboudi (1989) first proposed the concept of method of cells
(MOC) in 1989. MOC divides the representative volume element
(RVE) in fiber-reinforced composite materials into four sub cells,
with one sub cell representing the fiber and the other three sub cells
representing the matrix. By analyzing this type of RVE, the known
material properties of fibers and matrices can be used to predict the
overall performance of different types of composite materials. Paley
and Aboudi (1992) promoted MOC to generalized method of cells
(GMC) in 1992. GMC can be applied to fiber-reinforced, metal
matrix, and woven polymer matrix composites (Pahr and Arnold,
2002). In GMC, macroscopic behavior can be well determined, but
due to linear displacement expansion and a lack of shear coupling
effects, local fields of strain and stress cannot be well captured
(J. Aboudi, 2004). J. Aboudi et al. (2002) established a high-fidelity
generalized method of cells (HFGMC) based on GMC. By utilizing
the quadratic polynomial expansion of the displacement field, the
HFGMC is introduced to solve this problem. Liu et al. (2012)
proposed a multiscale damage model to predict the damage
characteristics and ultimate burst pressure of composite pressure
vessels, and described the macroscale damage evolution and stiffness
properties of CFRPs using representative volume units (RVE). Lin
et al. (2021) introduced RVE to calculate the degradation elastic
parameters of the composite (including fiber and matrix damage
modes) using the finite element method and simulated the
multiscale progressive damage of the composite plies during the
hydraulic impact test. The results show that the microscale finite
element model can effectively predict the progressive damage of
composite pressure vessels under internal pressure, such as matrix
cracking, interlaminar damage, and fiber fracture.

The delamination failure and failure mechanism of
composite materials at the mesoscale require an appropriate
model to accurately evaluate their mechanical research.
Carrera (2003) explained theoretically that owing to lateral
anisotropy and the difference between the transverse shear
and normal modulus of the layer, there is a phenomenon of
slope discontinuity in the displacement field, which is called the
ZigZag (ZZ) phenomenon. Tessler et al. (2007) developed the
refined zigzag theory (RZT) based on zigzag models (ZZ), which
allows continuous interpolation of all kinematic variables. It has
the characteristic of disappearing on the top and bottom surfaces
of the laminate. Tessler et al. (2007) was used to solve the static
bending problem of soft core sandwich composite beams using
ZZ; Malekimoghadam et al. (2023) used the RZT to study the
bending analysis of sandwich and laminated carbon-nanotube-
coated fiber multiscale composite beams. However, RZT cannot
predict the macroscopic cracking failure of the interface layer. In
recent years, cohesive zone models (CZM) have been widely used
in finite element analysis to predict the interface failure behavior
of composite laminates (Bruno et al., 2005; Gliszczynski and
Wigcek, 2021; Linke and Lammering, 2023b). Linke and
Lammering (2023a) used CZM to accurately calculate the
initiation and subsequent propagation of cracks at the
microscale in a finite element model, taking into account local
progressive material degradation, to explain non-linear fracture
behavior. In this study, finite element analysis was used to predict
the interface failure behavior of composite laminates.

Srivastava et al. (2022b) connected the microscale, mesoscale,
and macroscale models and used RVE with periodic boundary

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1198493

Liu et al.

10.3389/fmats.2023.1198493

Rotating spool -

Cc

FIGURE 1

Winding machine

Rubber liner

Helical Layers
Domo reinforcement layers

Longitudinal roving

Transverse roving

Hoop Layers Y\

CRMC molding method and Geometry model for CRMC. (A) Winding device of the CRMC; (B) Geometry for CRMC; (C) Schematic diagram of the

different fiber orientations in CRMC.

conditions to establish a multiscale mechanical model of CFRPs
and calculated the homogenized modulus of elasticity and
Poisson’s ratio for the whole structure, and the numerical
calculation results were in general agreement with the
experimental data. However, to the authors’ knowledge most
of the current research on CFRPs has only explored one direction
in the fiber lay-up process, macroscale failure behavior, and fine
structure damage, and has not combined the fiber winding and
lay-up process to provide a full chain integrity analysis of CRMCs
from macroscale strength to fine structure. This is sorely lacking
in the current SRM field.

