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Abstract: Four-directional dual-matrix C/C composites
were fabricated from PAN-based carbon fibers using a
combined approach of soft-hard hybrid weaving pre-
form molding, chemical vapor infiltration (CVI) of pyro-
lytic carbon (PyC), high pressure impregnation and car-
bonization of pitch-derived carbon. The ablation resist-
ance of the composites was evaluated by testing in a
dual-pulse solid rocket motor, and their ablation behavi-
or was investigated. The carbon rods formed by twisting
and carbonizing fiber bundles, exhibited a hexagonal
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cross-section, surrounded by a dense PyC “wall” structure formed during the CVI process. The linear ablation rates of the com-
posites after pulse I and pulse II were 0.068 mm/s and 0.113 mm/s, respectively. A cellular-like PyC layer and nanowire struc-

tures were deposited on the surface of the throat convergent section during the post-combustion cooling phase, while cracks and
delamination occurred on and within the divergent section. The ablation of C/C composites under these conditions was a com-

plex multi-mechanism process, including ultra-high temperatures, high-speed gas scouring, oxygen-containing thermochemical
ablation, and thermal shock. This work elucidates the ablation behaviors of C/C composites under dual-pulse conditions and
provides technical guidance and a theoretical basis for designing and fabricating C/C composites for extreme ablation environ-

ments.
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Carbon fiber-reinforced carbon matrix (C/C)
composites are renowned for their excellent thermo-
mechanical properties and ablation resistance at high
temperatures, making them widely used in nozzle
throats of solid rocket motors' 1. During motor opera-
tion, the throat lining faces extremely harsh environ-
ments characterized by ultra-high temperatures and
high-speed gas scouring, inevitably leading to surface
ablation' . Ablation causes mass loss and structural
integrity degradation, affecting the normal operation
and service life of the entire thermal protection sys-

=11 Thus, the ablation process of C/C compos-

tem
ites has become a key research focus in solid rocket

motor (SRM) service. Studies have shown that C/C
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composite ablation involves thermochemical ablation

(=91 Thermochemical abla-

and mechanical ablation
tion refers to material oxidation at high temperatures,
while mechanical erosion refers to the spalling of car-
bon fibers and matrix under gas flow shear stress. Qin
et al.'"" developed a multi-scale thermochemical abla-
tion model for multidirectional C/C composites used
in SRM, capturing the evolution of ablation morpho-
logies across different scales. Li et al.!'”! investigated

the ablation behavior of various fiber-reinforced C/C
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composites under small SRM test conditions. Wang et
al.') studied the influence of specific overload condi-
tions in solid rocket motors on the throat ablation rate
of C/C composites.

To meet the higher reliability requirements of
SRM, C/C composites need improvements in both
preform structure and matrix. In preform optimization,
different structures like 2D!"", 3D and 4D!""
have been explored, with 4D C/C composites show-
ing greater potential””). Zahid et al.”” found that 4D
C/C composites exhibit superior thermal shock resist-
ance compared to their 2D counterparts. For matrix
modification, ceramics
(UHTCs)-modified C/C composites can enhance abla-

tion

ultra-high  temperature

resistance within a certain temperature
range' ", but inherent issues like low service tem-
perature and thermal expansion mismatch limit their
application in extreme SRM environments. Pyrolytic
carbon (PyC) deposited by chemical vapor infiltration
(CVI) can improve ablation resistance” ) but the CVI
limitations make it difficult to achieve high density™".
A pitch-derived carbon (PDC) matrix can be densi-

fied under higher pressure™”

, enabling the production
of higher density materials. Therefore, combining 4D
preforms, PyC, and PDC matrix holds promise for
fabricating C/C composites with high density and
good ablation resistance.

