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Abstract

During the production, storage, and use of solid rocket motors, the impact generated
by unexpected accidents, such as collision or drop, will cause damage to the propellant
and affect the safety of the motor. However, the progressive evolution mechanism of
mesoscopic damage in NEPE propellant under such impact conditions has not been fully
elucidated, and there is still a lack of quantitative method to evaluate the impact-induced
damage degree, which restricts the engineering safety assessment of solid rocket motors.
To investigate the influence mechanism, the mesoscale damage characteristics of NEPE
propellant under drop-weight impact is systematically studied. First, damaged NEPE
specimens are obtained by conducting drop-weight experiments with a 10 kg hammer,
where the drop height is varied to apply different impact impulses. The internal meso-
structure of the propellant is then characterized using micro-CT, yielding detailed imagery
of the refined meso-structural features and damage morphologies in the NEPE propellant.
To capture the dynamic evolution process of mesoscale damage, a mesoscopic model
incorporating AP, Al, HMX particles and voids, is subsequently constructed based on
the high-precision mesoscopic morphology characterized by micro-CT. By integrating the
deviatoric constitutive model, Gurson plastic damage model, and bilinear cohesive zone
model, high-fidelity numerical simulations of the drop-weight impact damage process
are performed using the advanced SPH-FEM coupling algorithm. The results indicate
that no significant damage occurs when the impact impulse is less than 13.85 N-s. As the
impulse increases, phenomena including matrix microcracks, void collapse, particle/matrix
interface debonding, and main crack formation appear sequentially. When the impulse
exceeds 24.25 N-s, particle fragmentation and transgranular fracture occur, accompanied by
plastic flow and frictional heating that induce ignition. Finally, the overall damage degree
is fitted by the Boltzmann function, and a function for quantitatively describing the damage
degree is obtained, which can provide theoretical support for the impact safety assessment
of solid rocket motors.

Keywords: NEPE propellant; drop-weight impact; micro-CT; SPH-FEM coupling algorithm;
mesoscopic damage law

1. Introduction

NEPE propellant is a composite energetic material containing a high proportion of
solid particles. It is widely used in solid rocket motors due to its high energy density,
high specific impulse, and excellent low-temperature mechanical properties. Solid rocket
motors may be subjected to accidental mechanical impacts, vibrations, and shaking during
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production, storage, or transportation, potentially leading to unexpected incidents such as
detonation or deflagration. Under dynamic loading, various types of mesoscopic damage,
including micro-cracking, interfacial friction, void collapse, and viscous shear, may develop
in particulate-filled NEPE propellant [1]. The accumulation of such damage can lead to
alterations in the macroscopic mechanical properties of the propellant, potentially resulting
in critical issues such as fracture and the formation of localized hot spots, which severely
compromise the safety of solid rocket motors. Therefore, investigating the meso-damage
in NEPE propellant following impact loading is of paramount importance for the safety
assessment and risk control of solid rocket motors in engineering applications.

Current research on the impact safety of NEPE propellant primarily employs exper-
imental and numerical simulation approaches [2,3]. For impact experimental methods,
existing studies have carried out extensive investigations on the dynamic mechanical
response, failure and ignition mechanism of NEPE propellant under different loading
conditions. Sun et al. [4] conducted high-strain rate (1500-4500 s~ ') impact tests on NEPE
propellant using SHPB, and revealed that transgranular fracture, matrix tearing, and void
coalescence are the dominant failure modes under high-strain rate loading. However, this
work focused on high-strain rate conditions, and did not involve the mesoscopic damage
evolution of NEPE propellant under low-speed drop-weight impact. Guo et al. [5] further
conducted SHPB experiments at various temperatures and high-strain rates, and found
that frictional shear heating among AP particles is the main ignition trigger. This work also
focused on strong impact scenarios, and did not clarify the critical impulse threshold of
mesoscopic damage initiation under low-speed drop impact. Li et al. [6] investigated the
effect of confining pressure on the compressive mechanical properties of NEPE propellant,
and established a pressure-dependent nonlinear constitutive model, but did not involve
the impact damage characteristics of the propellant. Hu et al. [7] optimized the bilinear
cohesive zone model parameters of NEPE propellant through quasi-static tensile tests, and
analyzed the mesoscopic damage evolution under quasi-static loading, while the dynamic
damage evolution under impact loading was not involved. Xing et al. [8] conducted in
situ SR-CT tensile tests on NEPE propellant under finite deformation, and observed the
mesostructural evolution under quasi-static tensile loading, but the dynamic meso-damage
mechanism under drop-weight impact was not systematically revealed. For low-speed
drop-weight impact, which corresponds to the accidental drop scenario of solid rocket
motors, existing studies [3,9,10] have investigated the hot-spot formation and ignition
mechanism of composite solid propellants and explosives under low-amplitude, long-pulse
impact, while the mesoscopic damage evolution mechanism of NEPE propellant under
such loading conditions has not been systematically revealed.

For the mesoscopic damage characterization of composite propellants, optical mi-
croscopy (OM), scanning electron microscopy (SEM), ultrasonic testing (UT), and micro-
computed tomography (micro-CT) are the most widely adopted methods [11]. OM [12]
and SEM [13] are capable of acquiring high-resolution meso-morphological features of
solid propellants, and have been widely used to observe the surface damage morphology
of NEPE propellant after dynamic loading [4,5]. However, both techniques are limited to
characterizing the meso-structure at the propellant’s surface and cannot probe the internal
three-dimensional meso-structure. UT offers advantages in real-time inspection and quan-
titative damage characterization, but it struggles to accurately resolve the specific locations
of mesoscopic damage or capture the morphological changes in damage evolution due to
the complexity of the propellant’s meso-structure. In contrast, micro-CT technology can
non-destructively detect the internal structural details of propellants with high precision,
and realize quantitative characterization of internal mesoscopic damage [14]. Collins [15]
and Pei [16] reconstructed the three-dimensional morphology of HTPB solid propellant
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using micro-CT, and established a representative volume element (RVE) model based on
the real meso-structure. Li et al. [17] reconstructed meso-structural models of the internal
components and interfaces within HTPB propellant utilizing micro-CT scanning, thereby
analyzing the dewetting evolution process. Liu et al. [18] conducted uniaxial tensile in situ
CT tests, capturing the evolution of the internal mean gray value and average porosity
with tensile strain, alongside corresponding CT images and attenuation coefficient curves.
Ma et al. [19] employed micro-CT to perform a scanning analysis of HTPB propellant, ob-
taining 2D tomographic images and revealing the 3D spatial distribution of its particulate
constituents. However, there is still a lack of micro-CT based non-destructive characteriza-
tion of the internal three-dimensional meso-damage evolution of NEPE propellant under
drop-weight impact.

