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A B S T R A C T

Deformation and fracture of a hydroxyl-terminated polybutadiene (HTPB)/ammonium perchlorate
(AP)/aluminum solid propellant under quasi-static tensile loading are investigated by in situ synchrotron X-ray
micro computed tomography (CT) and CT-image-based finite element method (FEM) modeling. Bulk stress–
strain curve of the solid propellant, and the evolution of particle morphology, and mesoscale strain and particle
displacement fields are obtained. Based on tracking and statistics, an automated analytical method is proposed
to analyze the relationship between microcrack nucleation and initial structure. The AP particles undergo
negligible deformation and orientation changes during tensile loading. Microcracks are mainly nucleated via
tension-induced debonding at the maximum surface curvature of the AP particles, and propagate along the
curvature gradient around AP particles. Larger AP particles are more prone to debond, and Al particles play
a negligible role in deformation and fracture.
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1. Introduction

Solid propellants are composed of energetic crystals, polymer
binders, metal particles oxidants and stabilizers [1]. Given their sim-
ple production, convenient storage, stable structure and other useful
characteristics, solid propellants are widely used in aerospace, defense
industry and other fields [2–5]. In particular, hydroxy-terminated
polybutadiene (HTPB) as a widely used binder for composite solid
propellants due to its low viscosity, high aging resistance, wide range
of burn rate adjustability, and excellent mechanical properties and
stability. In addition, HTPB can be further stabilized under extreme ac-
celeration conditions by enhancing the crosslinking density, optimizing
the binder, and improving the self-healing ability of the interface [6–
9]. However, solid propellants with heterogeneous phases frequently
undergo different extreme conditions during manufacture, storage,
transportation and service, giving rise to degradation in microstructure
and properties, and the difficulty in accurately predicting their perfor-
mance. Therefore, maintaining structural integrity of solid propellants
and knowledge on their structure–property relations are critical to their
applications and safety issues.

Stress–strain curve analysis is one of the widely used methods [10–
12] for characterizing composite materials including solid propellants,
and can be combined with various in situ diagnostics. Van Ramshorst
et al. [13] investigated the strain rate effect on the tensile behavior
of a solid propellant with in situ scanning electron microscopy (SEM),
nd revealed interfacial debonding as the dominant fracture mech-
nism (mainly at the surface of the large energetic crystals). Zheng
t al. [14] observed the initiation and propagation of cracks in the
lerosphere/polypropylene composite with in situ SEM, and found a
arge number of micro-cracks instead of fracture cracks in particles.

ang et al. [15] characterized crack growth and propagation of a solid
ropellant at different stretching rates via in situ video imaging. Tao
t al. [16] combined such techniques as acoustic emission, strain–stress
urve, and high-speed photography to investigate fracture mechanism
f aluminized polymer-bonded explosive (PBX) in a Brazilian test,
nd their ex situ SEM characterization demonstrated debonding at the
inder-energetic crystal interface. However, the above in situ charac-
erization techniques lack the penetration capability to resolve internal
tructure evolution in solid propellants [17].

The internal structures of PBXs/propellants have been studied using
omputed tomography (CT), and the microstructure effects on interfa-
ial debonding and pore formation have been demonstrated [18–21].
eng et al. [22] reported the compression failure of an HTPB propellant
ia particle fracture at low temperature, but via interface debonding
nd matrix tearing at room temperature. Pei et al. [23] observed
he failure of an HTPB propellant under pull-and-shear loading via
nterface debonding. However, the limited temporal and spatial reso-
utions render it difficult to capture the detailed process of interfacial
ebonding.

Numerical simulation methods such as finite element analysis (FEM)
24] and molecular dynamics (MD) [25] are frequently employed to
nvestigate mechanical response and internal structure of propellants
nder various conditions. Hou et al. [24] studied the tensile fracture
echanism of a cyclotetramethylene tetranitramine modified double-

ase propellants and found that the mismatch in deformation between
he particles and the matrix due to the differences in their respective
oduli leads to debonding at the particle–matrix interface. Zhang

t al. [25] investigated the effects of neutral polymeric bonding agents
NPBAs) on interface interaction and mechanical properties of nitrate
ster plasticized polyether (NEPE) propellants with MD simulations and
ound that NPBA can significantly improve their mechanical proper-
ies. For simplicity, many numerical models assume that the energetic
rystals in a solid propellant are standard spheres. However, this ap-
roximation may fail to capture the realistic interfacial debonding
volution. Therefore, modeling based on real three-dimensional (3D)
2