At present, the research on ablation properties of
4D C/C composites includes plasma ablation"”, oxy-
acetylene ablation""’ oxygen kerosene ablation'’”, etc.
However, there are only a few studies on its perform-
ance in discontinuous motor simulation tests'”'". For
dual-pulse SRM, which have attracted extensive atten-
tion due to their high flight mobility and real-time en-
ergy distribution’” "], the nozzle throat components
face discontinuous ablation from two or more pulses.
The ablation interval exposes the material to rapid
heating, cooling, and re-heating, leading to drastic
temperature fluctuations and discontinuous thermal,
mechanical, and ablation coupling—significantly dif-
ferent from the single continuous ablation in tradition-
al motors. Currently, studies on discontinuous abla-

tion behavior of C/C composites are limited. In order
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to make up for this gap, we employed a dual-pulse
motor test to simulate a more realistic, step-by-step
ablation process.

In this work, we leveraged the advantages of 4D
preforms, PyC, and PDC matrices to prepare four-dir-
ectional dual-matrix C/C composites through multi-
directional soft-hard hybrid weaving, CVI, and high
pressure impregnation and carbonization (HPIC). The
microstructure evolution during preparation was ana-
lyzed, and the ablation resistance was evaluated via
dual-pulse motor tests. The ablation behavior and
mechanism were obtained by analyzing the post-test
microstructure, providing guidance for the prepara-
tion and reliability design of C/C composites for dual-

pulse motors.

The C/C composites were fabricated from poly-
acrylonitrile-based carbon fibers and dual carbon
matrices. Carbon fiber bundles (T300, 3K, Jilin Car-
bon Co., China) were merged into larger bundles us-
ing a twisting machine. The loose fiber bundle can be
bonded by impregnating phenolic resin, and formed
into carbon rods by a wire drawing machine. The car-
bon bundles and rods (35%—40%) were woven into a
3D four-directional preform (Fig. 1). The carbon rods
have a diameter of 1.5 mm with a spacing of 4 mm.
The fiber bundles measure 2.0 mm in width and 0.6
mm in thickness, arranged along the U, X and W axes
in the same plane, stacked sequentially, with carbon
rods aligned along the Z-axis perpendicular to the
bundles. Each carbon rod can be regarded as a unit
cell, as indicated by the yellow dashed area.

The 4D preform (@130 mmx120 mm) with a
density of 0.70-0.80 g/cm’ underwent high-temperat-
ure pretreatment (HTP) at 2100 °C, followed by
multi-cycle CVI densification using C;H¢ and N, at
900-1000 °C and pressure of 4-8 kPa. The content of
the resin derived carbon after pyrolysis is very low, so
it is not considered as a matrix. Pitch impregnation
(PI) and hot isostatic pressing carbonization (HIPC)

were then employed for further densification. Several
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Fig. 1 Schematic model of 4D preform

high-temperature treatments (HTT) at 2500 °C were
conducted to open pores for subsequent impregnation-
carbonization cycles. Details about these processes are
provided in ref [35]. The final density of the C/C
samples is approximately 1.95 g/cm’. The mass frac-
tions of PyC and PDC are both 25%—30%. The pre-
paration process flowchart of 4D-DM C/C compos-
ites is shown in Fig. 2.
2.2 Testing and characterization

The as-prepared 4D-DM C/C composite blanks
(@120 mmx115 mm) were machined into throat com-
ponents, which were assembled into the nozzle of a
dual-pulse solid rocket motor (DPSRM) for ablation
testing (Fig. 3). The test system mainly comprised
pulse 1, a pulse isolation device, pulse II, and a nozzle.
(HTPB)/

ammonium perchlorate (AP) propellant was used.

Hydroxyl-terminated polybutadiene

Pulse I operated for 16.1 s, pulse II for 19.8 s, with a
21 s interval between pulses.

The throat diameter was measured by a micro-

Carbon bundles

Carbon rods

Preform

High temperature pretreatment

meter before the test, and in the process of testing it
was calculated using the equilibrium pressure for-

mula based on pressure changes during propellant

[15].
4pacA
d, = w/ P 1)
Tp

where d, is the throat diameter, p is the propellant

combustion

density, a is the combustion rate coefficient, ¢ is the
characteristic velocity, 4, is the combustion surface
area, p is the chamber pressure, and # is the pressure
index.

