Bioinspired Bouligand structure for the synergistic
enhancement of mechanical and thermal properties in 3D-
printed C/ZrB,-SiC composites
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Short carbon fiber reinforced ultrahigh temperature
ceramic matrix composites (C/UHTCMCs) are recognized as leading
candidates for thermal structures owing to their precisely tailorable 3
composition and enhanced tunability in structure and properties.
Inspired by nature, the Bouligand structure—characterized by a
gradual angular rotation between successive layers—exhibits
remarkable load-bearing and thermal conductive capacity. In this
study, the Bouligand structure was introduced into C/ZrB,-SiC by
employing direct ink writing technology. The results indicate that the
composite with a 30° interlayer Bouligand structure achieves a
synergistic improvement in both mechanical performance and
thermal diffusion uniformity. Specifically, enhancements of 42% in -
flexural strength and 35% in fracture toughness were achieved compared to conventional C/ZrB,-SiC. Meanwhile, the Z-axis
thermal conductivity increased by 24.5%, along with a notable enhancement of in-plane thermal diffusion. These improvements
can be attributed to the smaller deflection angles and more frequent unidirectional deflections within the 30° Bouligand structure,
which promote more pronounced crack deflection. Furthermore, the small-angle rotational design improves in-plane thermal
diffusion uniformity by leveraging the high intrinsic radial thermal conductivity of short carbon fibers. Hence, the bioinspired
Bouligand structure design offers a promising strategy for the synergistic optimization of mechanical and thermal properties in
C/UHTCMCs.
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thermal structures in extreme environments of the above
applications [13].

Particle-reinforced ceramics rely on the introduction of higher
modulus particles to facilitate crack deflection. However, the
toughening effect in particle-reinforced ceramics is limited; the
fracture behavior of the material remains inherently brittle. In
contrast, short fiber reinforced ceramic matrix composites
(C¢/UHTCMC:) have a suite of active toughening mechanisms.

1 Introduction

The rapid development of aerospace and hypersonic vehicle
technology places stringent performance demands on thermal
structural materials [1-4]. Thermal structural materials must
maintain stable mechanical properties and chemical inertness in
extreme environments exceeding 2000 °C while also possessing
excellent thermal shock resistance [5-9]. Fiber-reinforced

ultrahigh-temperature ceramic matrix composites (UHTCMCs)
effectively overcome the intrinsic brittleness of monolithic
ceramics, combining advantages such as low density, ultrahigh
temperature stability and excellent ablation resistance [10-12]. As
a result, UHTCMCs are regarded as a leading candidate for

Fiber bridging enables the material to continue bearing load even
after the matrix has cracked. Fiber pull-out is a key mechanism
that dissipates energy through extensive frictional work. The
synergistic effect between these two mechanisms enables a
transition in short fiber-reinforced composites from brittle to
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nonbrittle fracture behavior. C/UHTCMC:s exhibit high fracture
toughness and superior damage tolerance [14—-17]. This makes
C/UHTCMCs highly promising for thermal protection systems
in advanced vehicles. However, conventional processing routes for
CyUHTCMC:s often cause severe mechanical degradation and
chemical damage to the fibers, and the random fiber distribution
makes precise microstructural control extremely challenging
[17-19]. The recent development of additive manufacturing (3D
printing), particularly direct ink writing (DIW), has revolutionized
the fabrication of advanced ceramics by enabling complex
geometries and tailored microstructures [11,20,21]. This technique
allows precise control over the printing path to achieve oriented
fiber alignment in three-dimensional space.

Nevertheless, C//UHTCMCs fabricated via traditional 3D
printing with 90° interlayer angles contain structurally weak zones,
which impede the controlled design of crack propagation paths
and limit effective toughening [22]. A notable example of a
superior natural architecture is the Bouligand structure, which
consists of helically stacked nanofiber lamellae [21,23]. Biological
tissues such as the hammer of the stomatopod, fish scales, and
lobster underbelly exhibit Bouligand structural characteristics,
resulting in remarkable mechanical properties [24-27]. The
defining feature of the Bouligand structure is its helical stacking of
multiple layers, where fibers are aligned within each layer but
exhibit a consistent misorientation angle between adjacent layers
[28—-30]. This sophisticated architecture promotes crack deflection
and extension under mechanical loading, effectively dissipating
fracture energy and achieving a synergistic combination of high
strength and toughness [31]. Introducing the bioinspired
Bouligand structure design into C/UHTCMCs offers a novel
strategy for enhancing mechanical properties.