tructures is necessary. i
Numerical modeling utilizing CT images has been developed [26–
8]. For instance, Walters et al. [29–31] developed a mesoscale mod-
ling method based on CT data. The interfacial debonding of PBX
as investigated using a cohesive traction-separation law, and it was
emonstrated that the macroscopic plastic behavior is modulated by
elamination of the crystal binder and plastic deformation of the binder
tself. Liu et al. [32] characterized 3D internal structure and dam-
ge evolution in an NEPE propellant with in situ CT. CT-image-based
inite element modeling was used to investigate the particle–matrix
nterfacial debonding in the NEPE propellant with the particle configu-
ation taken from the actual 3D CT data. They compared two types of
EM models, one based on voxels and the other, on smooth surfaces,
nd demonstrated that the smooth surface FEM can effectively reduce
he errors incurred by direct meshing of voxels. However, the effects
f local microstructures of high energy crystal particles on interface
ebonding are rarely addressed.

Given the heterogeneous microstructures of energetic crystal parti-
les and the vast variety of propellant composites, it is highly desirable
o obtain the exact 3D configurations of propellant composites with
uch techniques as high-resolution CT. Quantitative characterizations
f particle morphology, mesoscale deformation via particle tracking
nalysis, and the effect of morphology on deformation and fracture,
re extremely underexplored with both experiments and simulations.

In the present study, the deformation and fracture process of an
TPB solid propellant subjected to uniaxial tensile loading is character-

zed using in situ synchrotron X-ray micro-CT. The influence of particle
orphology on microcrack nucleation and growth is investigated via
igital volume correlation (DVC) and particle track analysis (PTA)
echniques. Additionally, a smooth surface-based adaptive mesh CT-
mage-based-FEM model is developed to study the influence of the local
urvature of particle surface on microcrack nucleation and propagation.
he crack preferentially nucleates at the local curvature maximum of
he AP particle surface and propagates along ridge line of the upper
r lower side around the AP particles. Section 2 presents the material
nd the methodologies for in situ CT tests and data analysis, followed
y results and discussion in Section 3 including FEM simulation, and
onclusions in Section 3.

. Material and experiments

.1. Material

The solid propellant composite used in this study consists of the
ydroxyl-terminated polybutadiene (HTPB) matrix, ammonium per-
hlorate (AP) crystals, and aluminum particles, and is provided by
ubei Institute of Aerospace Chemotechnology. The scanning electron
icroscopy (SEM) image of the solid propellant in Fig. 1(a) shows
articles with two sizes. The larger particles are AP particles (50–
00 μm) and the smaller particles are aluminum particles (10–100 μm).
he composite specimens are harvested from a chunk and machined

nto a dog-bone shape with the geometry and dimensions shown in
ig. 1b inset.

.2. In situ CT testing

All tensile tests are conducted with a home-made uniaxial miniature
aterial testing system (MTS; Fig. 1b) coupled with micro-CT device,

mplemented on X-ray fast imaging beamline (BL16U2) at Shanghai
ynchrotron Radiation Facility (SSRF). The specimen is placed inside
he circular PEEK window of the MTS and secured in place by two
ustom-made fixtures. During loading, the upper fixture is moved uni-
xially along with the 𝑧-axis by motor, while the lower fixture remains
tationary. Real-time force–displacement signal is transmitted through
piezoelectric sensor and a stepper motor in the MTS to the control

omputer. The beamline BL16U2 can realize single-pulse ultrafast X-ray

maging, microsecond resolved X-ray dynamic imaging and millisecond
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Fig. 1. (a) SEM micrograph of the as-received solid propellant. AP: ammonium per-
chlorate; HTPB: hydroxyl-terminated polybutadiene. (b) Experimental setup for uniaxial
tensile loading with in situ synchrotron X-ray micro-CT. PEEK: Polyetheretherketone.
Inset: Sample geometry and dimensions. The loading direction is along the 𝑧-axis.