The linear ablation rate was calculated as:
Rl = - (2)

where R, is the linear ablation rate, ¢ is ablation time,
and d,, d; are throat diameters before and after abla-
tion, respectively.

The engine pressure is mainly obtained by meas-
uring the pressure fluctuation in the chamber through
the built-in pressure sensor. Due to high impulse, el-
evated temperatures, and severe disturbance of the
plume conventional experimental techniques struggle
to measure the surface temperature of the samples.
The real-time temperature of the back wall of the spe-
cimen is measured by a thermocouple fixed at its cen-
ter. Based on this, a computational fluid dynamics
method was employed to simulate the temperature of

the specimen. Similar approaches can be referenced in
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Fig. 2 Fabrication procedure for multidirectional dual-matrix C/C composite
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Fig.3 Schematic diagram of the double-pulse SRM test

the literature™™.

The density was determined by the Archimedes’
method. Microstructures were characterized using an
optical microscope (OM, Leica DMLP, Germany), a
polarizing microscope (PLM, Leica DMLP), and
scanning electron microscope (SEM, JSM-7800F,
JEOL, Japan) with energy-dispersive spectroscope
(EDS, Oxford-INCA, UK) before and after ablation.
PLM and OM samples were immersed in epoxy resin,
polished with silicon carbide, and diamond powder-
coated polishing cloths. Internal defects of ablated
materials were detected using an X-ray real-time ima-
ging detection system (X—RTIDS, SZT-800, Lanzhou
Sanlei Testing Technology, China). Raman spectro-
scopy was used to analyze the microstructure and
chemical composition of the composites with laser

wavelength of 514 nm.

Carbon rod

3 Results and discussion

3.1 Microstructure of as-prepared composites
The microstructure of the as-prepared 4D-DM
C/C composites is shown in Fig. 4. Fig. 4a shows an
OM image of the yellow-line area in Fig. 1, revealing
that carbon rods are roughly hexagonal (red-line area),
with 2D carbon fiber bundles forming triangular re-
gions (green-line area). Fig. 4(b-d) show the SEM im-
ages of cross-section of sample, indicating thick PyC
layers deposited at carbon rod edges, demonstrating
that PyC not only fills gaps between carbon fibers in
rods and bundles but also forms a thick layer outside
during CVI (Fig. 4c). PyC exhibits good interfacial
bonding with the fibers. Additionally, the PDC matrix
mainly exists in the triangular regions between car-
bon rods and fiber bundles, and it forms a layered
structure due to multiple impregnation and pyrolysis
cycles during preparation (Fig. 4d). Some cracks can
be observed between PyC and PDC. Raman spectra of
carbon fiber, PyC, and PDC reveal that the I,/I; ratio
indicates graphitization degree (Fig. 4e). Results
showed that PyC exhibited the lowest 1,//; value, in-
dicating the highest graphitization degree, i.e., the
highest degree of carbon ordering.

Based on the analysis, 4D-DM C/C composites

consist of 5 constituents: single carbon fibers, carbon

Io/ls=1.05 PDC

I,/1,=0.85 PyC

Ip/15=1.50 /\ /\| Carbon fiber

1000

Intensity/a.u.

1400 1600 1800 2000

Raman shift/cm™
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Fig. 4 Microstructure and Raman spectra of 4D-DM C/C composites: (a) OM image. (b) Low magnification SEM image.

(c) Region A. (d) Region B. (¢) Raman spectra
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bundles, carbon rods, PyC matrix and PDC matrix.
The microstructure evolution during preparation is
schematically shown in Fig. 5. HTP leads to the car-
bonization of internal resin and the creation of small
open pores, which subsequently loosen the carbon
rods. Unconstrained by resin, the loose rods are con-
strained and extruded by the U, X and W carbon
bundles (oriented at 60°) into a hexagonal shape
(Fig. 5b). The CVI process initially densifies the pores
within the carbon rods and bundles with PyC. Follow-
ing this, as CVI progresses outwards, C;H, deposition
on the rod/bundle surfaces forms a thick PyC layer
after gap infiltration (Fig. 5¢). During PI and HPIC,
this layer serves as a “wall”, confining the PDC mat-
rix to the inter-rod and inter-bundle gaps instead of
the rod interiors (Fig. 5d). Multiple interfaces are thus
generated (e.g., PyC/fiber, PyC/bundle, PyC/rod, and
PyC/PDC), which are critical for the subsequent abla-

tion process.