Regarding numerical simulation, the cohesive zone model (CZM) is commonly used
in numerical simulations for characterizing damage in composite materials, with the
bilinear [20] and exponential [21] models being among the most widely adopted. Baren-
blatt proposed the formulation of different fracture criteria based on the specific mechanical
properties of the cohesive material when calculating material fracture. In studying inter-
facial dehumidification, CZM assume the interface consists of a single layer of elements,
where the forces and deformation displacements acting on these elements are defined
through various modeling approaches. Once the traction force reaches the maximum
strength that the interfacial element can sustain, damage initiation occurs. This is followed
by a degradation of the load-bearing capacity. The element fails completely when the sepa-
ration displacement reaches the critical failure displacement. This fundamental relationship
governing the damage process is referred to as the traction-separation law. Hou et al. [22]
conducted experimental and numerical investigations on the meso-damage of HMX-MDB
propellant under tensile loading using SEM. The study verified that a segmented CZM
provides a more accurate description of the damage evolution. It was further demonstrated
that the “dewetting-nucleation-crack propagation” process is predominantly governed
by the relative strengths of the interface and the binder matrix. Francqueville et al. [23]
employed a micromechanical approach, integrating experimental data and finite element
analysis, to establish the relationship between microstructural evolution and macroscopic
mechanical properties in solid propellants. The study further revealed that cohesive param-
eters significantly influence both the initiation and propagation of local damage, as well
as the material’s macroscopic stress—strain response. Ma et al. [24] conducted numerical
simulations of interfacial Type I and Type Il damage using a PPR CZM that accounts
for different tangential and normal fracture energies, concluding that this model is more
suitable for mixed damage than the bilinear CZM. Currently, the FEM serves as the pre-
dominant numerical simulation technique employed in the study of composite energetic
materials. The SPH-FEM coupling algorithm integrates the maturity of FEM in structured
mesh processing with the flexibility of SPH [25] in handling large deformations and fracture
phenomena, making it applicable for damage evolution calculations in composite energetic
materials. Johnson [26] applied the SPH-FEM coupling algorithm to various impact dynam-
ics problems and successfully integrated this method into the impact dynamics software
EPIC (version 2002, Alliant Techsystems Inc., Hopkins, MN, USA). However, there is still a
lack of high-fidelity SPH-FEM coupling numerical model that can accurately reproduce the
whole process of multi-mode mesoscopic damage coupling evolution of NEPE propellant
under drop-weight impact.

It can be observed that the meso-structure critically influences both the macroscopic
properties of solid propellants and the safety of rocket motors. Existing studies have carried
out extensive investigations on the dynamic mechanical properties, failure and ignition
response of NEPE propellants under high-strain rate loading via SHPB experiments, reveal-
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ing the influence of strain rate and temperature on the macroscopic mechanical response
and microscopic failure modes of NEPE propellants. However, these studies mainly focus
on the high-strain rate conditions corresponding to strong impact and explosion scenarios,
while the meso-damage mechanism of NEPE propellants under low-speed drop-weight
impact, which is more consistent with the accidental drop/collision scenario in actual
engineering, has not been systematically revealed. Meanwhile, existing studies mostly
adopt SEM and OM to observe the surface damage morphology of specimens, and there
is still a lack of non-destructive characterization of the internal three-dimensional meso-
damage evolution inside NEPE propellants under impact loading. To date, research on
the mesoscopic damage mechanism of NEPE propellant under low-speed drop-weight
impact is still insufficient, especially the quantitative relationship between impact impulse
and mesoscopic damage evolution has not been clearly revealed. Specifically, the critical
impact impulse thresholds for the initiation and evolution of different mesoscopic damage
modes (including matrix microcracks, void collapse, particle/matrix interface debonding,
main crack formation, particle fragmentation and transgranular fracture) in NEPE pro-
pellant have not been quantitatively clarified, the progressive evolution law of multiple
meso-damage mechanisms under increasing impact impulse has not been fully elucidated,
and there is no quantitative function for describing the overall damage degree of NEPE
propellant under different impact impulses, which cannot provide effective theoretical
support for the impact safety assessment of solid rocket motors.

To address this issue, this work studies the meso-damage characteristics of NEPE
propellant under drop-weight impact conditions through experiments and numerical
simulations. In this study, the drop-weight impact experiments are used to simulate the
process of the solid rocket motor being subjected to external impacts. The impacted NEPE
propellant is characterized using micro-CT scanning, and image reconstruction yields high-
resolution visuals that directly reveal its meso-structural features and damage morphology.
Based on these image characteristics, a mesoscopic model incorporating AP, Al, HMX
particles and voids is constructed based on the high-precision mesoscopic morphology
characterized by micro-CT. By integrating the deviatoric constitutive model, Gurson plastic
damage model, and bilinear cohesive zone model, high-fidelity numerical simulations
of the drop-weight impact damage process are performed using the advanced SPH-FEM
coupling algorithm. The simulation results elucidate the characteristic modes and evolution
patterns of multiple meso-damage mechanisms within the propellant. Furthermore, the
analysis quantifies the damage effects induced by drop-weight impact on NEPE propellant,
leading to the establishment of an “impact impulse-meso-damage” model, and a function
for quantitatively describing the damage degree is obtained via fitting by the Boltzmann
function. The remainder of this paper is organized as follows.

In Section 2, the experiment of drop-weight impact is carried out. Section 3 gives
the SPH-FEM coupling algorithm. Section 4 presents the results of numerical simulation.
Conclusions are summarized in Section 5.

2. Drop-Weight Impact Experiment

This section aims to obtain the mesoscopic damage morphology of NEPE propellant
under different impact impulses through drop-weight impact experiment and micro-CT
characterization, clarify the critical impulse threshold of damage initiation and ignition,
and provide experimental basis, model parameters and verification benchmark for the
subsequent numerical simulation and quantitative damage model establishment.

The drop-weight impact method is selected based on the actual loading scenario.
During the production, storage, transportation and use of solid rocket motors, the accidental
impact caused by collision or drop is low-speed and low-strain-rate impact, which can
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be accurately simulated by drop-weight impact. The SHPB method is mainly used for
high-strain-rate loading conditions such as strong impact and explosion, which is not
consistent with the accidental impact scenario concerned in this work. In addition, the
drop-weight impact can apply stable and controllable impact impulses, and cooperate
with micro-CT to realize the non-destructive characterization of internal meso-structure
and damage morphology of NEPE propellant, which meets the research requirements
of mesoscopic damage characteristics and evolution law under real accidental impact.
The NEPE propellant, whose formulation is primarily composed of binders, oxidizers,
explosives, and fuels [27], is first cut into specimens of J(5-10) mm x (2-6) mm using
cutting tools and molds.