resolved X-ray dynamic micro-CT for the researches on deformations
and invalidations of materials under dynamic load. A cryogenic perma-
nent magnet undulator (CPMU) cooled by liquid nitrogen as the light
source provides the high-brightness X-rays. The beamline can provide
pink beam mode and monochromatic beam mode [33,34]. The X-ray is
white beam range from 8.7 to 30 keV. The tensile loading is applied
at 0.01 s−1. The real-time force–displacement signal is acquired to
deduce the sample engineering stress–strain curve. At each CT sampling
point, the tensile loading is paused and a CT scan is performed. The
transmitted X-rays are converted into visible light by a 100 μm thickness
LuAG:Ce scintillator, and the visible light is then captured by a high-
speed camera (FASTCAM SA-Z, Photron, 1024 × 1024 pixels, pixel size
20 μm). The camera is equipped with a 5× magnification lens set, and
the nominal pixel resolution is 3.74 μm. The field of view is 3.3 × 1.6
mm2 (width × height). During a CT scan, the sample is rotated at a
speed of 7.5◦ s−1 from 0 to 180◦, and the camera continuously collected
1500 projections at a frame rate of 60 fps. For a single frame, the
exposure time is set as 1 ms. Multiple scans along the height direction
are performed.

2.3. Data analysis

The specific segmentation steps to identify each phase are shown in
Fig. 2, starting from a representative gray-scale slice (Step 0). Firstly, Al
particles are segmented via the global threshold [35] and top-hat [36]
methods (Step 1, the white regions). Given the foreground markers in
Step 1, the marker-controlled watershed method [37,38] is applied to
refine surface profiles of the Al particles (indicated by the green dotted
circles in Step 1 and Step 2). Subsequently, the threshold method is
used to extract the AP particles (Step 3, the gray regions). However,
the boundary effects of phase-contrast imaging and the inhomogeneity
lead to abnormal local gray values for the AP particles (the black
dots, Step 3). Closing operation is conducted to remove all the black
spots in the AP particles, and redefine the AP particle surfaces (Step
3

4). However, closing operations may mistakenly result in the contact
between adjacent particles (the green dotted circle in Step 4). The clas-
sical watershed algorithm is used to remove artificial particle contacts
(the green dotted circle, Step 5), and individual particles are coded
in different colors (Step 5). The identified AP particles are processed
with the local threshold method to identify internal defects (Step 6,
the red dots in particles). The microcracks are extracted by global
threshold (Step 6, the red line). At last, the small island filter method is
applied to remove the mis-segmentation caused by the global threshold
segmentation for microcracks (e.g., the region marked by the green
dotted circles). The remaining undefined regions represent the HTPB
matrix (Step 7, the black regions).

Gyration tensor G [39–42] is used to characterize the 3D geometry
of a particle, and defined in terms of the 3D voxel coordinates as

𝐆(𝑚)
𝛼𝛽 = 1

𝑉 (𝑚)

𝑉 (𝑚)
∑

𝑣=1

(

𝑥(𝑚)𝛼𝑣
− 𝑥(𝑚)𝛼c

)(

𝑥(𝑚)𝛽𝑣
− 𝑥(𝑚)𝛽c

)

, (1)

For particle 𝑚, 𝑉 (𝑚) is the total number of voxels within the particle
(i.e., particle volume), and 𝑥(𝑚)𝛼𝑣 or 𝑥(𝑚)𝛽𝑣

is the 𝛼 or 𝛽 coordinate of
voxel 𝑣. Here 𝛼, 𝛽 = 1, 2, 3 correspond to 𝑥-, 𝑦- and 𝑧-axes, respectively.
Similarly, 𝑥(𝑚)𝛼c or 𝑥(𝑚)𝛽c

is the 𝛼 or 𝛽 coordinate of the center of mass of
particle 𝑚.

The eigenvalues of gyration tensor G, 𝑅1, 𝑅2, and 𝑅3 (𝑅1 > 𝑅2 >
𝑅3), are calculated to characterize the equivalent ellipsoid correspond-
ing to a given particle [39,40]. The lengths of the three principal
semi-axes of an equivalent ellipsoid follow as

√

5𝑅1,
√

5𝑅2, and
√

5𝑅3.
We introduce sphericity (𝑆) of an equivalent ellipsoid, defined

as [43]

𝑆 = 1 −

∑3
𝑖>𝑗 (𝑅𝑖 − 𝑅𝑗 )2

2
(

∑3
𝑖 𝑅𝑖

)2
. (2)

𝑆 varies in the 0−1 range, and 𝑆 = 1 for a perfect sphere. The elon-
gation index (EI) and flatness index (FI) are introduced to characterize
morphology, defined as [43,44]

EI = 𝑅2∕𝑅1, (3)

FI = 𝑅3∕𝑅2. (4)

Given the length of the intermediate principal semi-axis (
√

5𝑅2), a
longer first principal semi-axis (

√

5𝑅1) corresponds to a lower EI, and
a shorter third principal semi-axis (

√

5𝑅3) results in a lower FI.