In this study, a multiscale numerical model of CRMCs was
established to simulate the multiscale damage failure of
CRMCs. First, the geometric modeling of the refined solid
rocket motor shell was established through Abaqus WCM,
and the macro finite element model was generated based on
the geometric modeling. CZM was introduced into the meso
finite element model to characterize the interlaminar failure
behavior of composite materials, and the stress distribution
level and damage failure of the meso model were characterized
through the RVE model.

The main contribution of this study is the multiscale
refinement modeling of the macroscale structure of CRMCs
and the realization of the interactive simulation analysis from
the design end to the fine view end. This study provides
theoretical guidance for the safe and economic design and
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practical application of CRMCs in the field of SRM at
presentation, physical exams, and lab results.

2 Materials and methods

2.1 Finite element model of CRMCs

The geometric modeling of CRMCs is based on the theory of wound
carbon fiber case modeling and the WCM modeling module of Abaqus.
Three kinds of finite element models at macroscale, mesoscale, and
microscale scales were established; at the same time, to investigate the
debonding behavior between the wound layers, cohesive elements were
embedded in the mesoscale model to characterize the interfacial layers.

2.1.1 Geometric modeling of CRMCs

Figure 1A shows the winding device of the CRMC. CRMCs are
wound alternately in a circular direction (the winding angle is close to 90"
but less than 90°) and in a spiral direction (a winding angle between
12 and 70°). The winding process is as follows: the fibers start from a
certain point on the circumference of the pole hole at one end of the
container; follow the curve tangent to the pole hole circle on the surface of
the dome and wind around the dome; follow the spiral line track around
the cylinder section and enter the dome at the other end; then return to
the cylinder section and finally wind back to the dome and so on, until
the surface of the core mold is evenly covered with fibers.
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TABLE 1 Structural design results of the CRMCs.

10.3389/fmats.2023.1198493

Layer type Material used for Winding Thickness/ Bandwidth/ The shape of winding
winding layer angle/’ mm layer at the boundary
1 Circumferentially wound T700 89 1 10 Rounded
layer
2 Helical wound layer T700 +27 0.5 10 Rounded
3 Reinforcement layer of T300 89 0.5 — Rounded
front dome
4 Reinforcement layer of T300 89 0.5 — Rounded
rear dome
5 Circumferentially wound T700 89 1 10 Rounded
layer
6 Helical wound layer T700 +27 0.2 10 Rounded
7 Reinforcement layer of T300 89 0.5 — Rounded
front dome
8 Reinforcement layer of T300 89 0.5 — Rounded
rear dome
9 Circumferentially wound T700 89 1 10 Rounded
layer
10 Helical wound layer T700 +27 0.5 10 Rounded

Owing to the characteristics of spiral winding, the angle of
carbon fiber winding at the dome and the accumulated thickness of
the winding layer will change, which can be expressed by Eq. 1.

The winding angle along the case ring remains the same. The
spiral winding angle at the dome is:

R
0(r) = sin™ (—") 1
(r) = sin™{ & (1)

For the spiral layer in the dome section, the layer thickness
gradually increases near the pole hole and then rises sharply, with
the cumulative thickness expressed by Eq. 2 as follows:

ty1 cos(6,) .
cos(0,)

Ry

t(R) =

Ry -R ) )

R+2-BW. .| —
<Rtl_R0

where R and R, are the radial distances from the central axis of the
housing to the specified point in the layer and the end of the wound layer
near the pole hole. R, is the radial distance from the central axis to the
wound layer at t;, 0 are the winding angles for the thickness of the
winding layer, 6, is the winding angle at the specified point, and BW is the
bandwidth. Based on the above theory, the thickness of the
circumferential and spiral winding layer is entered in the WCM plug-
in as 1 mm, the thickness of the reinforcing carbon fiber fabric is 0.5 mm,
the circumferential winding angle is 27°, and the winding termination
type is rounded. The specific CRMC molding process parameters and the
winding setup with the reinforcing layer are shown in Table 1. The
resulting case geometry model is shown in Figure 1B. Figure 1C shows a
schematic diagram of the different fiber orientations in the CRMC.