2.1. Experimental Apparatus and Method

Micro-CT scanning enables non-destructive observation of internal structures while
providing quantitative analysis of damage. However, current research primarily focuses
on using micro-CT to characterize processes such as tensile and shear testing in composite
materials. This study employs a Skyscan 1172 micro-CT apparatus to characterize the
meso-damage in NEPE propellant induced by drop-weight impact. This apparatus is a
multi-range nanoscale 3D X-ray micro-CT system featuring a unique X-ray source and
detector geometry. Its core components include a microfocus X-ray tube with a high-
voltage power supply, a precisely controllable sample stage, a 2D X-ray CCD camera, and
an electronic computer equipped with dual processors and an LCD monitor. Through its
precise spiral reconstruction technique, the system effectively eliminates cone-beam CT
artifacts, thereby generating clearer, high-precision images. During operation, the specimen
stage is pre-set to rotate 360° at specific angular increments. As the stage rotates through
each incremental step, the system acquires a set of processed projection images following X-
ray exposure. These sequential X-ray projections collectively constitute a complete dataset
for tomographic reconstruction.

The projection data is processed using a corresponding reconstruction algorithm to
generate cross-sectional data of the specimen. By sequentially stacking these cross-sectional
slices, a series of 2D grayscale tomographic images is ultimately produced [28]. The
complete reconstruction flowchart is illustrated in Figure 1. The specimens are scanned
using the micro-CT system to obtain their meso-morphology prior to impact for each
specimen group.

Image processing steps

Calculating

Data acquisition Binarization Erosion N
distance map

Segmentation Dilation

\ 4 v | / \ 4 \ 4 \ J

G}m,\ scale > Solid phase » Eroded solid » Distance map » Separated > Separated
images phase particle nuclei particles

Outputs

Figure 1. Image reconstruction flowchart.

To simulate the effect of external impact on the meso-structure of NEPE propellant
in solid rocket motors, a drop-weight experiment apparatus is employed. The specimen
is placed within an anvil assembly, constrained by upper and lower impact platens. By
varying the mass and height of the drop hammer, impact loads are applied to NEPE
propellant specimens of different dimensions. The impacted specimens are then scanned
again using the micro-CT system for image reconstruction, enabling analysis of how
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external impact influences the meso-structure and induces various damage modes in the
propellant. The experimental system is illustrated in Figure 2.

Framework
Slide rail

Projection image

Drop hammer

— Transparent protective shield
Specimen
Upper striker
Specimen
Lower striker
Striker sleeve

— Base .’
X-ray source e
Schematic diagram Rotation stage

Schematic diagram

Load specimens

Micro-CT scanning g

Figure 2. Experimental systems.

2.2. Experimental Results and Discussion

To determine the range of drop heights that induce meso-damage without causing a
macro-response, impact sensitivity experiments are conducted. The experiment parameters
are shown in Table 1.

Table 1. Impact sensitivity experiment parameters.

Specimens Thickness/(mm) Drop-Weight/(cm) Number of Groups
25,3,35,4,45,5,55,6,65,7 15, 20, 25, 30, 35, 40, 45, 50 240

The specimens are divided into ten groups with varying thicknesses. For each group,
three replicate experiments are conducted at different drop heights, resulting in a total
of 240 experiments. The curve fitted from the data, illustrating the relationship between
reaction thickness and specimen thickness, is shown in Figure 3.

Experimental results reveal that the ignition response of the NEPE propellant for-
mulation used in this study is influenced not only by the impact impulse but also by the
initial thickness of the specimens. Based on 240 experiments, ignition occurs only when
a 10 kg drop hammer is released from a height of 50 cm, and solely for specimens with
thicknesses below 3 mm. As the specimen thickness increases, the impact ignition threshold
gradually decreases. When the thickness exceeds 5 mm, the impact ignition threshold in the
drop-weight experiment stabilizes at 24.25 N-s. The measurement of this ignition threshold
is only used to determine the upper limit of impact impulse for the subsequent non-ignition
mesoscopic damage experiments, to ensure that the whole process of damage evolution
before ignition can be systematically studied. The meso-damage characteristics and den-
sity in the most severely damaged subsurface region remain essentially consistent across
different thicknesses. This indicates that the experimental results are not affected by the
specimen size in the conventional size range of engineering propellant charges, and have
good generalizability for the actual accidental drop impact scenario of solid rocket motors.
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Reaction thickness(mm)
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Figure 3. Reaction thickness-specimen thickness curve.

For small NEPE propellant specimens, ignition does not lead to complete consumption
of the material. Experimental observations indicate that the reaction is primarily confined to
the upper portion of the specimen, while the lower section remains largely unreacted. The
mechanical wave generated by drop-weight impact undergoes progressive attenuation as it
propagates through the propellant. According to Reference [3], the dominant ignition mech-
anism is identified as the formation of localized hot spots due to plastic flow and friction
within the propellant matrix. With increasing impact impulse, the region experiencing the
highest mechanical wave intensity within the propellant, where plastic flow is most severe,
becomes more prone to localized heating and hotspot formation, consequently exhibiting a
higher propensity for ignition. The reaction typically encompasses approximately 10% to
45% of the total specimen thickness.

To investigate whether the safety of the solid rocket motor is affected when it is
subjected to external dynamic loads without ignition and explosion, the specimens an-
alyzed in this study are specifically selected from those that do not ignite upon impact.
By comparing micro-CT reconstructed images of the specimens before and after impact,
distinct meso-structural damage is identified in the NEPE propellant subjected to external
loading. The predominant failure mechanisms are characterized as matrix tearing and
interfacial dewetting between the particles and the matrix. As indicated in Reference [29],
transgranular fracture and particle fragmentation only occur when a 10 kg drop hammer
reaches a height of 30 cm. However, since the propellant specimens in our experiments
had already exhibited ignition responses under such conditions, which do not meet the
specimen selection criteria, the impact height is maintained below 30 cm. Consequently, no
transgranular fracture or particle fragmentation is observed in the scanning reconstruction
results. Due to their dispersed distribution and sub-resolution size, matrix voids cannot
be directly resolved in the micro-CT results. Therefore, the influence of impact loading
on the voids within the NEPE propellant is analyzed by calculating the porosity from CT
slice data before and after experiment. This data-driven approach subsequently enables the
construction of a three-dimensional void model.

Owing to the pronounced viscoelastic characteristics of NEPE propellant under real
conditions, the intensity of mechanical waves attenuates progressively with increasing
penetration depth. Consequently, the most severe meso-damage is generated in the surface
region of the propellant, which poses the greatest potential hazard to the safety of solid
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rocket motors [9]. Therefore, the specimens with a side length of 2 mm are cut at a depth of
1 mm in the central area of the surface for scanning characterization. For the 2 mm edge-
length specimens, the results under different impact impulses, including 2D cross-sectional

slices, 3D reconstructed models, void distribution maps, and calculated porosity values are
presented in Figure 4.

(b) I =14Nes (© [ =17.15N+s (d) [ =19.8Nes
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Figure 4. (a-d) Two-dimensional cross-sectional slices of specimen damage, (e-h) three-dimensional

reconstruction models of specimen damage, (i-1) void distribution, and (m-p) calculation results of
porosity under impacts with different impulses.