3. Result and discussion

3.1. CT characterization of the as-received composite

The initial CT characterization of the HTPB propellant is presented
in Fig. 3, including separate volume renderings of the AP particles,
the Al particles, and the HTPB matrix. The AP and Al particles occupy
most of the volume and are dispersed densely and uniformly in the
HTPB matrix. The 𝑅1-axis orientations are characterized in terms of
polar angle 𝜃 and azimuthal angle 𝜙, and are plotted in the pole
figures for the AP particles and Al particles (Fig. 3). 𝜃 is measured
between the 𝑧-axis and the 𝑅1-axis, and 𝜙 is measured between the
orthogonal projection of the 𝑅1-axis onto the reference 𝑥𝑦-plane and the
𝑥-axis. The pole figures demonstrated that the 𝑅1-axis of AP particles
and Al particles are randomly oriented. Similarly, 𝑅2-axis and 𝑅3-axis
also oriented in randomly manner, indicating that the as-received solid
propellant is isotropic with no preferred orientations for both the AP
and Al particles.

The size of a particle is characterized with the diameter of its equiv-
alent sphere with the same volume as the particle, i.e. the equivalent
diameter. The size distributions of the AP and Al particles are presented
in Fig. 4a, and their sizes are in the ranges of 25–450 μm and 13.1–
100 μm, respectively. The sphericity (𝑆) distributions of the AP and
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Fig. 2. Binary image segmentation procedure. Step 0: subregion of a gray-scale slice. Step 1: global thresholding and top-hat operation for Al particles. Step 2: marker-controlled
watershed transform following Step 1. Step 3: thresholding operation for AP particles. Step 4: closing operation following Step 3. Step 5: classical watershed following Step 4. Step
6: global thresholding for the voids inside AP or microcracks. Step 7: island removal. The remaining undefined regions (black) are the HTPB matrix.
Fig. 3. CT characterization of the as-received HTPB solid propellant.
Fig. 4. Microstructural characterization of Al and AP particles. (a) Equivalent diameter distributions. (b) Sphericity as a function of equivalent diameter for AP particles. (c)
Sphericity as a function of equivalent diameter for Al particles. The shaded areas in (b) and (c) denote standard deviations.
Al particles are shown in Fig. 4b and c, respectively. The sphericity
of the AP particles ranges from 0.70 to 0.94. 𝑆 is the lowest among
the particles with an equivalent diameter of 50 μm, while the particles
with an equivalent diameter of 375–425 μm are the closest to a standard
sphere. For the Al particles, the standard deviation of 𝑆 is large, and the
lowest 𝑆 is for the particles with an equivalent diameter of 30–50 μm.
For both the AP particles and Al particles, 𝑆 increases with increasing
4

equivalent diameter overall, while the standard deviation decreases.
The larger particles have higher average 𝑆 with smaller scatter.

3.2. Uniaxial tensile loading with in situ CT

The true/engineering stress–strain curves of the solid propellant
under uniaxial tension are presented in Fig. 5, where the six CT scan
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Fig. 5. Engineering stress–strain curve (black) and true stress–strain curve (blue) of the
HTPB solid propellant under uniaxial tension. In situ CT characterization is conducted
at engineering strains S0–S5.

points (S0–S5) are indicated. The engineering strain (𝜀) increases from
0 to 0.44 at a strain rate of ∼0.01 s−1, and the ultimate engineering
strength is 0.12 MPa at the failure strain of 0.44. The engineering
strains of 0.1, 0.19, 0.28, 0.34 and 0.44 correspond to the true strains
of 0.10, 0.18, 0.25, 0.29 and 0.37, respectively. The vertical drops in
engineering stress at S1–S4 are due to stress relaxation during the pause
of the tensile loading for the CT scan, as commonly observed in such CT
experiments [45–48]. For simplicity, the strains (𝜀) in this work refer
to engineering strains unless stated otherwise.