Fig. 6a presents the combustion chamber pres-
sure profile during the operation of a dual-pulse mo-
tor. As shown, the chamber pressure rises rapidly
upon ignition of pulse I, followed by a sharp decline
after the termination of pulse I operation. Post-pulse
interval, upon ignition of pulse I, the pressure exhib-
its another rapid increase, with the average pressure of
pulse II being notably higher than that of pulse I. Spe-
cifically, both pressure curves decrease as ablation
time extends, indicating the diameter changes of
throats by ablation. Based on the motor parameter

changes during ablation, the throat diameter variation

(b)

HPT

Bundles Carbon rod

Bundles+PyC
Carbon rod+PyC PyC layer

with ablation time was calculated using formula (1)
(Fig. 6b). The throat diameter increases gradually dur-
ing both pulse I and pulse I, with no significant
change during the interval. The linear ablation rates
for pulse I and pulse II were calculated using for-
mula (2). The ablation rate after pulse I is 0.113
mmy/s, which is higher than pulse 1 (0.068 mm/s), the
inner diameter increases, indicating that the combus-
tion rate is higher and can cause higher mechanical
ablation. During the ignition of the pulse I and pulse
I1, the curve of throat surface temperature change can
be measured by sensors, as shown in Fig. 6¢. Surface
temperature rapidly rises to 2842 °C for pulse I, and
during pulse 11, it increases from 2498 °C to as high as
3085 °C. The heating rate initially accelerates and
then slows as ablation time extends. Owing to vari-
ations in pressure, gas flow velocity, and temperature,
the degree of ablation differs between the convergent
and divergent sections. For convergent section, the
cross-sectional area decreases towards the throat. Ac-
cording to mass conservation, the gas flow velocity
increases, while the static pressure and temperature
are relatively high and stable before reaching the
throat. This region is thus dominated by high heat
flux, high pressure, and intense mechanical scouring.
Different from convergent section, the cross-sectional
area of divergent section expands. This leads to a fur-
ther rapid increase in gas velocity and a correspond-
ing sharp decrease in static pressure and temperature.
This region, therefore, experiences the highest shear
stress from the high-velocity flow and a different re-

gime of thermochemical reactions due to the lower

(d)
PIP+HPIC

pPDC Bundles+PyC+PDC

Fig. 5 Schematic of microstructure evolution during fabrication of 4D-DM C/C composites
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Fig. 6 (a) Pressure, (b) throat diameter variation and (c) throat surface temperature during the ablation process

pressure. Analysis of the ablation microstructure of

these regions is discussed in the next section.

The post-ablation microscopic morphology of the
convergent section is shown in Fig. 7. The surface is
with

rods/bundles forming valley-like structures and floc-

rough, convex features around carbon
culent protrusions (Fig. 7a). Analysis of carbon rods
reveals no typical “bamboo shoot tip” structures of
carbon fibers on relatively flat surfaces, but a layer of
cellular protrusions adheres to the surface (Fig. 7b).
Dense cellular coatings form on flat areas (Fig. 7c),
which are confirmed to be carbon by EDS. A high-
magnification SEM image of the coating cross-sec-
tion (Fig. 7d) shows distinct cellular protrusions with
a thickness of ~ 10 pm. PLM image (Fig. 7¢) indic-
ates obvious extinction, suggesting the coating is PyC.
Further magnification of the flocculent structures
(Fig. 7f) reveals dendritic PyC and nanowire struc-
tures. EDS analysis of the nanowire region (yellow
dashed area) confirms that they consist of C and trace
Fe, which may be generated by iron-catalyzed reac-
tions.