In Figure 4i-1, the spherical blue scatter points represent the equivalent volume substi-
tution of voids or micro-cracks within the binder matrix, which can be used to calculate
the number and equivalent volume of damage. Analysis of specimen porosity and micro-
CT reconstructed images reveals that when the specimen thickness exceeds 3 mm, the
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meso-damage characteristics and density in the most severely damaged subsurface region
remain essentially consistent across different thicknesses. During the manufacturing pro-
cess of NEPE propellant, voids ranging from 0 to 10 um in size are formed. When the
impact impulse reaches 13.9 N-s, micro-cracks approximately 5-10 pm in size are first
observed, exhibiting a scattered, point-like distribution. This phenomenon is attributed to
the heterogeneous distribution of particles during the manufacturing of NEPE propellant,
which generates localized low-density regions. These regions are particularly susceptible
to initial damage via viscous shear when subjected to mechanical stress waves. When
the impact impulse exceeds 14 N's, initial voids begin to collapse, accompanied by the
propagation of micro-cracks. Due to the reflection and superposition of mechanical waves
at particle/matrix interfaces, wave intensity becomes amplified, inducing misalignment
tendencies between particles. Consequently, the regions adjacent to interfaces become
more prone to micro-crack damage, with new micro-cracks predominantly forming around
particles. When the impact impulse exceeds 17.15 N's, the proportion of initial voids
decreases significantly. Subjected to longitudinal impact loading, these voids progressively
collapse and evolve into cracks extending tangentially to the direction of mechanical wave
propagation. Concurrently, micro-cracks continue to grow and coalesce. When the impact
impulse exceeds 19.8 N's, localized dewetting occurs at the particle/matrix interfaces,
while initial voids collapse into transverse cracks. Concurrently, propagating micro-cracks
coalesce to form larger macro-cracks. When the impact impulse exceeds 22.14 N-s, interfa-
cial dewetting damage evolves into large-scale crack damage. The coalescence of numerous
propagating cracks forms dominant macro-cracks, leading to visibly observable matrix tear-
ing damage in the NEPE propellant at the macroscopic scale. Consequently, the mechanical
properties of the propellant undergo significant degradation, and it progressively loses its
load-bearing capacity. When the impact impulse exceeds 24.25 N's, transgranular fracture
and fragmentation of solid particles occur [29], with intensified plastic flow and friction
generating hot spots that ultimately lead to specimen ignition.

3. SPH-FEM Coupling Algorithm

This section introduces the SPH-FEM coupling algorithm adopted in this work. The
above experimental results clarify the progressive evolution law of mesoscopic damage of
NEPE propellant with the increase in impact impulse, and determine the critical impulse
threshold of each damage stage. However, the experiment can only obtain the static damage
morphology before and after impact, and cannot reveal the dynamic evolution process of
mesoscopic damage in the impact process. The core purpose of selecting this algorithm is
to accurately simulate the dynamic damage evolution process.

Since 1994, the SPH-FEM coupling algorithm has been utilized in pioneering work
for numerical simulations of complex systems [30,31]. This algorithm employs the SPH
method for calculating regions with large deformations, fractures, and fragmentation,
while utilizing the FEM method in areas with relatively minor deformations. This approach
achieves a balance between computational efficiency and simulation accuracy. However,
current research primarily focuses on applying the SPH-FEM coupling algorithm to simu-
late macroscopic phenomena. To model the meso-damage and failure processes of NEPE
propellant under impact loading, this study employs the SPH-FEM coupling numerical ap-
proach. Simultaneously, a bilinear CZM is introduced within the FEM domain to accurately
characterize interfacial damage initiation and evolution.

The algorithm employs a second-order accurate leapfrog method for the numerical
integration of the SPH equations. In this scheme, particle density, velocity, and energy
are updated using At/2 step, while coordinates are updated using At step. Subsequently,
after the coordinate update, the particle density, velocity, and energy are advanced by
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another At/2 step, thereby synchronizing their time levels with the particle coordinates. To
enhance computational efficiency, a linked list search method [32] is employed for nearest
neighbor particle search. Before each time step, the temporary linked list settings are up-
dated, assigning particles to their respective linked lists to search for neighboring particles.
The fully variable smoothing length SPH method [33-35] is employed, coupled with an
artificial stress formulation [36], to enhance computational efficiency while simultaneously
improving numerical accuracy and mitigating tensile instability.
Figure 5 shows how to search for cells using the linked list method.
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Figure 5. Schematic of the cell-linked list method for neighbor search.

This work employs a lumped mass matrix approach, which concentrates the ele-
mental mass at the nodal points, to facilitate the coupling between SPH particles and

finite elements.
Ne

P =i
iy, [0 E o G-
0 (j #1)

17ij
where 7, is the number of nodes; p is density; e is energy; and M is the mass matrix.

(1)

The configuration of the coupling between SPH particles and finite element nodes at
the interface is illustrated in Figure 6.

@  SPH fluid particles e o o
[ ] ) ([

A SPH-FEM contact particles
A O [ [
QO SPH virtual particles A O ([ J ([
[ J (] [

FEM mesh

[ J (] [

Figure 6. Coupling forms of particles and nodes.

The information transfer at the coupling interface is achieved through the smoothing
kernel function W and the shape function N. Specifically, the physical quantities of SPH par-
ticles at the interface are exchanged with FEM nodes employing the following formulation:

dpi _ b z] Al AL
LTtl = ]; m;(v; + Zmb] vb] P )
- 1
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where m,; is the mass of the background particle j; py; is its density; vy; is the velocity
vector; 0p; is the stress tensor; N;(x) is the shape function; N, is the number of particles
within the support domain; f(x;) is the physical quantity at the FEM node; and (f(x)) is
the interpolated physical quantity at the SPH particle position.

Newly generated ghost particles require assignment based on the finite element
nodes. The physical quantities at the FEM nodes can be dynamically transferred to the
ghost particles at the interface, with the specific assignment procedure governed by the
following rules:

Xp = Xp
Ne 1
my = My = Zﬂl N, < Pei Vei
P = On @)
1 N N‘Z
Op = On Nglz Ooi :NEZZ Z ngo'g]

Cp—Cn

where the subscript g is the Gaussian integration point; e is the element; n is the
node; p is the particle; Wi is the integration weight; N, is the number of elements con-
nected to the node; N is the number of Gaussian points within the element; 0,; is the stress
tensor; and N, is the number of nodes per element.

The smoothing length of the ghost particles is determined by the following equation:

1
(P0iy g
roi(5) ®)

where ry is the initial element size; « is a constant; and d is the dimensionality.