In this study, C/ZrB,-SiC Bouligand structure composites with
varying pitch angles were designed and fabricated using DIW.
Finite element simulations of crack propagation paths were first
conducted for an initial mechanical assessment of the samples
with varying pitch angles. Experimental evaluations of bending
strength and fracture toughness revealed that the Bouligand
structure with a 30° interlayer angle exhibited the highest
mechanical performance. Additionally, the 30° Bouligand
structure enhanced the thermal conductivity along the Z-axis and
improved the in-plane thermal uniformity. This characteristic is
pivotal for reducing the surface response temperature and
extending the service lifetime in extreme high-temperature
environments. This work demonstrates the successful application
of a bioinspired Bouligand structure in UHTCMCs. This study
offers a new strategy for the development of advanced thermal
structural materials.

2 Experimental

2.1 Raw materials

Commercially available ZrB, (purity > 99%, particle size: 0.1-1 pm
(Fig. S1 in the Electronic Supplementary Material (ESM));
Shanghai Yaotian New Material Technology, China) and short
carbon fibers (M40, average length: 100-500 um (Fig. S1 in the
ESM); Toray Industries, Japan) were used as the raw materials.
Polyvinyl butyral (PVB, M, = 90,000-120,000, purity: 99%;
Aladdin, China) was used as a dispersing agent.

2.2 Fabrication of Cy/ZrB,-SiC Bouligand structure

composites

Cgand PVB (constant weight ratio of PVB : C¢ =1 : 3) were first
added to deionized water to prepare a uniformly dispersed fiber
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suspension by ultrasonication. ZrB, powder was added to the
above solution with continued stirring in a water bath at 60 °C.
C4/ZrB, paste was obtained after deionized water evaporation,
and the suspension became toothpaste-like. After that, C/ZrB,
paste was transferred into a print nozzle and installed in a DIW
printer (3D bioprinter V2.0, Regenovo Biotechnology Co., Ltd.,
China). C¢/ZrB, preforms were printed using a nozzle with an
inner diameter of 0.84 mm driven by nitrogen at a pressure of
0-0.6 MPa. The speed of the nozzle moving in the x-axis and
y-axis directions was set to 0-5 mm-s”, and the distance between
filaments was set to 0.5 mm. The C/ZrB, preforms were printed
layer by layer, with successive layer rotations of 30°, 45°, 60°, and
90°. The composites with interlayer angles of 30°, 45°, 60°, and 90°
were referred to as CZS-30, CZS-45, CZS-60, and CZS-90,
respectively. Schematic diagrams for all the samples are shown in
Fig. 1. The printed C/ZrB, performs were dried at 55 °C for 24 h.
After that, polycarbosilane (PCS; National University of Defense
Technology, China) was used to further densify the C4/ZrB,
preforms and pyrolyzed at 1100 °C in an Ar atmosphere. The
precursor infiltration and pyrolysis (PIP) process of PCS was
repeated six times.

2.3 Characterizations

The microstructure of the composites was characterized using a
field emission scanning electron microscope (FESEM; Hitachi
SU8220, Japan). Phase composition was analyzed by an X-ray
diffractometer (XRD; D8 Discover Davanci, Bruker Co.,
Germany). The flexural strength of the composites was evaluated
by a three-point bending test (60 mm x 6 mm x 4 mm test bars)
with a span of 50 mm and a loading rate of 0.5 mm-min™. The
fracture behavior of the composites was measured by a single-edge-
notched beam (SENB) method with a specimen size of 30 mm x
6 mm x 3 mm, notch length of 3 mm, notch depth of 1.5 mm,
crosshead speed of 0.5 mm/min, and support span of 24 mm.
Thermal diffusivity was measured by a laser flash thermal
conductivity meter (LFA467 HT, NETZSCH, Germany). The
sample size used for thermal diffusivity measurement is @10 mm
x 2 mm. Thermal conductivity was calculated according to

Eq. (1):
A=aCyp (1)

where A and « are the thermal conductivity (W-m™K™) and the
thermal diffusivity (m*s™), respectively, and C, and p are the
specific heat (J-.g"-K™) and the density (kg-m™) of the composites,
respectively.

