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Abstract

To meet the demands of lightweight, thermal insulation, and load-bearing synergy for thermal
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protection components of hypersonic vehicles, this study conducts parametric design, thermal simu-
lation, coupled optimization, 3D printing process development, and performance verification of lat-
tice-structured thermal protection systems. Using honeycomb cells, tetrahedral truss cells, and
re-entry cells as geometric primitives, parametric mapping relationships are established for cell
size, wall thickness, strut inclination, porosity, and face-sheet thickness. Based on heat conduction
analysis and response surface methodology, comprehensive optimization is achieved for structural
mass, back-face temperature rise, compressive strength, and thermal shock resistance. Material
screening indicates that SiC fiber-reinforced SiC ceramic matrix composites are more suitable for
forming lattice thermal protection components. In static tests, the specimen exhibited a stable
back-face temperature of 514 K after 600 s at 1473 K, achieving an insulation efficiency of 65.1%.
In dynamic thermo-mechanical coupling tests, under a heat flux of 0.42 MW/m? and a normal load
of 0.45 MPa, the maximum back-face temperature was 556 K, the central residual deformation was
0.41 mm, and the mass loss rate was 0.93%. Results demonstrate that the 3D-printed SiC fiber-re-
inforced SiC lattice structure possesses good thermal insulation and buffering capacity, structural
integrity, and reusability potential.
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Figure 1. Schematic diagram of the parametric model of the lattice structure
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Figure 2. Temperature distribution heat maps of lattice structures with different porosities

2. FRIFLIRER SR E D RN

2.2. REGHNNFESRESRIPRSHL
T 174 Feib P 0 R AT S I3 PR S N LR B mr SRR R R BOIRAC AT 3K, RS AN

DOI: 10.12677/jast.2026.143011 91 ] e 2 i R R


https://doi.org/10.12677/jast.2026.143011

LR ARV

SHEMRATR E R — BhekIT R, MRAEHURRE ., PrilE N DL R I R — it 23] i
FRAMEFEAPRE BRI T il 26 A T ARG RSO A LU TR RE T, LAY 0N B BT S X AR
WEE A, A% T AORITRS J22 5 T i FEE A B2 3]

BT HRURS . BEE . AR . LB DRI R L 2 MRS R YRR & R R, AT STk F i 57
HVEA S HR B SR febr Z AT A, JF HAE R B FH R B 00, LA R
NE BRI LRI AT H AR BT R oR
m(x) o, AT, (x) o, o, (x) Y R, (x)

4
m, AT, O R

cf 150

min F (x)=w,

For, xR R, EEQERT, B, M. TR RERERE, F(x) %
T MAEFRREL m(x) RS, BRN ke, AT, (x) TRWET, REAK, o (x)F55
MPUEIRIE, B0 MPa, R, (x) RFHTEPIERE, w % w, 25 S FARBE RYL FhR 0 %
TR AR 0 M

TSR TR b, T TTHT R A8 L B T VA N T SR N, (0 (7
St U LB 1 D (R A e S e . UL TR ML 4 T B SRS S P O 4
Ve AR i T S 4]

23. REZBEfFREERTETE
AW TR 7 B — B 22 3 L A R M e AR 4 IR REFRAR KBRS R AR, R O8N

5 5 5 5
y=5 +Zﬁixi +Z Z ﬂijxixj +Zﬂiixi2
i=1 1

i=1 j=i+l i=

v e

x, = B (a)s x, = FHFEEE D x, = FHRBIA(0)s x, = FLBRZ(P)\ x; = HHRIEEE(h)s

y O RIRERL 4 AL SRR R m(x) . HIRTE AT, (x) - PUESREE 0, (x) « FUAGESRIER, (x): B,
Biv By~ B AR/ TFRIUA A REL

KRBT LR K 120 A PR ICREAR, T0%FEARH T4, 30%FEAH TR, A REE
bRz 1 fis.

Table 1. Fitting accuracy of the response surface model for four performance responses
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Table 2. Comparison of high-temperature properties of candidate printing materials
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Figure 3. Statistical chart of the effect of process parameters on the density of printed parts
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Table 3. Comparison of dynamic test performance data for lattice-structured thermal protection components
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