To prevent non-physical penetration between SPH particles and the FEM interface, a
contact force algorithm based on a potential function is employed. The contact force and
contact potential are defined as follows:

f. = Nb.dV )
Q£L
W(xa —xp)."
= [ g(E\EATYB)y gy 10
o(xa) Q/ (Wiape) (10)

where N is the shape function matrix; b is the body force vector; and W is the space of
weighting functions. The contact force is obtained through the gradient of the potential
function as follows:

NCONT yy. W (r;;)" !
be(x;) = Vo (x;) = —LKn—L— vV, W(x; — x; 11
(xi) = Vo(xi) ; 0 W (Bpag)” " (x; — x;) (11)
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The contact force is ultimately incorporated as an external force term into the SPH
momentum equation and the FEM equations, respectively:

B
dov N o Wi fulx)
=Y mi(—- 4+ L —11;) — = (12)
dt ]; e
Mii 4+ Cu+ Ku = fc(x;) (13)

The time step for the entire coupled system is governed by the more restrictive of the
stability criteria from both the SPH and FEM methods:

h‘
Atep, = mi ! 14
v mln( ¢ + 0.6(unci + ﬁnmaX((/)ij)) ) (14)
Atrem = _ Asbmin (15)
E(1-0)

o(1+v)(1-2v)

where Ly is the minimum element size; p is the density; v is Poisson’s ratio; A3 is a
dimensionless constant; and E is the elastic modulus. The computational flowchart of the
SPH-FEM contact algorithm is illustrated in Figure 7.

SPH Time Step ——————————» Time Step «——— FEM Time Step
Comparison
A A
v
SPH-FEM Time
Step Update
'

Particle-Node

Conta?t SPH T Contac.t Node

Particles . Particles
Detection
Contact Finite
Element Node
Mass Conservation Equilibrium Equation
— Momentum Conservation Equation of Motion —
Energy Conservation Constitutive Relation
Update mass, Update coordinates Update mass,
. . . . Update
coordinates, velocity, and loads of FEM coordinates, velocity, .
displacements and
and energy of SPH nodes at the and energy of
> by . loads of FEM nodes
particles coupling interface background particles

Figure 7. Flowchart of SPH-FEM contact algorithm.

4. Numerical Simulation Model

This section establishes a mesoscopic numerical model of NEPE propellant based
on the real meso-structure characterized by micro-CT in the experiment, and carries out
numerical simulation of the drop-weight impact damage process using the SPH-FEM
coupling algorithm introduced in Section 3.
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4.1. Void and Crack Damage Model

In this work, a mesoscale numerical model of NEPE propellant is established, incor-
porating three damage evolution modes: microcracking, void collapse, and interfacial
dewetting. In the model, the overall stress and strain are decomposed into deviatoric and
volumetric parts, respectively, to formulate a microcrack-related deviatoric constitutive
relationship and a microvoid-related volumetric constitutive relationship. The two parts
are coupled through the Gurson yield criterion, and the relevant state variables are updated
via the evolution equations for microcracks and microvoids.

The plastic deformation of the NEPE propellant is characterized by the classical Gurson
model [37], in which the material yield surface involves the von Mises equivalent stress o¢
and the hydrostatic pressure p as follows:

F(0°, p, f) = (0°/Ypm)? +2f cosh(—3/2Yy) — f2—1=10 (16)

To account for the material hardening behavior and strain rate sensitivity under
dynamic loading, the yield strength Yj; of the fully dense matrix material (f = 0) can be
expressed as:

Yy = (00 +h(Eh)")[1+C-In(1+¢&")] (17)

where 0y is the initial yield stress under ¢ = 10s~! loading; Ei/{ is the equivalent plastic
strain; ¢* = ¢/ is the equivalent plastic strain rate; h is the hardening modulus; and n and
C are material parameters.

The macroscopic stress—strain response of the NEPE propellant is characterized by
an elastoplastic damage constitutive model. The total strain rate (¢) and stress rate (0) are
decomposed into deviatoric (¢, s) and volumetric (&, —P) components. The total deviatoric
strain rate consists of three additive parts: a viscoelastic component (¢”), a crack damage
component (¢), and a plastic component (¢”), which respectively describe the effects
of viscoelastic deformation, microcrack evolution, and plastic deformation of the matrix
material on the mechanical properties of NEPE propellant. The viscoelastic deformation of
the binder is described using a generalized Maxwell model, and the crack strain caused
by microcrack opening and shear propagation is described by the SCRAM model. The
deviatoric constitutive relation can be expressed as:

§=2GA-(é—¢")—B-(s+C) (18)

where s is the deviatoric stress tensor; G is the shear modulus (Pa).
The material parameters A, B, and C are defined as follows:

_ 1

" 1+4(c/a)®

_ txe(f/u)zf/u
I1V+(z/a>3 (19)
> s(")/T(H)
n=1

3(c/a)’t/a

where ¢ is the mean microcrack size (mm); (") and s denote the relaxation time (s) and
deviatoric stress of the n-th Maxwell component (Pa), respectively.
The characteristic initial crack size a is calculated by the following expression:

a3 =6Gp
_ edn(1-0)N, (20)
B = 5=

where v and Ny denote Poisson’s ratio and the initial crack number density (m~?), respectively.
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Based on the Griffith energy release rate criterion for crack propagation, the microcrack
evolution equation can be formulated as [38]:

. B 2y
= Cmax [1 7gd0m (0_, E) ] (21)

al

where ¢max is the maximum expansion velocity (m/s); 7 is the specific surface energy of
the material (J/m?). The term g4,,,(c, ) corresponds to the energy release rate associated
with the dominant crack.

Due to the randomness of the orientation distribution of microcracks in the material,
there exists a critical microcrack orientation corresponding to the maximum energy release
rate. Microcracks along this orientation first propagate unstably under the minimum
applied stress and are therefore defined as the main crack. The determination of the main
crack orientation is related to the current stress state. The determination of the main crack
orientation and the corresponding energy release rate can be found in References [38,39].
The damage degree of the material corresponding to microcrack propagation is defined as:

dew =/ (a® +2°) (22)

where d,, is the microcrack damage variable; a is the characteristic initial microcrack
size (mm).

To describe the effect of irreversible damage caused by microvoid evolution on the
volumetric deformation of NEPE propellant, a porosity-dependent equation of state [40]
is adopted:

PSC(2)’75 (1 _ I'sys
1—sns) 2

where f is the porosity; p is the density of the void-containing material (g/cm?); e is the

plp.e f)=(1- f)[( ) + Tspses] (23)

specific internal energy (J/g). For the fully dense matrix material, ps = p/(1— f), es = e,
and 17; = 1 — ps,/ps = —ev correspond to its density, specific internal energy, and pressure,
respectively; I's is the grisen coefficient; ¢ is the wave speed (m/s); s is a material-specific
parameter. This equation is used to describe the change in pressure inside the propellant
caused by void collapse under impact loading, and provides the mechanical basis for the
calculation of void damage evolution.

Accounting for two distinct deformation mechanisms, porosity reduction ( f o) due
to void collapse and porosity increase ( fvd) induced by void deformation, the porosity
evolution equation can be expressed as [41]:

. p SZJEZ
f=0-flg —I—fkww((f)—a (24)
e
where &) = é,fk /3 is the plastic volumetric strain rate (s~!); k;, is a shear-dependent material
parameter; w is a stress state dependent variable with values ranging from 0 < w < 1.