2.1.2 Macroscale finite element model

The refined geometric model is meshed, and the macroscale finite
element model should take into account the thickness of the winding
layers and the winding angle information. The characteristic line
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FIGURE 2
Finite element model for composite case.

information of the winding layer of the geometric model is retained in
the mesh division, and each layer of the winding layer is divided into
one mesh. The macroscale scale mesh model also needs to control a
parameter called the winding angle increment. The winding angle
increment is a grouping of winding angles, with the winding angle of
each winding layer varying over the winding layers. Thus, each cell
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Multi-scale finite element model of CRMCs.

can theoretically have its own winding angle. To reduce the
calculation time, the cells are grouped together according to the
winding angle increments. For example, cells with a winding angle
between 10 and 10.5" can be grouped into a “layer” and the material
properties of all cells in that layer are generated. As the winding angle
of the cylinder remains constant, each winding angle in these areas
contains many cells. Owing to the rapid change in winding angle at
the dome, the winding layers closer to the pole hole will contain a
smaller number of cells.

Figure 2 shows the macroscale mesh model. To improve the
efficiency of the calculation, the full model 1/4 is used, in which the
metal joints, rubber insulation, and fiber winding layer are all in
C3D8Rcells (eight-node linear hexahedral cells with reduced
integration and hourglass control). The number of elements for the
entire macroscale finite element model is 384,000.

2.1.3 Mesoscale finite element model

The mesoscale finite element model is a local area mesh
model intercepted from the macroscale model and embedded
with cohesive elements between the winding layers. In this
study, the nodal displacements calculated in the macroscale
model are mapped to the submodel boundaries using the
for the
mesoscale model analysis, and then the mechanical behavior

mapped displacements as boundary conditions
of the interface layers between the winding layers is simulated,
such as debonding due to damage of the interface layers. Owing
to the different stress states of the carbon fiber winding layers at
different locations on the case when subjected to internal
pressure loading, the location where damage occurs on the
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case during internal pressure was selected as the selection
point based on the results of the macroscale finite element
analysis. Figure 3 shows the mesoscale submodel.

2.1.4 Microscale finite element model

For some micromechanical analysis models, fibers in the
microscale submodel are traditionally assumed to be periodically
aligned. However, a microscale submodel with randomly distributed
fibers should better characterize the non-uniform dispersion of
fibers in composites when modeling local damage behavior, such
as matrix fracture. To this end, we used the random sequence
expansion (RSE) algorithm (Yang et al, 2013) that obtains the
random distribution of fibers with high volume fractions, and the
algorithm satisfies the spatial statistical evaluation criteria well at
high volume fraction fibers.

In this study, the microscale submodel is divided into three
parts: fiber bundle, matrix and interfacial layer, and the fiber volume
fraction considered is approximately 60%. According to the
recommendation by Trias et al. (2006), the fiber diameter was set
to 4.5 um and the interfacial thickness was set to 0.01 um. To
investigate the transverse and fiber-oriented behavior of
unidirectional fiber/polymer composites, three-dimensional scale
model simulation conditions are used in this paper. The fiber
and matrix are mainly associated with eight-node linear
hexahedral cells, reduced integral cells are used for computational
efficiency, simplified integral elements (C3D8R) are meshed, and
nodal linear plane strain triangular elements (C3D6R) are also
involved. According to the 0.01 pm thickness used in the
literature (Yuan et al., 2023), the actual modeling in this paper
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TABLE 2 Elastic constants of T700/T300 (GPa) (Lin et al., 2021).

10.3389/fmats.2023.1198493

Materials
T700 230 28 28 0.23 0.23 0.30 50 50 10
T300 135 8 8 0.34 0.34 0.40 3.85 3.85 3.85

TABLE 3 Elastic constants of aluminum/rubber.