3 Results and discussion

3.1 Microstructure and phase composition of as-fabricated
Cy/ZrB,-SiC composites

The phase composition of the as-fabricated composites was
characterized by XRD. No additional impurities were discernible
beyond the characteristic peaks of ZrB, and graphitic carbon
(Fig. 2(a)). Interestingly, the signal of CZS-90 was relatively low.
For the same crystalline phase, the positions of the diffraction
peaks in the XRD patterns remain consistent, while their
intensities may vary, which is a common occurrence in XRD
analysis. A possible explanation involves the samples being
analyzed in different batches, combined with a potentially high
scan speed during the CZS-90 measurement, resulting in lower
peak intensities. The results may be influenced by the instrument's
condition and specific parameters during testing. This does not
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(c)

Fig.1 (a) Schematic diagrams of the four C/ZrB,-SiC composites fabricated in this work; (b) Schematics of crack deflection in the presence and absence of Bouligand
structure in the C/ZrB,-SiC composites; (c) schematics of in-plane thermal diffusion in the C/ZrB,-SiC composites.
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(f~i) microscopic cross-sectional morphology characteristics of CZS-90, CZS-30, CZS-45, and CZS-60.

affect the phase identification. These results confirm the high PIP process was carried out at approximately 1100 °C. This
purity of the as-fabricated sample, indicating its suitability for pyrolysis temperature results in the formation of an amorphous
investigating the mechanical and thermal properties. The SiC SiC phase. This phenomenon is consistent with observations
phase is identified as amorphous. SiC was introduced via PIP. The reported in previous studies [32].
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Figures 2(b) and 2(f) show the macroscopic and microstructure
of the C/ZrB,-SiC composite fabricated by 3D printing with a 90°
interlayer angle. Apart from porosity originating from the PIP
process, the chopped fibers were all aligned in a parallel direction
(0°). The porosity of CZS-90 was determined to be 15.78% by the
Archimedes method, which quantifies the composites' open
porosity. Based on the characteristics of the fabrication process, it
is reasonable to attribute the composites’ porosity primarily to the
inherent 3D printed structure and the shrinkage occurring during
the PIP process. The 3D printing process introduces macroscopic
pores with dimensions on the order of tens to hundreds of
micrometers. The composite was subsequently densified via the
PIP process. Not all pores are filled during the PIP process,
leading to the formation of residual porosity within the composite.
Such pores typically range from the submicrometer scale to the
nanoscale and are randomly distributed within the composites. A
comparative analysis of the macroscopic (Figs. 2(c)-2(e)) and
microscopic (Figs. 2(g)-2(i)) images of the Cg/ZrB,-SiC
composites with the Bouligand structure clearly reveals their
distinct structural characteristics at various angles. The alignment
angles of the chopped fibers closely matched the sets. These
characterizations directly confirm the successful fabrication of all
designed C/ZrB,-SiC composites with distinct angles. The fiber
orientation degrees for the CZS-30, CZS-45, and CZS-60
composites were determined to be 0.81, 0.83, and 0.79,
respectively. All the samples exhibited a uniform distribution of
the fibers and the matrix. Identical slurry compositions and 3D
printing parameters (except for the deflection angle) were used for
all four samples, resulting in comparable fiber contents across the
samples.