2715 )2
208

w(o)=1—( (25)
where J3 is the third invariant of the stress tensor (MPa3).

The damage degree of an initial void is defined as the ratio of the void collapse
displacement to its initial diameter, calculated by the following formula:

57}0

L

dvo (26)
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where Jy, is defined as the void collapse displacement (mm), and Ly, is the initial cavity
diameter (mm).

4.2. Particle/Matrix Interface Damage Model

To simulate the interfacial dewetting damage between particles and the matrix in
the mesostructure of the propellant, a bilinear CZM is incorporated into the FEM. The
CZM characterizes the interfacial region as a bonding unit with specific strength. The
bilinear CZM describes the interfacial behavior through three distinct stages: elastic defor-
mation, damage evolution, and complete failure, which define the linear elastic relationship
between interfacial traction and separation displacement before damage initiation. The
corresponding traction-separation law governing this behavior is given by [42]:

T, (1-D)K, 0 0 en
T={T 3= 0 (1— D)K; 0 & 27)
T, 0 0 (1-D)K:| | e

where T}, T;, and T are the interfacial stresses (MPa); K;;, K¢, and K; are the corresponding
elastic stiffness coefficients (MPa-mm™1); e, &/, and ¢, are the interfacial strains.

D is the damage variable quantifying the extent of degradation, which is used to
calculate the degradation degree of the interface bearing capacity after damage initiation,
and describes the whole process of interface from damage initiation to complete failure
defined as:

b { 0 (6 <89 8)
=9 (689 0 28
50r—) (6 >0
where 60 is the interfacial displacement (mm) at the onset of damage initiation; and of is
the interfacial displacement (mm) at complete failure. The condition D = 0 corresponds to
the initial undamaged state of the interface, whereas D = 1 indicates that the interface has
fully failed.
The constitutive relation of the interface is given by the following expression:

T=Kd 0<6<o0
T=0+K/K)T™>* K5 0 <s<of (29)
T=0 of <4

where T™# is the interfacial bonding strength (MPa); K and K are the elastic modulus
(MPa/mm) and softening modulus (MPa/mm) of the interface, respectively. The character-
istic response curve of the model is illustrated in the accompanying Figure 8.

v

s s 9,

n n

-
------ I

Figure 8. Bilinear CZM.
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The bilinear CZM is defined by three parameters: initial stiffness, cohesive strength,
and critical failure displacement. Its response has two stages: an elastic stage where traction
increases linearly with separation, followed by damage initiation at point ¢° leading to
stiffness degradation, until complete failure at point /.

Owing to the presence of numerous solid inclusions within the model, the internal
shock wave propagates through particles of varying properties and sizes during the actual
impact process, leading to a highly non-uniform stress distribution throughout the material
domain. Consequently, a new stress-based criterion is adopted to determine the initiation
of interfacial damage, whose governing expression is given by:

L2 T

2
+(——) + >1 30
) ( Ttrnax ) ( szax ) e ( )

§=1/02+ 62 + 62 (31)

where 6, 6, and 6, are the separation displacements in the normal and two tangential direc-

Ty

max
TYl

(

tions, respectively. Complete interfacial failure occurs when the criterion § > 67 is satisfied.

4.3. Geometric Model Construction

Given the highly complex meso-structure of the propellant’s interior, the actual sce-
nario is simplified to ensure computational convergence. Experimental results indicate
that when the specimen thickness exceeds 3 mm, the characteristics and density of meso-
damage in the near-surface region remain essentially consistent across different thicknesses.
Therefore, the model is configured as an elastoplastic cylinder measuring 10 mm X 5 mm.
Based on the actual formulation of the NEPE propellant, a random packing algorithm is
employed to embed solid particles and voids within the model. Three types of solid parti-
cles are included: AP particles (50-100 pm), Al particles (20-30 pm), and HMX particles
(20-50 um). A schematic of the model is shown in Figure 9.

Upper striker

Intercept different positions
¥ Fixed

Lower striker

Set up collisions with different momenta

Figure 9. Schematic diagram of numerical calculation model.

Based on extensive numerical calculations, the mechanical properties of the propellant
matrix are determined as follows: an elastic modulus of 1.2 MPa, a Poisson’s ratio of
0.495, a yield strength of 2 MPa, and a fracture toughness of 0.9 MPa-m!/2. Given that
the elastic modulus of the solid particles is significantly higher than that of the matrix,
and considering that no particle fracture is observed in the experimental results, the
particles are therefore modeled as elastic bodies with an elastic modulus of 32 MPa and a
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Poisson’s ratio of 0.1433. A bilinear CZM is implemented to simulate interfacial dewetting
between the matrix and particles. As mentioned previously, the cohesive model requires
three independent parameters: initial stiffness, cohesive strength, and failure displacement.
Currently, there are no standardized values for the meso-interfacial mechanical parameters
of propellants. Therefore, this study employs approximate interfacial properties to simulate
the meso-damage in the solid propellant. Through multiple numerical experiments, a
suitable set of interfacial parameters is calibrated, with the final values listed in Table 2.

Table 2. Interface parameter.

Interface Tvpe Initial Stiffness Bond Strength Failure Displacement
P (MPa-mm~—1) (MPa) (mm)
Par’Flcle /matrix 100 05 0.02
interface
Weak interface layer 80 0.4 0.015
Matrix element 80 06 0.035

interface

The solid particles are discretized with 4-node linear tetrahedron elements, while most
regions of the propellant matrix are modeled using 8-node cohesive elements. Only the
local region around the initial voids is discretized by SPH particles. The cohesive elements,
representing both the particle/matrix interface and matrix tearing, are defined as 4-node
cohesive elements.

The NEPE propellant specimen is positioned between the upper and lower strikers,
and the lateral surface of the specimen is in close contact with the fixed striker sleeve.
The boundary conditions of the model are strictly set according to the actual drop-weight
impact experiment: (1) The lower striker and the striker sleeve are set with full-degree-
of-freedom fixed constraints; (2) The drop hammer only releases the translational degree
of freedom along the impact axial direction, with the initial impact velocity consistent
with the experiment applied; (3) The surface-surface contact boundary with a calibrated
Coulomb friction model is set between the specimen and the upper/lower strikers, as well
as between the specimen and the inner wall of the striker sleeve. Impact loading is applied
by assigning varying magnitudes of initial velocity to the drop hammer.

4.4. Simulation Results Analysis

The numerical results, as depicted in the stress—strain curve (Figure 10), exhibit strong
agreement with the experimental data from the aforementioned drop-weight impact experi-
ments. As meso-damage progressively accumulates, the macroscopic mechanical properties
of the NEPE propellant are significantly compromised. Once the meso-damage reaches a
critical threshold, observable macro-damage emerges in the propellant, accompanied by a
marked increase in its sensitivity. This heightened sensitivity severely compromises the
safety performance of solid rocket motors.