Materials
Aluminum 737,700 0.3 —
Rubber 0.9 ‘ 0.4 ‘ —

uses a zero-thickness cell with an equivalent thickness of 0.01 pm.
Figure 3 shows a typical microscale submodel with a magnified
image clearly showing the fiber bundle, the matrix, and the interface
both
computational efficiency, a grid size of 2 um was used. The grid
size of the entire area except for the interface is meshed, so that the

layer. To ensure suitable numerical accuracy and

microscale submodel consists of approximately 20,000 elements.

2.1.5 Material properties

The composite layer of the case can be regarded as a single-layer
plate, and according to the law of shear stress equivalence, the unit
body in the single-layer plate is defined by the tensor shear strain,
with six components of stress and strain each. The relationship
between stress and strain is established through the stiffness
coefficient matrix and expressed as:

o; = Cljsj (i,] = 1,2, 3, 4, 5,6) (3)

According to the fact that the strain energy density differential of
the elastic element is independent of the subscript order, when the
element is deformed into linear elasticity, the stiffness coefficient is
reduced to 21 independent stiffness coefficients in the stiffness
coefficient matrix. In fact, the vast majority of materials have
symmetrical internal structures, thus they have elastic symmetry. If
the material has two orthogonal elastic symmetry planes, it is called an
orthotropic material. According to the orthotropic properties, the strain
energy density, including the elastic symmetry plane, should be zero to
ensure that the strain energy density function remains unchanged. At
this time, the material has only nine independent stiffness coefficients,
so the constitutive equation of orthotropic material is:

0 Cll Clz C13 0 0 0 &

(] Cyu Cp Cs 0 0 O &
03 | _ C; C, Gz 0 0 O &3 (4)
04 0 0 0 C44 0 0 &
05 0 0 0 0 C55 0 &5
O¢ 0 0 0 0 0 C“ &6

The vertical and circularly wound carbon fibers are made of
T700 and the reinforcement layer is made of T300. The mechanical
properties parameters of T700/T300 are shown in Table 2. The front
and rear skirts and the front and rear joints, which are non-critical
areas, are treated as a linearly elastic nature of aluminum and rubber.
The mechanical properties parameters of aluminum measured by a
tensile tester are shown in Table 3.
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2.2 Failure model

2.2.1 Macroscale failure model

LaRCO05 is used as a failure criterion for the macroscale
dimensions of composite cases, dividing the composite failure
modes into matrix failure, fiber compression failure, and fiber
tension failure. Transverse compression non-linearity, fiber
bending failure, in situ effects, and pressure dependence are fully
considered. LaRC05 expresses the pressure dependence of
composites in terms of the growth of the modulus of elasticity
and shear modulus with external pressure under hydrostatic
pressure (pressure dependence) as a linear relationship. This
relationship is expressed as

G = G‘l)z + P (5)
E, = E; +np

where E and GY, are the modulus of elasticity and shear modulus at
atmospheric pressure, respectively, #E and #G are the slope factors
of the transverse modulus of elasticity and shear modulus,
respectively, obtained by test P, which is the transverse
hydrostatic pressure, defined as P = —(02 + 03)/2.

2.2.1.1 LaRCO5 matrix failure criterion
LaRCO05 uses a uniform expression to describe the failure of the
matrix, which is given by

G =G, +n.p, Fly = LEs 2+ L 2+ CORY
2= e A T T ST o) T \SL -0 v

(6)

where on > 0 if the matrix fails in tension and on < 0 when the
matrix fails in compression. When FIM >1, structural failure is
determined. (oN) = (6N + |oN|)/2 is the in situ strength formula.
S is the in situ tensile strength value calculated by the in situ
strength formula, S% is the in situ longitudinal shear strength
value, and Y7, is the in situ in-plane transverse tensile strength.
The stress component at the fracture face on, oT, rL is the
modified value of the Mohr-Coulomb criterion in Puck’s
strength theory:

0, + 03
=—+
2

0, — O

oN 3 cos (2a) + 1,3 sin (2a)

0,—C
2 sin (2a) + T,3 cos (2a) )

Tr = —

Tp = Ty2 cos(a) + T3 sin (a)

2.2.1.2 LaRCO5 fiber tensile failure criterion
The LaRCO05 fiber tensile failure criterion uses the maximum
stress criterion:
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TABLE 4 Parameters of the LARCO5 criterion (Zu et al., 2020).