The 3D volume renderings of the solid propellant are presented in
Fig. 6a for the six CT scans, showing the particles, the matrix and
cracks. The cracks are extracted, indexed and plotted in Fig. 6b at
the six strains. Color-coding refers to the index of each crack; cracks
are numbered in order from 1 to the maximum along the 𝑧-axis.
Microcracks initially nucleate uniformly (𝜀 < 0.1), and then some
of them begin to coalesce, forming several microcrack concentration
regions (1–3) at 𝜀 = 0.19. Damage regions 1–3 continue to grow at
different rates (𝜀 = 0.28), and the first main crack forms at 𝜀 = 0.28.
With further damage accumulation, the macroscopic crack in region
1 continues to grow, while the damage in regions 2 and 3 change
slightly (𝜀 = 0.34 and 0.44). Eventually, the specimen fails completely
at 𝜀 = 0.44. Concurrently, the two separated parts contract and rebound,
resulting in the annihilation of certain microcracks in regions 2 and 3.

Inhomogeneous strain fields during the deformation of the solid
propellant specimen are calculated from the CT sequence via DVC. The
subset size in DVC is set as 32 × 32 × 32 pixel3, the Lagrangian strain
field is obtained by calculating the correlation between the reference
frame and the current frame, and then mapped on the reference frame.
The reference frame is the previous frame relative to the current frame.

Fig. 6c shows the axial Lagrangian strain component (𝜀𝑧𝑧) at dif-
ferent strains. At the beginning of microcrack nucleation (𝜀 ≤ 0.1,
S0–S1), the specimen undergoes relatively homogeneous elongation,
with several weak strain concentration regions located in the matrix
between particles. During 𝜀 from 0.19 to 0.28 (S2–S3), a significant
strain concentration appears in region 2. Subsequently, region 1 devel-
ops into a main crack with strain localization about 3 times the average
of the specimen, and a negative strain band is detected between regions
1 and 2. After about 0.28 strain, the deformation is concentrated at the
main fracture of the specimen and regions 2 and 3 shrink in response
to stress relaxation due to the main crack, showing a negative strain
band.
5

3.3. Nucleation and propagation of microcracks

To better reveal microcrack evolution, four sets of particles along
with growing microcracks are selected and tracked in regions 1–3.
Fig. 7a refers to region 1 (near the main crack), Fig. 7b and c refer
to sub-regions A and B in region 2, respectively, and Fig. 7d refers to
region 3. At this particular viewing angle, the micro cracks are visible
only after 0.1 strain for the four selected particle sets. The microcracks
initially appear at the top or bottom of the AP particles along the tensile
direction (0.19 strain). Overall, nucleation of microcracks is largely due
to tension. Subsequent crack propagation varies depending on the exact
spatial arrangement of the particles. It is noteworthy that Al particles
play a negligible role in the nucleation and propagation of microcracks,
and are ignored at following discussion.

In Fig. 7a, microcrack propagates along the surface of an AP particle
(0.28 strain), and then new microcracks form on other AP particles.
Microcrack tends to cover either the upper or lower hemisphere of an
AP particle, and then expand and coalesce with the neighboring microc-
racks (0.34 strain). Given different, random, spatial arrangements of AP
particles, the propagation and coalescence of microcracks are different
in Fig. 7b and c. A shear band-like strain localization observed in region
2 (Fig. 6) is largely due to the particular AP particle arrangement rather
than shear, since the grain orientations change slightly. At later stages,
the microcrack nucleation, propagation and coalescence cease or as a
result of stress relaxation, and microcrack closure can even occur.

3.4. Particle tracking analysis

3D displacement vectors of AP particles, 𝐮(𝑥, 𝑦, 𝑧), during deforma-
tion are obtained via particle tracking analysis (PTA) [49]. In terms of
AP particle position, size and morphology characteristics, the tracking
correlation factor 𝐶 is described as

𝐶 = exp
⎛

⎜

⎜

⎝

− 1
𝜎g

√

√

√

√

∑

𝛼

𝛥𝑥𝛼2

𝜎𝛼

⎞

⎟

⎟

⎠

𝑉 − |𝛥𝑉 |

𝑉

3
∑

𝑖>𝑗 𝜆𝑖𝜆𝑗
(
∑

𝑖 𝜆𝑖
)2

. (5)

The correlation is calculated between the current AP particle (𝑚) and
the reference AP particle (𝑛) in two neighboring frames. Here, 𝑥𝛼
represents the barycenter coordinates of AP particle, 𝛼 = 1, 2, 3 refer
to the 𝑥-, 𝑦- and 𝑧-axes, respectively, and 𝛥𝑥𝛼 = 𝑥(𝑚)𝛼 − 𝑥(𝑛)𝛼 . 𝜎𝛼 and 𝜎g
are weight factors. 𝑉 = (𝑉 (𝑚) + 𝑉 (𝑛))∕2, 𝛥𝑉 = 𝑉 (𝑚) − 𝑉 (𝑛), and 𝑉 refers
to AP particle volume. 𝜆𝑖 = (𝑅(𝑛)

𝑖 ∕𝑅(𝑚)
𝑖 )1∕2, and 𝑅𝑖 is calculated from

gyration tensor analysis. The corresponding relationship of AP particles
in two neighboring frames is obtained by iterative search for optimal
correlation. The specific algorithm can be found elsewhere [49].