Referencing the location characterized in the experimental analysis, a 200 pm cube
is extracted from a depth of 1 mm beneath the center of the impacted model surface to
observe its meso-damage evolution. Figure 11 presents cross-sectional views of the initial
void damage in the propellant under different impact impulses.

In Figure 11b, the direction of the black dashed line is the drop-weight impact direction.
The dashed circle in Figure 11c,d represents the position of void collapse, and microcrack
damage can be observed in the figure. Figure 12a illustrates the evolution curve of initial
void damage, and Figure 12b shows the void damage 3D surface plot under the combined
action of impact impulse and time. Analysis based on the damage cross-sections, curve
and surface characteristics reveals the following regarding the influence of impact impulse:
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under low impact impulses, the initial voids exhibit negligible collapse due to the viscoelas-
tic nature of the NEPE propellant. When the impulse exceeds 14 N-s, the initial voids begin
to collapse, primarily along the tangential direction relative to the propagation path of the
mechanical wave. As the impact impulse further increases, the void collapse intensifies and
progressively evolves into micro-cracks. When the impact impulse exceeds 19.8 N's, the
initial voids collapse into transverse cracks, marking the transition from void-dominated
damage to crack-dominated damage.

501 ®
°
—®— Experiment

40 —— Calculation ® R
s
¥ ) [
=S
% 30 A °
Lv'; ()
= °
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< [

10+
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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Figure 10. The stress-strain curve of the model.
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Figure 11. Void damage under different impulse loads.
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Figure 12. (a) Impact impulse-void damage curve and (b) 3D surface plot of Dam-void with impact
impulse and time.
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Temporally, due to the viscoelastic properties of the NEPE propellant, the external
impact does not act directly on the voids. The resulting mechanical wave reaches its peak
intensity at the void locations around 30 ps, after which void collapse intensifies and
the void diameter decreases. The curve indicates a plateau in void damage progression
between 180 us and 210 ps, with only minor changes observed from 150 pus to180 ps. This
suggests that the primary stage of void collapse occurs between 30 ps and 150 ps. As the
mechanical wave intensity diminishes, the damage evolution decelerates progressively
from 150 ps to 180 ps until it effectively ceases. With increasing impact impulse, the primary
stage of void collapse damage shifts to earlier times. When the impact impulse exceeds
17.15 N-s, void damage is concentrated within 30 us to 120 us, with the main damage stage
occurring between 30 ps and 90 ps.

For the same 200 um cube, the evolution of mesoscopic crack damage is observed.
Figure 13 presents cross-sectional views of crack damage and particle/matrix interfacial

dewetting damage in the propellant under different impact impulses.

(b) I =14Nes =17.15N s

® 1=0 (8 [ =19.8N-es (h) two-dimensional slice

0 5 10 15 20

Figure 13. (a-e) Damage of propellant cracks and (f-h) dewetting damage of particle/matrix interface
under different impulse impacts.

The black dashed lines in Figure 13b—e indicate the locations of the cracks, and the
directions of the arrows represent the extension directions of the cracks. Figure 14a shows
the damage evolution curve of a single microcrack, and Figure 14b shows the damage
3D surface plot of microcrack under the combined action of time and impact impulse.
As revealed by the numerical results, when the impact impulse reaches 13.85 N's, initial
micro-cracks emerge sparsely within the matrix. When the impact impulse exceeds 14 N-s,
the micro-cracks begin to propagate and evolve. Due to the reflection and superposition of
mechanical waves at the particle/matrix interfaces, newly formed micro-cracks are predom-
inantly localized near these interfaces and around existing voids. When the impact impulse
exceeds 17.15 N-s, the micro-cracks undergo further propagation and extension, exhibiting
limited coalescence. Concurrently, damage evolution via void collapse contributes to an
overall increase in crack density throughout the model. When the impact impulse exceeds
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Dam-crack

19.8 Ns, the collapse of initial voids into transverse cracks lead to a marked increase
in crack density. The micro-cracks progressively widen and deepen along their initial
propagation paths, eventually coalescing to form dominant macro-cracks. At the model
scale, this coalescence results in a net reduction in the total number of individual cracks,
while simultaneously generating new micro-cracks around the primary macro-crack tips.
Concurrently, dewetting initiates at the interfaces between particles and the binder matrix.
When the impact impulse exceeds 22.14 N's, matrix tearing and interfacial dewetting inten-
sifies progressively, evolving toward crack formation and merging with micro-cracks to
form large-scale macro-cracks. At the macroscopic level, significant matrix tearing damage
becomes clearly observable.

0. 84

0. 6

0. 4

0.2

0.0

Dam-crack
1.00

Dam-crack

——Impulse=14N"s
——Impulse=17.15N"s
——Impulse=19.8N"s
——Impulse=22.14N"s

T T T T T T T
80 100 120 140 160 180 200

Time(us)

(@) (b)

Figure 14. (a) Micro-crack damage evolution curve and (b) 3D surface plot of Dam-crack with time
and impact impulse.

Temporally, micro-crack damage primarily occurs within the 0-200 ps timeframe
following impact. While an increase in impact impulse leads to larger micro-crack di-
mensions and a corresponding prolongation of their evolution duration, the numerical
results indicate that the primary phase of micro-crack evolution shifts toward earlier times
with increasing impact impulse. When the impact impulse is 14 N-s, micro-crack damage
evolution is essentially completed between approximately 100 pus and 180 us; When the
impact impulse is 22.14 N's, micro-crack damage evolution is completed between 20 ps
and 60 ps. Consequently, micro-crack dimensions are not the governing factor for the dam-
age evolution duration; rather, the increase in impact impulse accelerates the micro-crack
damage evolution rate.

4.5. Mesoscopic Damage Model and Function Establishment

The types and quantities of internal damage within the extracted 200 um surface
unit are statistically analyzed, and the resulting meso-damage model curve for the NEPE
propellant is presented in Figure 15.

