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Fig. 1 Technical route of preparation for SiC optics and fine structures
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Fig. 3 SiC parts and brazed mirror blank for @3.5 m primary mirror of Herschel telescope
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Fig. 4 SiC components and all-SiC structure of ESA GAIA telescope™"”
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Fig. 5 Brazing joint of pressureless sintered SiC: SiC parts and brazed mirror blank™’
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Fig. 7 Reaction sintering NT SiC mirror blanks™. (a) NT SiC mirror with various diameters; (b) microstructure of NT SiC;

(¢) microstructure of joining area between NT SiC parts
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Fig. 8 ECM's Cesic® and HB-Cesic®¥*. (a) Metallographic structure of Cesic®; (b) Cesic screwds; (c) Cesic® supporting structure for

LSST sensor array; (d) HB-Cesic® mirror for DESIS multispectral imager of International Space Station; (e) all HB-Cesic®

demo of SPICA telescope with @800 mm primary mirror and total mass of 25 kg

O 2 W Bess SiC i SiC & i 5 R4y C1L (a) SIC AR TR0 5 78 % 5 (b) SiC AR A4 H ol 93 %

Fig. 9 SiC content and residual C in reaction sintered SiC"*”. (a) Volume fraction of SiC is 78%; (b) volume fraction of SiC is 93%

& & T M Omatete & BH 1Y B % &t B8 7 A R A F
ARUT B SIC B VR R B K A v R b LA
SRR e L TR AT R R AR AR T R A R R B T
S, KR SF 2 2R 45 SiC BE i R Ak 1A T a0, i
Jig AN B A B 2 i R RN B AL S B AL L Y
T3 % 75 4 Rl g A1 ok D SR f S T N TE R
W 25 28 51 5 S R [R) 8, 58 i T B R B2 2 3.5 m 1)
PR PR BE SIC B S BE A R &, 8 R R Ak
A NS BT B OETE PR A2 i K ©4.03 m SiC
S8 M R & TR BT o g N B S gl A T e
T8 A5 52 4% B T v 1 1 g - 45 A — AR b O 2 T R BOKS #5
LR C O B A S NEIUD o | PR O PSR 2 e N
10, ZHABN A K/ I REEME T 240
B 2~4 m py e PERR R A Ak SIC RO M R, BT
[ R 2 N 1 R B UK e~ NS 1 i e S = W VAR NS
73 G MR B A A 2 A 0 R R B L 5E R T T 9]

235 (8] 48 107 1 @2 molR % 5 Ak SiC RS 58 A R 45, i
WAL T 35 kg/m?, 5 IWST =45 ifg % B A1 24, {H 55
A 235 g W P R R SH AR e PR 1/504 (RMS) T A i
T2k, T IWST £48 F 519 1/30A(RMS) . [f]
BF, % A BB & T B S S B A T8 il & T 04
9 500 mm . I 25 AL T 12 kg/m>H4 8 4% AL 2 5 8
R, 35 B 36 B NGST 113 b ot 2% o0 4 6 2 Ak oG
TR BR K-

S RN 4 SIC H St SiC FCRE 9 AH A4 1, 78 0
20 B AH 2 B RO [R] 25 5 7 A TR RO
i 25 B TUF 5 2 4 28 il 80 H AR GE B, %R R
Aok R B P R R B T, BUE Tk be 4 TR AR, BT
ARATF B SIC MR BUR 1 R L B A I AIG, MRHER B 1k fig
54 5 be 4t SiC M 24, 45 4 PVD Si fll CVD SiC ik
PR WA R T A A (R 2F R N R BRI AE SiC
S G B i R 1 % v B AT B B

0400003-6



a4k E 4H1/2024 £ 2 B/EER

10w E R K B G R S AL S B BB 2T B KO SF SiCB2E 0" . (a) @4.03 m SiC AEBR i 2 9545 5 (b) @4.03 m SiC AE Bk

LRI

Fig. 10 Large-size monolithic SiC optics of Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of