The displacement vectors set of AP particles at different strains are
presented in Fig. 8, where each arrow illustrates the trajectory of AP
particle between two neighboring frames, with the arrow representing
its current position and the tail representing its previous position,
and color-coding refers to displacement vector length. The field of
displacement gradient along the loading direction is relatively uniform
before 0.1 strain, and the displacement on the top of the field of
view is relatively larger. At 0.19 strain, inhomogeneous displacements
of AP particles induce strain localization as illustrated in the DVC
analysis (Fig. 6c). After 0.28 strain, the AP particles at the bottom move
downward (contraction due to the fracture above them), and the AP
particles above the main crack undergo significant displacements, as a
result of rapid fracture.

At a given strain, the AP particles are categorized into two types,
with or without microcracks nucleated around AP particles. The gyra-
tion tensor analysis is performed on the AP particles with and without
microcracks at 0.1 strain. The distribution of an AP particle morphology
parameter 𝑝 (i.e., equivalent diameter, EI and FI) can be characterized
in terms of fraction (𝐹 ),

𝐹 (𝑞) =
𝑁(𝑞)||

|𝑝∈[𝜉𝑞 ,𝜉𝑞+1) , (6)

𝑁
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Fig. 6. In situ CT testing of the HTPB propellant. (a) 3D volume rendering of the solid propellant at different strains, (b) microcracks, with color coding referring to the index of
a microcrack, and (c) axial Lagrange strain fields (𝜀𝑧𝑧) obtained via DVC. The reference frame is the frame right before the current frame. Positive strain refers to tension.

Fig. 7. Crack propagation in regions 1–3 as defined in Fig. 6b. (a) Region 1. (b) Sub-region A in region 2. (c) Sub-region B in region 2. (d) Region 3. blue: AP particle; Orange: Al
particle; Green: crack. Region: crack concentration zone on the sample scale. Sub-region: a representative unit consisting of several AP particles, Al particles, matrix and microcracks
within a region.
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Fig. 8. 3D displacement vectors set of AP particles at different strains obtained via particle tracking analysis.
Fig. 9. Morphology statistical analysis of AP particles with and without cracks nucleated at 𝜀 = 0.1. (a) Equivalent diameter. (b) Sphericity. (c) Elongation index. (d) Flatness
index.
where 𝑁 is the total number of AP particles, and 𝑁(𝑞) is the number
of AP particles whose morphology parameter 𝑝 located in the 𝑞th
statistical interval [𝜉𝑞 , 𝜉𝑞+1).

Fig. 9a–d present the statistical analysis of equivalent diameter,
sphericity, elongation index and flatness index of the AP particles with
and without microcracks nucleated around AP particles. The equivalent
diameter for both types of AP particles with and without cracks are
predominantly distributed between 100–200 μm, and the fraction of
the AP particles with cracks with equivalent diameter over 200 μm is
considerably greater than that of without cracks. The 𝑆-values of the
AP particles with cracks are mainly in the range of 0.8–1, similar for the
AP particles without cracks. The distributions of EI and FI are similar
for the AP particles with and without cracks. For EI, the proportion of
7

AP particles with cracks is relatively higher in the range of 0.7–0.8.
For FI, the AP particles without cracks are more evenly distributed in
0.4–0.7, and the AP particles with cracks have the highest proportion
in the range of 0.7–0.8. These observations suggest that cracks prefer
to nucleate around the AP particles with a larger size and a rounder
shape.

Microcrack nucleation is related to AP particle morphology, either
the initial AP particle morphology or the deformed AP particle mor-
phology. To clarify this issue, the index of each AP particle is tracked
back to zero strain via PTA (Fig. 10), and AP particles at zero strain
and 0.1 strain are analyzed regarding their morphology parameters
(EI, FI and 𝜃). Over 80% AP particles at 0.1 strain are captured at
zero strain via the PTA technique, with 100% of the AP particles with
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Fig. 10. Comparison of AP particle morphology at 0 strain and 0.1 strain. (a) EI. (b) FI. (c) 𝜃 (the 𝑅1-axis orientation).
Table 1
CZM parameters for the matrix–particle interface [53].
𝐾 (MPa) 𝑇 c (MPa) 𝛿f (mm)

1500 0.5 0.02

cracks being tracked. As shown in Fig. 10, the values of EI, FI and 𝜃
at zero strain largely coincide with those at 0.1 strain, indicating that
the shape and orientation of the AP particles remain almost unaltered
during tensile loading, and the microcrack nucleation is dominated by
the initial particle morphology.