The meso-damage modes incorporated in the developed damage model primarily
comprise micro-cracking, void collapse, matrix tearing, and particle fragmentation. The
model curve reveals that micro-crack damage persists throughout the entire meso-damage
evolution process of the NEPE propellant. When the external impulse is below 13.85 N's, no
meso-damage manifestation is observed within the propellant, its overall physicochemical
properties remain unaffected, and the solid propellant remains in a safe state. Once the
external impulse exceeds 13.85 N's, the meso-structure enters the micro-crack damage stage,
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signifying the initiation of the propellant’s meso-damage phase. When the impact impulse
reaches 14 N's, the meso-structure enters the void collapse stage, which is subdivided
into two distinct phases. During the first phase, the voids undergo primarily longitudinal
collapse due to the action of mechanical waves, leading to an increase in the total meso-
damage quantity. When the external impulse reaches 17.15 Ns, the second phase is initiated.
During this phase, a portion of the voids collapse into transverse cracks, while some micro-
cracks coalesce due to propagation, resulting in a net reduction in the overall meso-damage
quantity. When the external impulse reaches 19.8 N-s, all initial voids are fully transformed
into transverse cracks due to mechanical wave action, and the meso-structure enters the
particle/matrix interfacial dewetting stage. This stage is further subdivided into two
distinct sub-stages. In the first sub-stage, interfacial dewetting initiates between particles
and the matrix, while propagating micro-cracks coalesce into dominant macro-cracks. The
formation of these macro-cracks leads to a reduction in the overall meso-damage quantity;
When the external impact impulse reaches 22.14 N's, the system enters the second sub-
stage of interfacial dewetting. The intensified dewetting evolves into crack-dominated
damage, resulting in a marked increase in the overall meso-damage quantity. The dominant
macro-cracks cause substantial damage to the matrix, manifesting as macroscopic matrix
tearing. At this point, the mechanical properties of the NEPE propellant undergo significant
degradation, and its sensitivity progressively increases with accumulating damage. This
condition has severely compromised the safety of the solid rocket motor, necessitating
immediate inspection and maintenance to prevent potential accidents. When the external
impact impulse exceeds 24.25 Ns, the solid particles within the propellant experience
intense viscous shear, resulting in transgranular fracture and fragmentation. This process
is accompanied by the formation of localized hot spots, ultimately leading to the ignition of
the NEPE propellant.

400
Microcrack damage
. . Converge to form the main crack
Voids evolve into transverse cracks
350
2 2507
§ i Interface dewetting damage evolves into cracks
52
I i Interface dewetting
& 2004 Crack coalescence occurs{® — >
g Particle breakage|
Q -
Void Collapse Stage 1
1501 pec Stz
Void Collapse Stage 2
i Interface Dewetting Stage 1
100+ Crack growth 5V0|Uﬁ°"= Interface Dewetting Stage 1
i Particle Fragmentation Stage
50 Void collapse R
\
1 Microcracks',
H
appear »\
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Figure 15. Mesoscopic damage model of NEPE propellant.

The overall damage degree of the propellant is defined as the ratio of the meso-damage
volume to the total model volume:
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Vmeso-damage

dtot =
Vmodel

(32)

where dy, represents the overall damage degree; Vyeso-damage denotes the meso-damage
volume (mm?); and V,,,,4,; is the model volume (mm?).

The relationship between the overall damage degree and the impact impulse, ob-
tained by fitting the numerical results, can be effectively described by a Boltzmann func-
tion, R? = 0.99984. The function is expressed as follows:

(33)
where a = 0.288; b = —0.026; Iy = 19.78; ¢ = 2.429; I is the impact intensity (N-s),

13.85 N's < I < 24.25 N-s; a comparison between the damage function and the experimental
results is presented in Figure 16.

0. 25

®  Experiment
0.200 —— Fitting function

Overall damage degree

0.0 T T T T T T T T
14 16 18 20 22 24

Impact impulse(N-s)

Figure 16. The curve of overall damage degree impact impulse.

As can be seen from the figure, the experimental results show strong agreement with
the fitted function curve. Thus, the damage function enables rapid and reliable assessment
of the damage degree in NEPE propellant subjected to impact impulses ranging from
13.85 N-s to 24.25 Ns. The above numerical simulation results are in good agreement with
the experimental phenomena, reveal the dynamic evolution mechanism of each mesoscopic
damage mode under increasing impact impulse, and verify the critical impulse threshold
of each damage stage obtained from the experiment.

5. Conclusions

To address the research gap that the meso-damage mechanisms of NEPE propellant
under drop-weight impact remain unclear, and to meet the requirements of impact safety
risk assessment of solid rocket motors under accidental impact, this study systematically
investigates the mesoscopic damage evolution law and quantitative damage model of NEPE
propellant under drop-weight impact by combining drop-weight impact experiment, micro-
CT, and SPH-FEM coupling numerical simulation. The main conclusions are summarized
as follows.

(1) Based on 240 groups of drop-weight impact experiments with 10 specimen thickness
gradients and 8 drop height gradients, the quantitative relationship between the meso-
scopic damage of the NEPE propellant in this formulation and the impact impulse is
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clarified, and the key influencing factors and evolution paths of the mesoscopic dam-
age and ignition response are obtained. The ignition threshold is jointly determined by
the specimens’ thickness and the impact impulse. When the specimens thickness ex-
ceeds 5 mm, the impact ignition impulse stabilizes at 24.25 N's, and the meso-damage
characteristics in the subsurface region remain consistent across different thicknesses.
Based on the micro-CT reconstruction images and porosity calculation, the damage
forms of the unignited specimens under impacts with different impulses are mainly
void collapse, matrix tearing and particle/matrix interface debonding. When the
impact impulse is less than 24.25 N's, no particle fragmentation and transgranular
fracture phenomena are observed in the micro-CT characterization results.

(2) Based on the meso-morphological features characterized by micro-CT, an elastoplastic
cylindrical model containing randomly distributed AP, Al, and HMX particles along
with voids is constructed. Combined with the deviatoric constitutive model, the Gur-
son plastic damage model, and the bilinear CZM, the SPH-FEM coupling algorithm is
adopted to achieve the accurate numerical simulation of the impact damage process.
The numerical results demonstrate that the stress—strain curve of the model is in
good agreement with the experimental results. Meanwhile, the characteristics and
evolution patterns of mesoscopic damage are identified verifying the effectiveness of
this numerical model in simulating the impact damage of NEPE propellant.

(3) A quantitative “impact impulse-mesoscopic damage” model is developed by in-
tegrating experimental and numerical simulation results. This model categorizes
the impact response of NEPE propellant into five distinct stages, i.e., “undamaged
stage-microcrack stage-void collapse stage-interfacial debonding stage-particle frag-
mentation”. It also quantifies the damage modes, evolution rates, and critical impulse
thresholds associated with each stage. The damage function is obtained by fitting the
computational results using a Boltzmann function, enabling quantitative description
of the damage degree and demonstrating strong agreement with experimental data.
The defined critical impact impulse for damage, the established quantitative damage
degree function, and the “experiment-observation-simulation” technical method are
oriented to the accidental drop or collision impact scenario during the production,
transportation, and storage of solid rocket motors. Within the corresponding impact
impulse range of 13.85 N-s to 24.25 Ns, the conclusions can be applied to evaluate the
impact safety risks of NEPE propellant with conventional engineering charge sizes,
offering references for structural optimization of propellant charges and safety design
of solid rocket motors.

For subsequent research, the Split Hopkinson Pressure Bar method will be adopted
to carry out systematic investigation on the mesoscopic damage characteristics of NEPE
propellant under high-strain rates, to compare the differences in damage evolution mecha-
nisms under different strain rate conditions, and establish a full-range strain rate damage
model of NEPE propellant. Meanwhile, a thermal-mechanical fully coupled mesoscopic
model will be established to carry out quantitative research on the impact-induced ignition
mechanism of NEPE propellant, based on the damage evolution law revealed in this work,
so as to further improve the impact safety assessment system of solid rocket motors.
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