Parameters Value

Longitudinal tensile strength 2,300 MPa
Longitudinal compressive strength 1,250 MPa
Transverse tensile strength 74 MPa
Transverse compressive strength 180 MPa
In-plane shear strength 50 MPa
Matrix fracture angle for pure in-plane transverse compression 53 deg
Initial fiber misalignment angle 2.544 deg
In situ transverse shear strength 101.2 MPa
Slope coefficient for longitudinal shear strength 0.082
Slope coefficient for transverse shear strength 0.29
FI; = % 011 20, ®)

where X" is the longitudinal tensile strength when FI; > 1 failure is
determined.

2.2.1.3 LaRCO5 fiber compression failure criterion

The LaRCO5 fiber compression failure model uses a fiber
bending model and uses the same equation to describe fiber
bending damage and splitting damage:

Tm 2 Tm 2 <am> ’
Flxnk = Flgppr = 2 + 2 |y
KINK SPLT ( Siz —nTo > < s}s" - nlo, Y,{

)

Based on the mode of application of axial compressive loads to
the composite, LaRCO05 classifies fiber longitudinal compression
failures when o0y, < —X%2 bending failure mode and o,; > -X/
2 when the fiber is bent and when the fiber is broken. Table 4 shows
the parameters to be defined for the macroscale failure criterion.

2.2.2 Microscale failure model
The carbon fiber filament damage initiation criterion is as

follows:
&1 :
F =<X_TE11> -120 (10)
&1 :
ch:<AX_CE11> —120 (11)

where X7, X¢, and E;; are the tensile strength and modulus of
elasticity of the filaments, respectively.
The matrix damage initiation criterion is as follows:

0, O3

ey = T, C, (12)

where T, is the tensile strength of the substrate and C,, is the

compressive strength of the substrate.
The parameters of the LARCO5 criterion are shown in Table 4.
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FIGURE 4
Bilinear mixed-mode traction-separation law.

2.2.3 Interface layer failure model

The interface material between the wound layers is the binder,
and the actual observation of its interface thickness is very thin,
making it difficult to model the dimensions to simulate the
mechanical behavior of the interface, and this study simulates its
failure behavior through its cohesion unit. A bonding unit is
introduced at each interface of the adjacent layers in the
composite model. A stress damage criterion for estimating the
damage onset time is given as:

G) (5 () -

where o; are the traction stress vectors in the normal and shear

(13)

directions and N, S, and T are defined as the corresponding
interlaminar normal and two shear strengths. The cohesion unit
generally uses a bilinear traction-separation response intrinsic
relationship to model the process of delamination damage
sprouting and extension, as shown in Figure 4 t; is the
cohesive element traction stress and §; is the separation
displacement in three directions.

Once damage (in the form of cracks) has started, the stiffness of
the bonded unit gradually degrades in the form of a damage variable
d, which ranges from zero at the start of damage to one at the
complete destruction of the interface unit. The mixed-mode loading
with energy release rates with modes I, II, and III is used to predict
damage growth.

The energy-based damage evolution criterion is defined by the
following equation (Eq. 14).

G {ef - {af -
GG C:

where G° is the critical fracture energy in each direction at the

(14)

interface (J/m?) and B is the energy-based damage evolution index.
For a linear softening process, the evolutionary damage variable
d is defined as:
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TABLE 5 Mechanical properties of cohesive law (Ahmadi Jebeli and
Heidari-Rarani, 2022).

Parameters Value

Normal strength (MPa) 60
Shear strength (MPa) 85
Normal toughness (N/mm) 0.28
Shear toughness (N/mm) 0.79

max 0
PELAC L] (15)
dex(8f, - o5,

where §,;7** is the maximum value of the mixed-mode displacement
during loading. 651 is the mixed modal displacement at full failure.
& corresponds to the total mixed-mode displacement (normal,
sliding, and tearing) given by Eq 16. 8", is the effective displacement
at the onset of damage.

+ 02

shear

8 =0 =02+ 8+ 8
The parameters of the mechanical property of cohesive law are
shown in Table 5.