Macroscopic interfacial debonding is related to the critical debond-
ing stress (𝜎d) [50],

𝜎d =
√

𝛾𝐸𝐾𝑟
𝑟

, (7)

where 𝑟 represents particle radius, 𝐸 is Young’s modulus of the matrix,
𝛾 is the interface fracture surface energy, and 𝐾𝑟 is related to the
volume fraction of particles with radius 𝑟. The above equation suggests
higher 𝜎d for smaller particles, and this explains why debonding rarely
occurs in the Al particles that are much smaller than the AP particles.

3.5. FEM modeling

To simplify calculations, most constitutive models for particle com-
posites treat the particles as standard spheres. However, the approx-
imation sacrifices the microstructure of particles and it is difficult to
explain the micro-mechanism of particle–matrix interface debonding.
Furthermore, the macroscopic failure of the sample under tensing
evolved from the nanoscale microcracks. Limited by the temporal and
spatial resolution of the experiment technique, it is difficult to capture
the onset of microcracks debonding. Therefore, we apply the image-
based finite element modeling technique to regard the as-received CT
model as a finite element model to investigate microcracks nucleation.

An isolated AP particle with cracks is randomly selected and traced
back to zero strain via PTA. The marching cubes algorithm [51] is
applied to the AP particle surface to remove pixelization errors [32].
An adaptive mesh strategy is used to generate tetrahedral elements
for the matrix and the AP particle. The cohesive zone elements (CZM)
are automatically inserted on the AP particle surface. The isolated AP
particle model dimensions are 750 × 750 × 750 μm3.

The Young’s modulus is 5 MPa for the HTPB matrix and 32 450
MPa for the AP particle, and the Poisson’s ratio is 0.495 for the matrix
and 0.14 for the AP particle. The matrix is treated as a viscoelastic
material, and the Prony series parameters are taken from Ref. [52].
The CZM model follows the traction separation law, and its three main
parameters, the initial stiffness 𝐾, the critical stress 𝑇 c, and the critical
failure displacement 𝛿f , are listed in Table 1.

To illustrate the influence of AP particle morphology on crack nucle-
ation, a local elliptic paraboloid fitting method is utilized to calculate
the Gaussian curvature of AP particle surface. Firstly, the outer voxels
of AP particle are extracted, and a Harris operator [54] is applied to
8

detect the nearest 5-layer point set of a certain point 𝜈. The standard
equation of an elliptic paraboloid is

𝑓 (𝑥, 𝑦, 𝑧) = 𝑥2

𝑎2
+

𝑦2

𝑏2
− 𝑧 = 0, (8)

where 𝑎 and 𝑏 are the shape parameters of the paraboloid. Considering
an elliptic paraboloid with random orientation and the origin as its
vertex, the general form can be expressed as

𝐱T𝐑T𝐀𝐑𝐱 + 𝐠T𝐑𝐱 = 0, (9)

where 𝐱 is the vector from the center point 𝜈 to each point in the set of
neighboring points, 𝐑 and 𝐀 denote the rotation and shape matrices,
respectively, and 𝐠 = [0 0 −1]T. The least-squares-based paraboloid
fitting method is used to estimate the rotation and shape matrices [55].
The two principal curvatures at the vertex of a conic surface can be cal-
culated by the shape parameters [56,57]. The local Gaussian curvature
(𝐾) is then estimated by multiplying the two principal curvatures and
shown in Fig. 11a.

The von Mises stress (𝜎Mises) distributions of the particle and the
matrix during microcrack nucleation are obtained from the FEM simu-
lation (Figs. 11 and 12).

Fig. 11b shows the stress distribution on the surface and inside the
AP particle. At a strain of 2%, there is a stress concentration appearing
on the AP particle surface, while the von Mises stress inside the AP
particle only becomes noticeable above 5% strain. The stress decays
along the radius from the surface of the AP particle along to the interior.