Sciences'™. (a) SiC aspheric mirror with diameter of 4.03 m; (b) test results of SiC aspheric mirror with diameter of 4.03 m
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Fig. 11 CVC preparation of Trex SiC mirror materials and material microstructure'
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Table 1 Comparison of various SiC materials for optics and fine structures
Organization and Preparation i Specific  Thermal Optical Cost/time
) Max sizes . o o . Property
Institute methods stiffness  stability ~ manufacturability = consumption
1.5m . . .
a9 1] CIP, . Moderate high, Single phase SiC,
BOOSTEC™" (monolithic) ; . . . Moderate ) i
pressureless High High CVD SiC . . residual micro
(MERSON) L 3.5m o high/high .
sintering cladding is needed pores included
(brazed)
Shanghai Institute CIP, Moderate high, Single phase SiC,
| ) 1.5m ) ) . . Moderate ) )
of Ceramics, pressureless L High High CVD SiC ) . residual micro

o aloen) o (monolithic) . high/high )

CAS sintering cladding is needed pores included
Northrop . ® Moderate high, Moderate/

§ CERAFORM®, 1.5m Moderate . . . .
Grumman ) ) ) L ) High PVD Si cladding moderate Low shrinkage
2 230] reaction sintering  (monolithic) high .

Xinetics = ™" is needed low
53 . . Moderate high,
. o Slip casting, 1.5m ) ) )
Communications . . ) o Moderate High PVD Sicladding Moderate/— —_—
) reaction sintering  (monolithic) i
SSG* is needed
High, the .
. - ] . Extremely high
NEC-Toshiba ) ) substrate is 7/ .
Die forming, 1m ) ) . . strength; difficult
Space System Ltd. ) . ) L High High directly polishable Moderate
. reaction sintering  (monolithic) - . to enlarge the
e for visible light low .
) ) diameter
imaging
Applicable for
. . . . complex structure
o l750) Die forming, 2.4 m Moderate Moderate  Low, CVD SiC Moderate o
ECM™ . . . L . . o fabrication;
reaction sintering  (monolithic) high high cladding is needed low/low
heterogeneous and
anisotropic
Changchun 3.5m Moderate high Applicable for
oderate high,
Institute of Optics, . ) (monolithic) ; . . & Moderate/  complex structure
. ) Gel-casting, i . ) CVD SiC or o
Fine Mechanics . . . 4.03m High High . . moderate fabrication, low
. reaction sintering . PVD Si cladding .
and Physics, (reaction . low shrinkage and
(‘Ag[z.ﬁ,u,\.47.51.33] b is needed - - -
SAS onded) residual stress
Moderate high,
China Building o ocerate me
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Fig. 12 Voronoi-based design for topological optimization of mirror light-weight structures™
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PRI 2 R 45 A I K AR 6 S - 2 kR % B A R
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JE2E N TR 78 4 0% Ak, AR AT DAk o B B A 28 045 5

]

AT Je B A0 1 AN AT 0 A8, S FAR 19 SIC B 5 i A R
AL PR o R SR RN B R AR 2R AR Z A
A 5 FFEHUAGIF & T 45 P b4 il 3 (5 3D AT ED BEA -
e E MIT T & T 4570w Gt o8 (BIP) #E AR ™ JEF
I A, LA 5] 4 @ A 5 i R S5 [ T1-V I & AR il
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SEILAT L P RN (R 4 2 43 53 A ¥ 50 1 X b R4S )
7] P 4% A F 5 35 B Goodman 23 &)™ 3L F 1 5 T B

FI13  BIPATED etk SICE540 ™ . (a) BIP AT ENER A ; (b) Ja) MR 45 #4 BE 1 5 (o) Si R R 15 B0 1k SiC bk
Fig. 13 BIJP printed super light-weight SiC structures”. (a) Preforms via BJP; (b) sample of local structure; (c) densified SiC material

via Si liquid reaction infiltration

0400003-9
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OST .LUVOIRE 55 o b F K P 20 0 2 540 i B i
Ay B AL 2 FIORS 25 5 k4, ULIRT 14

14  7Z-Process 3D #TEl RoboSiC"™ & b # $ &250 mm Ff A
Fig. 14 @250 mm sample of RoboSiC™ via Z-Process 3D printing combined with reaction bonding™
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i FEFT B JURE P LR 5 A B TR I 3 A A AR A
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Bho R M ARk 3 (346.34-22.8) GPa, HT 25 3 &
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KD BT R 2 RN T8 = 4E LA R w5 T
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AT (PE)H A, 51 AT SiC FDM $TEIH K