(16)

10.3389/fmats.2023.1198493

2.3 Experimental verification of the
simulation model

2.3.1 Experimental program

The distribution of strain gauge is shown in Figures 5A, B.
Three sets of strain gauge are arranged at the cylinder, and three
sets of strain gauge are also arranged at the front and rear domes.
Each group is arranged with one strain gauge parallel to the fiber
direction and one strain gauge perpendicular to the fiber
direction. In addition, one temperature compensation plate is
set in the environment where the engine casing is located. The
model of strain gauge is BMB120-10AA-P5000-D, the resistance
value is 120.0 + 0.3 Q, the current value is 1 mA, and the
sensitivity coefficient is 2.0% * 1%.

When collecting shell strain, considering the rapid strain
changes during the pressurization and depressurization stages,
the collection frequency of all channels is 5 Hz. When collecting
shell temperature, the collection frequency of all channels is
0.1 Hz. The procedure for conducting internal pressure tests on
the composite casing of a solid rocket motor is as follows: 1)
Sealing test of the test object; inject water into the casing and
install a pressure sensor, then pressurize the water to 1 MPa and
stabilize the pressure for 30-50 s. Observe the stability of water

A
I 11 v V VIVII
18000 D
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16000 "] Experimental Experimental
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14000
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= 12000 1 -
e £ 1200 4
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< 6000 4| < 6004
4000 400
2000
0 0
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Test Point Test Point
FIGURE 5

Strain testing and comparison of experimental and simulation results under internal pressure of 3MPa and 30 MPa in the case. (A) Test points for
strain monitoring; (B) Strain sensor and wire layout diagram; (C) Comparison of experimental and simulation results under internal pressure of 3 MPa; (D)
Comparison of experimental and simulation results under internal pressure of 30 MPa.
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Macro-scale finite element analysis results. (A) Circumferential strain curve of the case in axial coordinates under internal pressures of 10 MPa,
30 MPa, and 50 MPa; (B) Maximum circumferential strain curve of case under different internal pressures; (C) Simulation results of case matrix damage
under internal pressures of 10 MPa, 30 MPa, and 50 MPa; (D) Simulation results of case fiber damage under internal pressures of 10 MPa, 30 MPa, and
50 MPa; (E) Failure diagram of the shell under internal pressure-cylinder section; (F) Failure diagram of the shell under internal pressure-cylindrical

case section- Dome.

pressure through sensors. 2) Strain measurement: for the
convenience of strain collection, the hydraulic graded
loading method is adopted, with each pressure increase step
of 1 MPa and the pressure increasing from 1 MPa to 18 MPa. If
there is no damage to the shell under an internal pressure of
18 Mpa, adjust the pressure increase step to 0.5 MPa. Measure

Frontiers in Materials

the strain at monitoring points under different internal
pressures.

2.3.2 Experimental verification
To avoid the influence of discrete data on the comparison
results, data readings were taken for three adjacent units at each
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Mesoscale finite element analysis results. (A) Interface layer damage at different locations; (B) Selected mesoscale model simulation area

schematics; (C) Mesoscale model.

monitoring point location in the simulation analysis results,
and strain results were also counted separately for the three
Figures 5C, D shows the
comparison curves of the case axial strain experiments and

internal pressure experiments.

results at an internal pressure of 3 MPa and 30 MPa. The
comparison curve shows that the numerical calculations and
test results for test points I, I, III, IV, V, VI, and VII have a good
correlation, with the ratio of the difference between the two
being less than 20%.

3 Results and discussion
3.1 Macroscale simulation results

Based on the finite element model developed by Abaqus, a
progressive damage analysis of the composite pressure vessel was
carried out using a subroutine obtained from the LaRc05 failure
criterion.