In the structural composition of a SRM combus-
tion chamber, an insulation layer (Fig. 3) between the
propellant and the engine casing for thermal protec-
tion primarily consists of rubber-based materials, such
as ethylene propylene diene monomer (EPDM)"". In
this work, EPDM was also used for manufacturing the
insulation layer. It needs to last several minutes for the
combustor to lower the temperature after all the pro-
pellant has been consumed. During cooling, the EP-

DM insulation layer near the propellant undergoes a
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Fig. 7 Micro-morphology of 4D-DM C/C composites after ablation:
(a) Low-magnification SEM image. (b) Carbon rods. (c) Cellular coating.
(d) High-magnification SEM image of ablation cross-section. (¢) Cross-sec-

tion of PLM image. (f) SEM image and EDS analysis of nanowires

pyrolytic reaction at high temperature, releasing hy-

drocarbon gases such as butene,

[38]

pentene and
benzene"™. As a result of the pressure difference
between the inside and outside of the combustor, hy-
drocarbon gases flow to the nozzle. Under high-tem-
perature conditions, they undergo pyrolysis based on
CVD theory and deposit onto the ablation surface.
The main reaction is described as follows:

C.H, (g) —>C(s)tHa(g) (©))

Additionally, due to the flow direction, most of
the deposition occurred in the convergent section and
much less deposition occurred in the divergent sec-
tion where the temperature was also much lower than

that in the convergent section. During pulse I, the de-

New Carbon Materials
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posited EPDM-PyC layer could avoid further mechan-
ical damage to the fibers and matrix, but the gas flow
could not be completely isolated by the coating of de-
posits because of the holes; consequently, the oxida-
tion of the fibers still continued.

On the other hand, ferrocene is widely used in
the propellant of SRM as a burning-rate (BR)

*1 which was also employed in the present

catalyst'
test device. During motor manufacturing and storage,
there is a possibility that ferrocene may migrate from
the propellant into the insulation layer'"”. According
to a thermal decomposition study of ferrocene'"' ",
gaseous ferrocene decomposes spontaneously to form
metallic iron at temperatures above ~ 770 K, accord-
ing to the following reaction:

(CsH;),Fe— Fe+H,+CH,+CsHg + - - @)

After the propellant was consumed, the combus-
tor remained at a high temperature. The ferrocene in
the insulation layer was then gasified and decom-
posed, producing Fe. This Fe was transported through
the nozzle along with the gases generated from the de-
composition of the insulation materials. As the hydro-
carbon gas provided the carbon source and Fe acted as
catalytic particles, carbon nanowires were synthes-
ized at high temperature!” ™ (Fig. 8).

The migration of ferrocene in SRM propellants
significantly increases the concentration gradient at
the propellant-insulation layer interface, leading to
combustion rate non-uniformity and fluctuations in in-
ternal ballistic parameters'”. Additionally, this migra-

tion process accelerates debonding failure at the inter-

Insulator layer,

Convergent section

face between the thermal insulation layer and propel-
lant, thereby increasing the risk of motor structural
failure!””). However, as the propellant is permanently
sealed within the casing after SRM manufacturing,
direct detection of ferrocene migration in the propel-
lant remains challenging at present. The presence of
carbon nanowires in the surface of the ablated throat
sample can be analyzed to provide a reference for de-

termining the migration of ferrocene.

Fig. 9 shows the post-ablation morphology of the
divergent section. Unlike the convergence section, no
PyC deposition is observed on the surface, and the mi-
crostructure of carbon rods, fibers, PyC and PDC
matrices has undergone significant changes. The ori-
ginal PyC layer around carbon rods transforms into a
thin-walled circular shell with obvious gully-like gaps
on both sides, and internal fibers become loose. Mi-
croanalysis of the triangular region between carbon
rods and fiber bundles (Fig. 9b) reveals large gaps,
with the external matrix carbon ablated, exposing
cross-lap structures and increasing surface roughness.
The pre-existing microcracks from processing and the
cracks formed during ablation significantly affect the
ablation morphology (Fig. 4(c, d)). These cracks
provide direct channels for the inward diffusion of
high-temperature oxidizing species and the outward
erosion by the high-speed flame flow. This synergis-
tic effect accelerates the ablation process. After abla-
tion, most PDC in the triangular region is consumed,

and the surface reveals a tiered structure: the PyC

[\.’ e o

Hydrocarbon Ferrocene Fe

E..".).:’;.