3.2 Mechanical behavior and mechanisms of the C/ZrB,-
SiC composites with a Bouligand structure

In this study, finite element analysis (FEA) was first employed to
simulate the crack propagation paths during three-point bending
tests in the four Cy/ZrB,-SiC composites fabricated in this work.
To simplify the modeling and computation, the tows were
modeled as aligned fiber bundles. The fiber tow diameter was set
to 0.6 mm, which is close to the value observed in the composites.
Furthermore, the model was set up with the ZrB,-SiC matrix

(b)

occupying the interbundle regions. The model dimensions were
set to 60 mm x 6 mm x 4 mm. The model dimensions were
defined in accordance with the standard requirements for three-
point bending testing. Composites with distinct structures were
fabricated by rotating each successive layer by 30°, 45°, 60°, and
90° relative to a 0° initial layer. The models of CZS-30, CZS-45,
CZS-60, and CZS-90 are depicted in Fig. 3(a). The green and gray
areas in the model denote the fiber and the ZrB,-SiC matrix,
respectively. The central dark blue or dark red region was set as
the loading area.

The computational parameters were set to a load range of 0-
10 kN and a loading rate of 0.5 mm-s™. A 1.5-mm-deep notch was
preconfigured at the sample center. In accordance with the
fracture toughness testing standard, a notch was introduced at the
center of the specimen, which featured a rectangular tip. In the
simulations, failure was defined as the attainment of a critical
displacement (U), with both the failure displacement and crack
propagation path recorded upon fracture. As illustrated in Fig. 3(b),
the simulated failure displacements and crack paths revealed
distinct behaviors across samples:

CZS-90: The crack propagated along an almost linear
trajectory, fracturing at a displacement of 0.1295 mm, indicating
inferior mechanical performance.

CZS-45: Despite slight crack deflection, fracture occurred at a
displacement of 0.1919 mm, suggesting mechanical properties
comparable to CZS-90.

CZS-60: Significant crack deflection and a larger central
displacement were observed, demonstrating superior mechanical
properties to CZS-45.

CZS-30: This sample exhibited the largest failure displacement
(02915 mm) and multiple crack deflections, confirming its
optimal mechanical performance among all tested configurations.

The FEA results conclusively demonstrate that the Bouligand
structure with a 30° interlayer angle exhibits the highest
mechanical performance, highlighting the critical role of tailored
interlayer angles in enhancing composite properties.

To validate the accuracy of the simulated results, mechanical
property tests were performed on all four fabricated samples. To
meet the standard thickness requirements of the test, the number
of layers was set at six for mechanical testing. The experimental
data demonstrated a clear performance hierarchy: while ZS-45

U=0.2915 mm
U=0.1919 mm

U=0.2063 mm

Fig.3 (a) Finite element simulation models of C/ZrB,-SiC samples with different interlayer angles; (b) simulated crack deflection paths and corresponding critical

failure displacement of the samples.
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exhibited the lowest mechanical properties, the CZS-30 sample
achieved the highest performance metrics, with the CZS-60
sample showing intermediate characteristics (Fig. 4(a)). This close
alignment between the experimental and simulation outcomes
confirms the reliability of the computational model. Remarkably,
the CZS-30 sample outperformed the others in three key
mechanical parameters: flexural strength (increased by ~42%),
fracture toughness (enhanced by 35%), and fracture work
(improved by 72%) compared to the CZS-90 baseline (Figs. 4(b)-
4(d)). Furthermore, the mechanical strength of the composite
prepared in this work (64.7 MPa) significantly surpasses that of a
previously reported Bouligand structure composite (36.9 MPa)
[22]. These findings underscore the pivotal role of the small-angle
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To elucidate the mechanism underlying the enhanced
mechanical performance, fracture morphology characterization
was conducted. Fig. 5 presents the crack propagation paths and
corresponding fracture surfaces of all four samples. The CZS-90
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in fracture toughness, flexural strength, and fracture work of CZS-30 compared to CZS-90.
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Fig.5 Cross-sectional fracture morphologies of the C/ZrB,-SiC samples with different interlayer angles at low and high magnifications: (a) CZS-90 sample; (b) CZS-30