Fig. 11c and d illustrate the 𝜎Mises and stiffness degradation (SDEG)
evolution on the particle–matrix interface, respectively. SDEG refers to
the failure of cohesive elements under tension and ranges from 0 to 1. A
higher SDEG bears a higher probability of microcrack nucleation. SDEG
= 1 indicates the failure of the cohesive unit. At the particle–matrix
interface, a localized stress concentration is observed at 1% strain.
Significantly, the region of stress concentration coincides with the
region of extreme local Gaussian curvature. At 3.5% strain, a distinct
annular stress concentration zone forms at the top of the interface.
Meanwhile, SDEG increases near the maximum curvature. The region
of local stress concentration hardly moves and the stress increases along
with tension. Since the damage at the interface is caused by tension, the
microcracks nucleation area overlaps with the stress concentration. At
10% strain, an annular region appears at the interface on the bottom
of the AP particle, consistent with the experimental results in Fig. 11a.
Fig. 12 shows the stress distribution within the matrix. As early as 1%
strain, a low magnitude stress concentration occurs in the matrix near
the AP particle surface.

The above FEM simulation of debonding indicates that stress under
uniaxial tension decreases in the order of the particle–matrix interface,
the AP particle, and the matrix. The mismatch between the AP particle
and matrix moduli is responsible for the mismatch in deformation
and induces debonding at the interface. Stress concentration is closely
related to the surface curvature of AP particle, and prone to occur
at the maximum curvature, the preferred crack nucleation site. The
microcracks then propagate along the ridge line of the upper or lower
side and eventually leading to interface debonding.
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Fig. 11. (a) A 𝑦𝑧 slice of the specimen at strain 0 obtained from CT. The measured Gaussian curvatures (𝐾) are mapped on the surface of the corresponding AP particle. (b)
The corresponding 𝑦𝑧 slice at strain 0.1 and volume rendering of the AP particle (blue) and the crack (green). The green arrow refers to crack. (c) Simulated von Mises stress
(𝜎Mises) distribution on the AP particle and in it interior for different strains. (d) Simulated von Mises stress distribution at the interface for different strains. (e) Simulated stiffness
degradation index (SDEG) distribution at the interface for different strains.
Fig. 12. Stress (𝜎Mises) distribution in the HTPB matrix at different strains.
4. Further discussion

Mechanical damage of HTPB solid propellant composites can be
achieved via matrix tearing, fracture of energetic crystal particles, and
particle–matrix interface debonding. However, particle–matrix inter-
face debonding is the dominant damage mode for HTPB solid propel-
lants, regardless of compression or tension [22,23,50,58,59].
9

Interface debonding depends on particle size and surface mor-
phology. The critical debonding stress required for spherical particles
decreases with increasing particle size, i.e., larger particles are more
prone to debonding. However, there normally exists surface irregularity
or roughness for the crystal particles, and the particle–matrix interface
can be regarded as consisting of small curved sub-surfaces with differ-
ent curvatures. The sub-surfaces with larger curvature impede stress
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transfer and experience greater stress [60]. Consequently, microcrack
normally nucleates at the maximum curvature point on the particle
surface first and then propagates along the local curvature gradient,
eventually evolving into a crack covering the entire top/bottom of the
particle. The cracks continue to grow along the particle surface until
they cover approximately half of the AP particle. At this point, since the
normal direction of the interface is almost perpendicular to the loading
direction, the crack on the current particle does not undergo further
growth but coalesces with the surrounding cracks, leading to a main
crack and likely the failure of the specimen. The surrounding area of
a main crack undergoes stress relief, giving rise to the annihilation of
some of the small cracks.

5. Conclusions

An HTPB solid propellant under uniaxial tensile loading is char-
acterized with in situ micro-CT, and CT-image-based-FEM modeling
is applied to help reveal deformation/damage mechanisms. During
uniaxial loading, the morphological and structural characteristics of
AP and Al particles, and 3D strain fields and AP particle displacement
fields are obtained via gyration tensor, DVC and PTA analyses. Based
on tracking and statistics, an automated analysis method is proposed
to analyze the relationship between microcrack nucleation and initial
structure. The AP particles and Al particles remain randomly oriented
in the HTPB propellant, and undergo negligible deformation during
tensile loading. Microcracks are mainly nucleated via debonding in-
duced by tension (rather than shear), preferentially at the maximum
surface curvature of the AP particles, and propagate along the curvature
gradient. Microcracks mainly nucleate and grow around AP particles,
and Al particles play a negligible role in deformation and fracture.
Larger AP particles are more prone to debond.
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