.i "lee” <

i Carbon
nanowires

" PyC

4D-DM C/C composites

Fig. 8 Schematic diagram of the formation mechanisms of carbon nanowires and PyC coating during ablation
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layers around the carbon rods are the most prominent,
followed by the internal fibers, and finally the re-
cessed PDC matrix. This height difference corres-
ponds to the materials’ ablation resistance. The abla-
tion resistance order is: PyC shell layer>carbon
fiber>PyC matrix>PDC matrix.

Fig. 9c shows the ablation morphology of car-
bon fiber bundles perpendicular to carbon rods, where
external PyC layers are ablated into multi-layered
shell structures. Interfaces within PyC layers form
gaps after ablation, exposing internal fibers. Fig. 10
shows the microstructural comparison of the PDC
matrix before and after ablation. Before ablation, it
exhibits an irregular lamellar structure with tight
bonding (Fig. 10a). Microstructural analysis of the ab-
lated matrix reveals a loose layered structure
(Fig. 10b), resulting from preferential oxidation at the
interfaces between two successive PDC layers.

Furthermore, the distinct ablation morphologies
of PyC and PDC correlate with their structures and
properties. PyC, characterized by a dense structure
and high graphitization, exhibits strong fiber bonding.
This structure confers excellent resistance to mechan-
ical abrasion and delays oxidation processes. In con-
trast, PDC 1is distributed within large, unreinforced
pores, making it prone to microcracking. Without
fiber reinforcement, this brittle matrix is highly sus-
ceptible to fragmentation and delamination by flame
flow, ultimately forming grooves and an uneven sur-
face. As shown in Fig. 11, voids exist between the
fiber bundles, with some fibers fractured and poor
regularity in fiber shape. The main reasons may be as
follows: one is that fibers bind poorly with matrix,
making the fiber-matrix interfaces and gaps prone to

[46].

becoming invasion sites for oxidizing gases' ; and
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Fibers

Fibers

Fig. 10 Microstructure of PDC matrix: (a) before and (b) after ablation

the other is due to the increase in pressure and temper-
ature, as well as the thermal shock effect induced by
discontinuous ablation, this renders the matrix and
fiber bundles susceptible to fracture and spallation un-
der the scouring of high-velocity gas flow. Fig. 12
shows OM images of the ablated cross-section.
Figs. 12(a, b) depict the PyC layer outside carbon
fiber bundles and the bulk PDC matrix, respectively.
Minor cracks form within both PyC and PDC
matrices, accompanied by large-scale spalling near the
ablation surface. Fig. 12c shows that carbon fibers
transform from circular to irregular shapes after abla-
tion, with many fibers adhering to the material sur-
face and the surrounding matrix becoming loose.
From Fig. 11 and 12, the ablation process of 4D-
DM C/C composites under dual-pulse conditions is
not only a surface recession but also an internal struc-
ture relaxation. To observe the internal morphology,
the specimen was cut to a depth of 10 mm along the

thickness direction, and the cross-section was pol-

Microstructure of carbon fibers after ablation

Fig. 11

New Carbon Materials
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(a) (b)

50 pm

(c)

10 um

10 pm

Fig. 12 Optical micrographs of the ablated specimen cross-section: (a) PyC layer. (b) PDC matrix. (c) Carbon fibers

ished for optical microscopy (Fig. 13). Numerous
pores and gaps are visible within carbon rods
(Fig. 13b), and cracks form between internal fibers
(Fig. 13c¢), indicating that ablation increases internal
defects. The double pulse ablation exhibits a super-
position effect, which further exacerbates internal de-
fects. The first pulse ablation already induces surface
ablation recession, while forming initial microcracks
and pores inside the composites. During pulse II, high
temperature gas flow can more easily penetrate into
the interior through the channels at the ablated sur-
face. The combined effect of the surface-to-interior
temperature gradient and the gas flow scouring gener-
ates significant internal stress. This stress concen-
trates at pre-existing microstructural defects, such as
microcrack tips and pore edges, driving their propaga-
tion. This mechanism results in the expansion of in-
ternal pores, an increase in crack, and the formation of
gaps between fiber bundles due to matrix loss, lead-
ing to overall structural relaxation.