sample; (c) CZS-45 sample; (d) CZS-60 sample.
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sample displayed a smooth macrofractured surface with an almost
linear crack path (Fig. 5(a)), a finding consistent with the
simulation results. In contrast, composites with Bouligand
structures exhibited nonlinear crack propagation, demonstrating
the structural role of interlayer angles in fracture resistance. Key
functional differences were observed among fiber layers. For the
0° layers, fibers oriented perpendicular to the crack direction
impeded propagation through energy dissipation via fiber pull-
out. The intermediate-angle layers (e.g., 30°-60°) provided graded
resistance by deflecting cracks through helical interfaces. For the
90° layers, fibers aligned parallel to the crack path offered minimal
resistance, relying solely on weak interfacial bonding for
retardation. This hierarchical fiber alignment explains both the
linear crack trajectory and inferior mechanical performance of
CZS-90, whereas Bouligand-structured samples (particularly CZS-
30) achieved superior performance through multiscale crack
deflection.

In Bouligand-structured composites, layers with intermediate
angles (termed “twisted layers”) between 0° and 90° play a pivotal
role in mechanical enhancement through crack-twisting
mechanisms. The interlayer rotation angles promote crack
deflection along helical interfaces, while the fiber alignment within
each layer guides crack propagation and impedes its advancement
via energy dissipation.

The influence of the Bouligand structure on the mechanical
properties was analyzed by examining the crack propagation path
in the fracture surface of CZS-30. The crack path exhibited
alternating left-right deflections (Fig. 5(b)), with small-angle fibers
(30° to X-axis) demonstrating pronounced fiber bridging and pull-
out effects. Frequent deflections in consistent directions and full
activation of energy dissipation mechanisms (e.g., interfacial
debonding) contributed to its optimal mechanical performance.
Limited crack deflection (Fig. 5(c)) resulted in reduced energy
absorption, as only partial fiber pull-out occurred in intermediate-
angle layers. The lower fracture toughness compared to CZS-30
aligns with reported trends where 40°-45° Bouligand angles show
suboptimal crack-twisting efficiency. Although crack deflection
initiated leftward before backward shifting (Fig. 5(d)), the large
fiber angles (> 60°) in deflection layers diminished toughening

HuY,LuJ,NiD,etal.

effects such as fiber pull-out. The absence of 90° layers forced
crack deflection at every interface, explaining its superior
performance compared to CZS-45 despite less pronounced
deflections. CZS-30’s superiority stems from its smaller deflection
angles (enhancing fiber-matrix interfacial interactions) and higher
deflection frequency, which maximize energy dissipation through
multiscale crack twisting and bridging, a phenomenon consistent
with natural Bouligand structures. To facilitate statistical analysis,
the SEM image of the fracture surface in Fig. 5 has been magnified
and optimized. It can be observed that a greater number of fibers
in the Bouligand structure composite participate in impeding
crack propagation. The fiber pull-out length in CZS-45 is
significantly greater than that in CZS-90. Furthermore, the
Bouligand structure composite exhibits a markedly higher degree
of crack deflection than CZS-90. However, the variation in fiber
pull-out length at different fracture sites prevents a conclusive
interpretation of the crack deflection and energy dissipation
mechanisms based solely on local SEM analysis.