Figure 6A shows the circumferential strain curve of the case in
axial coordinates under internal pressures of 10 MPa, 30 MPa, and
50 MPa. The best method to predict the location where the CRMC
is prone to failure is to apply a pressure of 0-50 MPa to the shell
and observe the magnitude and distribution of circumferential
strain values. When the shell is subjected to internal pressure, the
maximum circumferential strain of the composite layer occurs at
the cylinder. When the pressure is 50 MPa, the maximum
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circumferential strain is 0.024. Figure 6B shows the maximum
circumferential strain curve of the case under different internal
pressures. The curve shows that the maximum circumferential
strain increases linearly with increasing pressure, which is due to
the fact that the fiber are brittle materials. There is good
consistency between the experimental and numerical results of
the maximum circumferential strain in Figure 6B. Figures 6A, B
shows the circumferential strain is highest in the transition zone
between the head and the cylinder, which is consistent with the
experimental and simulation results of the study (Nebe et al,
2021).

The simulation results of the case matrix and fiber damage
under internal pressures of 10 MPa, 30 MPa, and 50 MPa are
shown in Figures 6C, D. Under an internal pressure of 10 MPa,
the failure of the Matrix occurs near the pole hole and the
circumferential winding of the cylinder, which is caused by the
lower strength of the circumferential winding layer near the
pole hole and the circumferential winding layer in the cylinder,
i.e., the lower strength in the vertical fiber direction. As the
internal pressure increased to 30 MPa, the matrix failure at the
dome gradually evolved towards the cylinder, and damage
occurred to the spiral-wound layer in the cylinder. As the
internal pressure increased to 50 MPa, the case expanded
outwards and severe matrix tensile failure occurred across
the entire column surface. No fiber damage was found at
internal pressures of 10 MPa. As the internal pressure
increased to 30 MPa, damage was observed in the middle of
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Microscale finite element analysis results. (A) Matrix damage; (B) Fiber damage.

the dome and in the transition area between the dome and the
cylinder, and as the internal pressure increased to 50 MPa, the
transition area of the cylinder exhibited fiber fracture due to the
large tensile forces generated by the composite layer. In
addition, fiber damage occurred first in the spiral-wound
layer of the cylinder, and no fiber failure under compression
and flexural failure were found; therefore, fibers play an
important load-bearing role under internal pressure, and
when many fiber breaks occur in the composite layer, the
composite pressure vessel will lose its ability to withstand the
internal pressure.

When the test pressure in the case is 30.0 MPa, the case
ruptures from the cylinder segment. The disintegration of the
fiber winding case is the two parts shown in Figures 6E, F, the
degree of failure of the dome and cylinder section is basically the
same, the case realizes equal strength design, combined with the
failure of the case, it can be inferred that the first failure position in
the blasting process is the transition zone of the case dome and the
barrel segment, and then the cylinder segment is torn, which is
consistent with the numerical simulation of the result of greater
strain in the transition zone of the case dome and the barrel
segment.

However, the analysis of macroscale stress-strain results
alone does not provide an accurate and intuitive picture of the
damage characteristics and damage mechanisms of solid
engine casings. For this reason, further damage failure
analysis is required at the point of maximum strain based
on the mesoscale model and microscale model.
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3.2 Mesoscale simulation results

To better observe the failure behavior between the winding layers,
the finite element model used for mesoscale calculations has
embedded cohesive elements between each winding layer, while
submodel techniques are applied to map the results of macroscale
nodal displacement calculations into the mesoscale model, which can
simulate the failure behavior between the winding layers. The
displacement results from the mesoscale numerical simulations will
be used as input boundaries for the microscale numerical simulations.

According to the macroscale calculation results, the matrix
damage and fiber damage states are different at different
locations of the composite case; therefore, to capture the most
vulnerable situation of the case, seven locations, as shown in
Figure 7B, the
simulation area. Figure 7A is a schematic diagram of the

were selected as mesoscale numerical
structure of the mesoscale model.

Figure 7A shows the damage clouds for the interlaminar
cohesive element in the mesoscale models at different locations
for internal pressure loads of 10 MPa, 30 MPa, and 50 MPa,
considering a damage value of zero as no damage found and
0.99 as failure occurring between the layers. In all mesoscale
models, the interlaminar damage value increases with the internal
pressure load and the damage area increases with the internal
pressure load. At the selected locations I, III, IV, V, IV, the first
interlayer damage occurred at an internal pressure of 10 MPa. With
the increase of load to 30 MPa, the interlayer damage at positions I,

IIL, IV, V and IV gradually expands from the outside to the inside.
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Finally, the pressure is increased to 50 MPa. Since the load exceeds
the bearing capacity of the interface layer, all the interface layers are
damaged, and the damage value reaches the maximum value of 0.99.