Moreover, the post-ablation density was meas-
ured, yielding a bulk average density of 1.86 g/cm’,
presenting a 4.61% decrease from the pre-ablation
value (1.95 g/cm’). This measured decrease in bulk
density quantitatively reflects the overall material loss
and the formation of voids and cracks throughout the

sample. Ablation in a DPSRM can be regarded as an

Ablated surface

(a)

ultra-high-temperature treatment. On one hand, par-
tial components within the material vaporize at tem-
peratures exceeding 3000 K. On the other hand, high-
concentration gases from the combustion chamber
enter the material through pores under high pressure,
promoting matrix oxidation and thereby accelerating
internal mass loss. Two random segments of the ab-
lated 4D-DM C/C composite throat liner were subjec-
ted to axial detection using an X-ray real-time ima-
ging system (Fig. 14). The results show varying de-
grees of through-thickness delamination, further con-
firming that the discontinuous ablation process in
dual-pulse motors significantly affects the internal mi-
crostructure.

Based on the above microstructural analysis, dif-
ferent microstructures in 4D-DM C/C composites ex-
hibit distinct evolution processes and ablation sensit-
ivities under dual-pulse conditions. For carbon fibers,
the surrounding matrix is gradually eroded to expose
fiber tips, which transform into a needle-like shape
with continuous ablation, and the high pressure and
flow rates subsequently lead to fiber fracture due to
insufficient shear stress resistance. For interfaces —
acting as oxidation active sites, ablation initiates at the
interfaces between fibers and PyC, bundles and PyC,
rods and PyC layers, as well as PyC and PDC, where

ablation gaps form to allow gas flow that increases the

Fig. 13 Internal microstructure of the material after ablation: (a) Observation location of the specimen. (b) Carbon rod. (c) Carbon fiber
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Fig. 14 Real-time X-ray imaging spectra of the post-ablated specimen

cross-section

ablation surface area, and the thermal shock caused by
temperature fluctuations during pulse intervals further
induces delamination and cracks, particularly at these
interface regions. As for PyC layers and the matrix,
the PyC layers around carbon rods retain their basic
contours after ablation, showing excellent ablation
resistance, and their “wall” structure effectively pro-
tects carbon fibers from severe ablation compared to
composites with a single PDC matrix; while the PDC
matrix, characterized by weak van der Waals forces, is
more prone to ablation and loosening, and the high
temperature gradients during heating and cooling
cause thermal expansion mismatch, which in turn sep-
arates the folded zones within the PDC.

The 4D-DM C/C composites throat component is
subjected to mechanical erosion and thermochemical
ablation under high temperature and pressure with
oxygen. Mechanical erosion entails the granular exfo-
liation of carbon fibers and the matrix carbon due to
gas flow pressure and shear stress, or sheet dentation
caused by thermal stress, thermochemical ablation
refers to mass loss resulting from reactions with oxid-
ative gases!”. During SRM firing, various gases are
released from propellant combustion. At high temper-
ature and pressure, the C/C composite surface is prone
to chemical ablation by oxidizing gases'’. Studies
have shown that H,O, CO, and OH are the primary
oxidizing species causing material loss by thermal ab-
lation'"”!. The heterogeneous reactions between these

gases and the C/C composite surface are as follows:

C(s)+H,0(g)—CO(g)+Ha(g) )
C(s)+CO,(g)—2CO0(g) (6)
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C(s)+OH(g)—~CO(g)+0.5H,(g) (7)

The ablation behavior is governed by the com-
bustion chamber environment, which is dictated by
parameters such as temperature, pressure, gas flow ve-
locity, and oxidative gas concentration'™). These vary-
ing conditions lead to distinct ablation mechanisms in
different sections of the throat. Furthermore, different
parts of the C/C composites also exhibit different ab-
lation behaviors. This study proposes a model to ex-
plain the ablation behavior of the 4D-DM C/C com-
posites throat in dual-pulse motors (Fig. 15).