3.3 Effect of the Bouligand structure on thermal properties
and mechanisms

To elucidate the role of the Bouligand structure in thermal
transport anisotropy, we systematically characterized the thermal
conductivity (1) and diffusivity («) of four samples along both the
Z-axis and in-plane directions (Fig. 6(a)). To meet the standard
thickness requirements of the test, the number of layers was set at
three for thermal testing. Despite comparable compositional
profiles and nondirectional fiber distribution along the Z-axis,
both A and « increased monotonically with decreasing interlayer
angle (Figs. 6(b) and 6(c)). Specifically, the CZS-30 sample
demonstrated superior Z-axis thermal performance, achieving
enhancements of approximately 24.5% in thermal conductivity
and 24% in thermal diffusivity at 1200 °C compared to CZS-90.
The three schematic diagrams in Figs. 6(d)-6(f) depict the cross-
section of three distinct Bouligand structure composites. All three
models are oriented in the X-Z plane. The three porosity values in
the models of Figs. 6(d)-6(f) correspond to the overall porosity of
the three respective Bouligand structure composites. The
porosities of CZS-30, CZS-45, CZS-60, and CZS-90 were
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Fig.6 (a) Schematic diagram pathways of heat transfer within the sample; (b, ¢) thermal conductivity and diffusivity of the C/ZrB,-SiC samples with different interlayer
angles in the Z-axis direction; (d—f) schematic diagrams of the cross-section of three distinct Bouligand structure composites.
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determined to be 20.8%, 15.30%, 18.2%, and 15.8%, respectively. It
can be concluded that CZS-30 demonstrates the most uniform in-
plane thermal diffusion, despite its relatively high porosity. This
demonstrates that the positive influence of the Bouligand structure
on thermal diffusion uniformity outweighs the negative effect of
reduced thermal conductivity caused by high porosity. Cross-
sectional analysis revealed that interlaminar pores underwent
progressive collapse and deformation under thermal loading.
Smaller interlayer angles (e.g., 30°) amplified this effect, promoting
preferential fiber alignment along the Z-direction. This
microstructural rearrangement facilitated phonon transport
pathways, thereby elevating thermal diffusivity and conductivity.
This is consistent with reported Bouligand-structured ceramics
exhibiting anisotropic thermal regulation.

Furthermore, the in-plane thermal conductivity and diffusivity
of the samples were determined and are summarized in Fig. 7.
The introduction of the Bouligand structure does not improve the
in-plane thermal conductivity or diffusivity of the composite.

To further investigate the thermal transport mechanisms in
Bouligand-structured composites, we conducted multiscale
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modeling integrated with mathematical analysis. The in-plane
thermal conductivity measurements required relatively thin
samples, whereas computational models employed six-layer stacks
to ensure statistical reliability. In the CZS-30 model, six layers
precisely constituted one helical period (Fig. 8(a)), enabling
complete phonon pathway analysis. In the CZS-45 model, the six-
layer stack introduced one additional 0° and 45° layer, creating
interfacial phonon scattering sites. In the CZS-60 model, two
layers per orientation angle (180° rotation) facilitated comparative
analysis of orthogonal fiber effects. For the CZS-90 model,
symmetric stacking of three 0° and three 90° plies served as a
baseline for cross-ply behavior.

All models maintained identical compositional profiles and
fiber bundle thermal properties. This ensures that under uniform
thermal loading, each fiber bundle exhibited equivalent thermal
diffusion distances. This design enables quantitative comparison
of heat flux distortion induced solely by interlayer rotation angles,
revealing how Bouligand architectures modulate thermal
anisotropy through helical phonon transport pathways. The
thermal diffusivity is subject to a considerable impact from the

b) T
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Fig.7 (a) Thermal conductivity and (b) diffusivity of the C/ZrB,-SiC samples with different interlayer angles in the in-plane direction.

Distance
A WO N =~ O = N W H

Fig.8 (a) Thermal diffusion models for the C/ZrB,-SiC composites with different interlayer angles; (b) methodology for constructing the thermal diffusion distance

function; (c) polar diagram of the thermal diffusion distance.
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fiber/matrix interfacial thermal resistance (Kapitza effect), along
with the effects of SiC phase fraction, porosity and temperature-
dependent phonon scattering. However, the four samples share
comparable composition and porosity levels but exhibit distinct
structural characteristics. This work primarily aims to elucidate
the underlying mechanism by which the Bouligand structure
influences thermal diffusion in the composite. Accordingly, a
simplification of the model was implemented.

The calculations were simplified by normalizing the thermal
diffusion distance of the fiber bundles to 1 under identical thermal
loading. For each layer, the component of this thermal diffusion
distance along the 6-direction (with 6 as the polar axis, Fig. 8(b))
was evaluated, yielding the following functional form (Eq. (2)):

