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Abstract: SiC,/SiC composites have broad prospects for application in aerospace high-temperature
components due to their low density, excellent high-temperature mechanical properties, and oxidation
resistance. However, residual stresses generated during preparation and service severely restrict their
performance. This paper systematically reviews the research progress on residual stresses in SiC;/SiC
composites. Firstly, the formation mechanisms of micro-residual stresses and lattice distortion stresses are
elaborated, and the coefficient of thermal expansion mismatch, phase transformation volume effect, and
process-induced effect are identified as the main causes. Secondly, the principles, advantages, and
disadvantages of experimental characterization techniques (including X-ray diffraction, neutron diffraction,
Raman spectroscopy, and nanoindentation) and numerical simulation methods (such as finite element
method and molecular dynamics) are introduced. Then, the regulation mechanisms of residual stresses on
the mechanical properties, environmental stability, and functional characteristics of composites are
analyzed, and residual stress regulation strategies through temperature gradient control, interface coating
design, and heat treatment are summarized. Finally, it points out that the current frontier challenges include

stress dynamic reconstruction in ultra-high temperature oxidation environments, @n-situ real-time
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monitoring of residual stresses under complex loads and thermal cycles, and artificial intelligence-driven

residual stress prediction and optimization design.
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Fig.2 Depth-resolved neutron diffraction analysis of internal residual stresses of composites
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(a)schematic diagram of neutron beam scanning paths ; (b)diffraction peak shifts of Al matrix at different depths;

(c)diffraction peak shifts of SiC reinforcement at different depths

AT R S A SR R OT R U, B ETR
JER , BERE S BN KA L A 5k A% I 3 B9 AR A A4
SD I, o] ARG R AR A I 1 oA o X%
TR N TR A A S 2% HLAG 28 T i BEAR N T RS 1) #1
BHIFTE BIOCH 2L SR, P PR Bk HL i 2% 5 5t a8
17 AGE S A AR e, AT BR ) 1 3z A i L
AT AILIR S, R SR A R A B, X A
RS R AR AT — R R, 3k S A Z AR A AR KA
BT R EOR B SR AR
2.1.3  PrEobik

PG R T30 B ROV . 2L I B Sicy/
SIC ZE RIS ST SRR T EARRT, K AR
PERUR ™ o — 020 BURDE AR 5 AR 1L
KA PR A . AR R AL B e T IR Bh
A R R E BT 8 (VA% |, T8 2o A T 2 D' P I A
OB SRR AN G RE A AR B, AT LA T 1 A9 45 A A

R TEERR I IIERT , ARE N0 Al B AR
el k46 , T3 2 W67 B AR 8, X R B 5
N 7 2Z (A7 AE B i 1 G R GE R R R) , 1]
7R,
Aw = K*o (2)
A Aw P2 WAL K A B R E R S = hir
SN ST 50 RN o B N ) R S BN
) OCHE , U SO A bR SRR A o b
X TG IBE T3 ) A R A ot it 28 gy I A7 D et R A o 0
i, SR 38 2k 2 PR LB A5 B 0 A £ 5 0 7 1 ¢ & it
L0 HARPR AN I S
TERAF I S22 )5, S bR I H A AZ O 2 K 1
PRV RS o F Tk P Y M 7S s e, HLAS (W] 40 4H 1Y
TR REA B S, L BUEE S B ST AR K
22 . PR, 38 5 SR JHIGTE R BON H A 1 8 2R 47 40
G A 5 sREL Y U B A R A . 1)



B4t o5

SICy/SIC A PR AN 1 B B R AEFEAR K ML

171

W L &80V 5E o b 2 g A T CIR)Z (G ) W/
SIC FHif (TO W) AR | I1-45 Gl v HEE S 10 1
JiitE AR BB FEE T SIC/Til7 E A4 MEHERF
AL RN B AR AR R A . A ATTIE R 2 0 LA 4
AN B P2 M B bR 57 5%, & B 1050 “CHy W/SIC F i
FE45 W 1B 1 C ¥R IZ 0 1 A 1) 48 5 A8 Haw
TR IR 2R AR 5 DX IR A ) 35 2% 5 . Chen
A2 Y RGBT SiC/SIC B & 8RR 4
N AT T AR IERAE 25 R E 3R . BFSE R,

(a)

—&— BN interphase
—4— SiC fiber

(o]

(22}

N

Peak position shift/cm-"
D

o
T

-2

0 200 400 600 800 100012001400
Temperature/C

Residual stress/GPa

W Il 2 A T v, B AR 2T A v Y B A T 4 10 g L e
FTHA P A B AR AR ) B R R X )
Pt B G 025 AR AL B W 24 T D, BB Y S T AR
PR S 7E — B LMWL e iR AL . Wu 5
WFFE A B, 7R S A IR BT T, B N ) Bl I E T v
T e AT, (LI 5 S0 o P ) 228 R 522 B e el i 3 i 3
Fovn 32 h BT A 7 A 4t BRI S O ) A8 4k
IR PG IEA A2 Sh A e T Si(OH) 45 4 Al 4
P71 A B RO ) 5t B

0.25 (b
0.00F N
—=— SiC matrix
-0.25f —e— BN interphase
_0.50} —a— SiC fiber
-0.75 M
-1.00F
-1.25k
-1.50

0 200 400 600 800 100012001400
Temperature/C

B3 LT I i AT 1 SiC/SIC & A bHRH S 0 (7 17 7 (a) FFR AT 7 (b ) G 1 28 AL %)