When pulse [ is in operation, as the combustion
chamber pressure increases, the propellant burning
rate rises accordingly, accelerating mass transfer and
diffusion processes. This, in turn, promotes Reactions
(5-7). Thermochemical ablation dominates this stage,
resulting in the formation of conical carbon fibers.
The multiple interfaces within the material are prefer-
entially ablated, generating gaps that expand under
subsequent gas flow. The PyC layer around the car-
bon rods thins due to ablation, significantly increas-
ing surface roughness. Upon completion of pulse I,
the throat temperature drops rapidly, inducing sub-
stantial thermal stresses within the material due to
thermal mismatch.

After the pulse interval, when pulse II ignites, the
ablation surface temperature of the C/C composites
surge due to efficient heat exchange with the high-
temperature gas flow. Cyclic thermal shocks at mater-
ial interfaces exacerbate thermal stresses, leading to
further debonding and crack initiation along fiber
bundles parallel to the ablation direction. Owing to the
higher pressure in pulse II, the C/C composites experi-
ences intensified mechanical erosion and shear forces
from the high-velocity flow. Given the low axial shear
resistance of carbon fibers, the debonded matrix and
individual fibers are readily detached. The combined
effects of elevated pressure and gas concentration dur-
ing pulse II accelerate synergistic mechanical-chemic-
al ablation, resulting in severe surface degradation and
rapid fiber recession. Consequently, the average lin-
ear ablation rate of pulse Il is significantly higher than

that of pulse I. The primary ablation mechanism dur-
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Fig. 15 Schematic diagram of ablation behavior of 4D-DM C/C composites during ablation

ing the pulse I was the oxidation and mechanical
scouring of the PyC and PDC matrix, forming a pre-
liminary ablation morphology. In the pulse II, the ab-
lation was markedly intensified, characterized by the
propagation of cracks along the interfaces of the
multi-layered matrix and the severe layer-by-layer
delamination of the PDC, leading to significant struc-
tural denudation.

During the post-operation cooling phase, due to
the influence of the insulation layer, hydrocarbon gas
flows and deposits a layer of PyC and carbon
nanowires on the surface of the convergent section,
while the thermal expansion mismatch between car-
bon fibers and the matrix causes differential contrac-
tion, widening interfacial gaps in the divergent sec-
tion. As temperature decreases, these gaps evolve into

delamination structures.

In this study, 4D DM C/C composites were fab-
ricated using a hybrid woven preform molding pro-
cess combined with a densification technique integrat-
ing CVI and HPIC. The discontinuous ablation beha-
vior of the composites under DPSRM test conditions

was investigated. The key findings are summarized as
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follows:

(1) During preparation of the composites, the car-
bon rods exhibited a hexagonal cross-section, surroun-
ded by a dense PyC “wall” structure. The linear abla-
tion rates of the composites after pulse I and pulse II
were 0.068 and 0.113 mm/s, respectively. Post-test
analysis revealed a significant increase in surface
roughness. Within the convergent section, PyC depos-
its and carbon nanowires were observed: the former
resulted from the pyrolysis and deposition of the mo-
tor’s insulation layer following propellant combustion,
while the latter were formed via catalytic reactions in-
volving ferrocene derivatives that migrated from the
propellant to the insulation layer and liner during
pyrolysis.

(2) In the divergent section, debonding occurred
at multiple interfaces, including matrix-fiber, carbon
rod-PyC, and within the PDC matrix. This debonding
led to crack initiation, which propagated as tempera-
tures decreased, ultimately causing delamination
between fiber bundles. The ablation process of the
C/C composites under DPSRM conditions is charac-
terized as a discontinuous process involving high-tem-
perature/high-velocity gas erosion, thermochemical
ablation by oxygen-containing species and thermal
shock.
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