6
p= Z__l |cos(0 — (i — 1)x¢)|, ¢ = 30°,45°,60°,90° (2)

where ¢ is the interlayer angle, p is the simplified thermal
diffusion distance, and |cos(6 — (i —1)x¢)| denotes the
component of the thermal diffusion distance in the 8-direction for
the ith layer. Figure 8(c) presents the polar diagram distribution of
thermal diffusion distances as a function of 8, revealing distinct
anisotropic patterns across samples. For CZS-90, diffusion
distances along 0°/90° fiber orientations (due to preferential
phonon scattering at orthogonal interfaces) are minimal,
contrasting with maxima at 45°/135° (attributed to reduced
interfacial thermal resistance in diagonal directions). For CZS-60,
peak distances occur at 0° 60° and 120° aligning with helical

periodicity-induced phonon focusing effects. For CZS-45, a
singular maximum at ~20° suggests localized heat channeling
through intermediate-angle layers. For CZS-30, near-uniform
distances are present across all orientations, demonstrating
isotropic thermal transport. This is a consequence of the
optimized interlayer angle suppressing phonon-boundary
scattering.

Based on the above analysis, the C/ZrB,-SiC composite with
30° Bouligand architecture achieves synergistic enhancement:
mechanical robustness via crack deflection coupled with thermal
uniformity through homogenized diffusion pathways - critical for
multifunctional composite design.

Figure 9(a) shows the macroscopic morphology of the
Bouligand structure composites following 300 s of ablation testing
at 6 MW/m’ heat flux. The samples retain a smooth surface and
no ablation pits after being exposed to ultrahigh temperature
plasma ablation above 2000 °C (Fig. 9(b)). Moreover, all
Bouligand structure composites exhibited a low linear ablation
rate, which was maintained in the range of 0.13 to 0.25 pm-s™.
These results confirm that the Bouligand structure composites
exhibit excellent ablation resistance, making them suitable for
ultrahigh temperature structural protection. Furthermore, under
identical heat flux testing conditions, CZS-30 exhibited the lowest
surface temperature. This result indicates that the 30° Bouligand
structure enhances in-plane thermal diffusion uniformity,
confirming the reliability of the thermal simulation.

(b) 2800
2600
%)
< 2400
2
3 2200
o
& 2000
g | |
~18004 || — czs-20 ‘
CZS-40 “
16001 | — cZzs-60 |
0 50 100_ 150 200 250 300
ime (s)

Fig.9 (a) Macroscopic morphology of the Bouligand structure composites after 6 MW-m™ ablation testing, (b) temperature-time curve of the Bouligand structure

composites.

4 Conclusions

The key innovation of this work is the successful introduction of
the Bouligand structure into short fiber reinforced ceramic matrix
composites via 3D printing. The Bouligand structure was
optimized through a combination of experiments and
simulations, achieving synergistic optimization of the mechanical
and thermal properties. This design addresses the key limitation of
poor mechanical properties in conventional short fiber reinforced
ceramic matrix composites. Simultaneously, we targeted the core
issue of surface temperature during ablation by improving
thermal diffusion homogeneity, resulting in a successfully lowered
surface temperature. Multiscale characterization and simulation
results show that the 30° Bouligand structure achieves synergistic
optimization between mechanical robustness and in-plane
thermal diffusion uniformity. Finite element simulations reveal
that the 30° interlayer design (CZS-30) maximizes the crack
deflection efficiency. It presents the longest ultimate crack path
(0.2915 mm) among all samples, facilitated by hierarchical fiber
bridging and pull-out mechanisms. As a result, 42% and 35%
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enhancements in flexural strength and fracture toughness were
achieved, respectively, compared to conventional CZS-90
composites. Furthermore, the 30° structure simultaneously
enhances the Z-axis thermal conductivity (24.5% compared to
CZS-90) through aligned phonon transport pathways and in-
plane diffusion uniformity by leveraging the high radial
conductivity of short fibers. This dual-phase thermal regulation
can effectively mitigate surface temperature gradients under
extreme service conditions, which is a critical advantage for
thermal protection systems. The outstanding performance synergy
stems from small-angle rotation and fiber-matrix synergy. It
promotes multidirectional crack deflection while minimizing
interfacial phonon scattering. This work establishes a paradigm for
designing next-generation C/UHTCMCs, where Bouligand angle
engineering concurrently addresses structural integrity and
thermal management challenges.
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