For models II and VI, no interlaminar damage occurs at an
internal pressure of 10 MPa, and the area of interlaminar damage at
an internal pressure of 30 MPa is also significantly smaller than
other locations. Additionally, the influence of the interlaminar shear
effect in the middle of the dome leads to the phenomenon of
chunking in the damage area.

3.3 Microscale simulation results

In the Abaqus simulation, the Mohr strength criterion was
written, and the maximum strain damage initiation criterion user
subroutine was used to perform damage analysis on the composite
case at the microscale. Figure 8A shows the results of the microscale
model matrix damage analysis with model numbers distributed as I,
I, I1L, IV, V, VI, and VIL. Under 10 MPa of pressure, models I, IIL, IV,
V, VI, and VII all showed a small amount of matrix failure and model
I did not show damage failure. Under 30 MPa of pressure, models I
and VII showed a large continuous area failure phenomenon, while
models III, IV, and V showed a discrete distribution of failure, and
model II failed in a small area near the fibers. Under 50 MPa of
pressure, models I, II, and III failed in a small area near the fibers.
Under 50 MPa of pressure, models I, II, III, IV, V, VI, and VII all
showed large area failures. It is noteworthy that the failure areas of
different models are different. This is because of the fact that the fiber
direction of models I and VII at the dome near the pole hole is close to
0°, and the axial strain here is larger than the circumferential strain.
When the model is subjected to tensile forces perpendicular to the
fiber direction, the matrix is the main load-bearing material, and due
to the low strength of the matrix, a large continuous area of failure
occurs; the failure areas of models II and VI at the middle of the dome
are crossed. This is because of the fact that the model is affected by the
shear strain, while models III, IV, and V in the transition zone of the
dome and barrel and the cylinder are mainly subjected to tension in
the parallel fiber direction and thus failures occur in a discrete
distribution in the vertical fiber plane.

Figure 8B shows the results of the microscale model fiber
damage analysis. The results revealed that only the transition
region of the dome and cylinder, corresponding to Models II and
IV, experienced fiber fracture failure. The fiber damage at internal
pressures of 10 MPa, 30 MPa, and 50 MPa was examined. At an
operating internal pressure of 10 MPa, no fiber bundle failure was
observed, while at 30 MPa, the fiber bundles already showed
localized failure, and at an operating internal pressure of 50 MPa,
all fibers in the model failed.

4 Conclusion

Based on the CRMC winding process scheme, refined modeling
and strength calculations were obtained for the CRMC. The
macroscale, mesoscale, and microscale damages of the CRMC
under different internal pressure loads were investigated, and a
multiscale method was developed to carry out the CRMC safety
analysis. The following conclusions were obtained.
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o The results of the numerical simulation of the macroscale
model at an internal pressure of 3 MPa and the test axial strain
were compared. The accuracy of the simulation results can
reach more than 80% without considering the influence of
local effects at fixed positions, which verifies the finiteness of
the model and provides the basic conditions for multiscale
analysis.

o Through macroscale analysis, it was found that with the
increase of internal pressure, composite pressure vessels
commonly fail in the matrix first and finally expand into
fiber fractures, while also deriving the location of matrix and
fiber damage failure of the case under different internal
pressure loads, identifying the danger points and providing
a basis for the selection of submodel analysis areas.

o The interlaminar failure mode, matrix failure, and fiber
fracture failure were different at different locations in the
case by mesoscale and microscale analyses. At an internal
pressure load of 10 MPa, matrix failure and interlaminar
damage occurred first in the case cylinder, at the pole hole
and in the transition area of the dome and cylinder.
However, when the internal pressure load reached
30 MPa, the area of matrix and interlaminar damage

in the

transition area of the dome and cylinders. Additionally,
all fibers in the transition zone of the cylinder failed under

expanded and local fiber failure occurred

30 MPa of internal pressure.
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