Fig.3 Evolution of Raman peak position shift(a) and residual stress(b) with temperatures in SiC/SiC composites

based on in-situ Raman spectroscopy characterization'’
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Fig.4 Microscopic characterization of Berkovich nanoindentation topography and surrounding residual stress fields on 6H-SiC single crystal surface
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(a)optical image; (b), (¢)stress distribution based on confocal Raman microscopy ; (d) AFM topography of indent;;

(e), (Dhigh-resolution near-field stress mappings via IR s-SNOM
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Fig.5 Finite element simulation of micro-stress evolution and matrix damage propagation in SiC matrix composites during pyrolysis process

(a)-(f)matrix cracking, shrinkage, and local stress concentration at different temperatures during heating ;

(g)final residual stress state and microstructural morphology during cooling
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Fig.6  Schematic diagrams of molecular dynamics simulation models for calculating interfacial thermal resistance of SiC ceramics
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(a)homophase grain boundary model; (b)heterophase grain boundary model formed during 8—>« phase transformation

Han %" £ Mo 5 SiCy/SiC By ™ #i% 1 J2 0F 5%
R 3 J1 ABEAUAE 7R T MosSis ks W IE A8 7
R IE AL, RIALEE 12 35 BOM ORIy 40 K R
JE, NTITRET 60 %0 LA ERYFRARI T, 5 5 3 B TEM
LI (4 57 485 20 A5 — 35 Niu 557 B TR LI A4 2 1
SiC/PyC/SiC & & BHWY 7313 1 2 B8 BRI
T #it ik (pyrolytic carbon, PyC ) 5 I i 59 47] 5 5 1 4
R . SR FRW], PyC 1Y TC T 4544 38 i ik 2 P T
B H S | B AN B T B D B 5 B U8 B A7 ik
JERGE JZ RN R, HLAR SR AR e T PyC
FI 5 5iR FE 55 FUTH 45 G 5 AR X /N, 7 EHE A SE R
SR TR A IR 0 A M . Wang 55 318 )
SRS T R R E A Y PyC BT 78 SiCy/SiC &
A AR R 3 B AL, R B e A AR B (high-
texture pyrolytic carbon, HTPyC) PAZ 2 Wt 8l ok £,
2} #4 B (medium-texture pyrolytic carbon, MT-

PyC) K 21 #4) #4fi# B (low-texture pyrolytic carbon,
LTPyC) LAy )20 3, H 2 2 3 i R B #E HIUCHE & .
A WEFE AL L2 B, HTPyC rh 2 4 pr AR 5L 40 IR, BiE
HFERZ M S LR LR S BRI — 2

F LR A RAEBOAR T AT T SGh . "I Bk
N SPRAEF AR KGNS |, T ER IR B i 745G
TEFE

3 AN A3 SIC/SIC E & #RHERE
B

skl

H T £ GE R R 5 P2 ik AR RO E AR AR AR AL
JO7 A T S A DL, SICy/SiC 52 5 w4 B il 48 i 7
H S AE BB EIE BB AR I ) 5, 3k e Bk AR I ) AN
SRR A FORRI G 1 IR b 2 i A AR
i FREE R R A& VR T, X H ) 2 M de BRI A e



B4t o5

SICy/SIC A PR AN 1 B B R AEFEAR K ML

175

®1 RUEBRTELDLE

Table 1 Summary of characterization techniques and methods

Characterization ~ Spatial Penetration . . o o .
. . Stress detection range  Typical error/limitation Application scenario
technique resolution  depth
X-ray diffraction =1 pm Several mic- Explaining originof ~ Limited sensitivity and accuracy; peak Polycrystalline bulk materials; fiber-ma-
(XRD) rometers to stress; validating Ra- broadening can make stress separation trix interface analysis
tens of micro- man spectroscopy difficult
meters results
Neutron Millimeter ~ Centimeter  Internal residual Requires large-scale facilities (reactor/ 3D stress measurement of large-scale
diffraction scale scale stress deep within spallation source) ; long acquisition CMC components; deep internal residual
material time;results are volume-averaged stress distribution; probing stress states
in different phases of SiC/SiC
Raman ~0.5pm  <1pm Micro-scale stress in - Limited detection sensitivity ; fluo- Precise measurement of micro-regional
spectroscopy (surface/ specific regions rescence background interference residual stress; stress distribution analy-
sub-surface ) (common in SiC) ;overlapping signals — sis of fiber, matrix,and interface ;
from different phases in complex research on stress changes related to
systems environmental factors
Nanoindentation Nanometer Extremely Micro-scale residual  Significantly affected by indenter tip Characterization of micro-regions like
scale shallow sur- stress geometry, loading rate, and surface fibers, matrix, and interfaces ; analysis
face layer roughness; quantitative calculation of local areas with large stress gradients
relies on complex theoretical models
(e.g., pile-up effects)
Finite element ~ Macro/ Full-field/ Simulating residual Accuracy depends heavily on const- Macro scale: residual stress distribution

method(FEM)  Meso scale entire volume stress under different
(simulation)  processing conditions
Molecular Atomic/ Nanometer  Atomic-level residual
dynamics(MD)  Nanometer scale (simu- stress
scale lation box)

itutive models and mesh quality;
sensitivity to boundary condition

assumptions

Accuracy relies on choice of inter-
atomic potentials (e.g., Tersoff, Vashi-

shta) ; limited by time and length scales

during fabrication of whole component;
impact of geometry Micro scale: effect
of microstructural parameters (inter-
face strength, fiber

alignment) on residual stress

Exploring atomic-level micromechanisms
isolating single factors affecting resi-

dual stress;research on nanoscale

phenomena
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Fig.7 Typical fiber push-in load-displacement curves for characterizing

interfacial bonding strength of 2.5D SiC,/SiC composites and

determination method of critical debond load'®*!
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