FIAR G4, I 58 B b4 RE AL 6 7 34 3 2500 mm,
ULVE 15, Je 8 i i ARSI i oK UL AR GE

K15 FDMTE SiC 7 545 k1
Fig. 15 FDM printed SiC mirror blank™”

R B K RO A RS LA W BRI S BT 4 o
[l B2 g 22 [ oy AR 5 R D RS BT 1 3 T
& 1k J5 B 1Y DLP (digital light processing) 4% & LSI #(
ALY G2 P SIC il A BRI R KR 58 &5 0K
JE B A5 RO BUA R R RSN T. 22
B0, IO T A R AT B T 9K A4 PIP #5824 , R F LSTAR

St C KL A4 T P Be ) A p-SIC & &, W AH Si 78
I3 UFE B A AL AR AS B R R T 99 %6 1 A B
MRk B AR R S i 5 B2 3 0 42 T & 402 GPa il
244.17 MPa, 56 B 1 W /2 O 2 il i A1 2R 1
@620 mm SiC J ARl 2%, WK 16,

25 TR B 3 R AR A X R R R

P16 1Bl SiC IS BEkt . (2) 3F DLP 9 €100 mm SiC Bt BRARA ; (b) 3 F DLP 5 ST @100~620 mm SiC [z 1 5 14
Fig. 16  SiC mirror material for additive manufacturing”. (a) Status of @100 mm SiC during DLP; (b) @100-620 mm SiC mirror blanks

via DLLP and LSI process
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Table 2 Comparison of SiC additive manufacturing methods for optics and fine structures'

95-96)

Additive
manufacturing Advantages

technologies

Limitations and challenges Organizations and institutions

Low forming accuracy and resolution;

. . . High utilization rate of the raw
Direct ink writing/ i

materials;
DIW

suitable for multi-material printing

Higher initial volume fraction of SiC in
Fused deposition raw material up to 60 % ’;
modeling/FDM  high utilization rate of the raw materials;

suitable for multi-material printing

Better homogeneity; high efficiency of

Binder jet . .
o the raw material preparation;
printing/BJ/BIP/ . o i
wide applicability for various powder
BI3DP

materials

Wide applicability for various powder
Selective laser
sintering/SLS

materials; high efficiency of the raw
material preparation; easy to achieve

large size printed body up to 1.6 m"

High requirement of the properties of

High efficiency of printing ; high
Stereolithography/
SL/SLA/DLP

forming accuracy and surface quality;
high volume fraction of ceramic loading
up to 60 %"

deformation of the printed bodies during

Control of the properties of the raw
material is demanding; low forming
accuracy and resolution; step effect on

the surface; low efficiency of printing

Low relative densities of the printed
bodies due to the low packing

efficiency; rigorous control of the

the slurry; SiC powder’s strong
absorption and scattering of UV limit
the cured thickness and the further

increasement of the solid loading; large

Goodman Technologies,
LLC;
Central South University

low efficiency of printing ;

auxiliary support is needed for

cantilever structure printing
Goodman Technologies,
LLC; Shanghai Institute of
Ceramics, Chinese Academy
of Sciences;
Changsha University of
Technology

Israel Institute of Metals;

Low printing resolution and surface

Goodman Technologies,
IBEET
II-VI Technologies Co., Ltd

quality ; relative densities and the

strength of the printed bodies are low

Huazhong University of
Science and Technology;
Ningbo Flk Technology Co.,

thermal field during the printed process Ltd

HRL Laboratories;
Technology and Engineering
Center for Space Utilization,

Chinese Academy of
Sciences; Beijing Institute of
Technology;
Shanghai Institute of
the post processing Ceramics, Chinese Academy

of Sciences
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A3 T L S S 5 g 1 492 10 A K T T % 92 46 P 4%
FAIR TC I 1A AR B HLEE R I K IR . R T LS

W AL 45 A i 3 AR A A T I K R SE SiC R e A4 kRN
T A 1) B A A N T A2 A XU A A R, 2
S5 R BB AR 25T A8 1 i M B R A8 ] R 5 e Ak N
fib 3R R S5 ) RE AR HR ) R B R L T B B A
A SIC YL AL g 56 Wil i JT i 47 . Rk, e 47 SIc
A 1 BRL o 3, T I DA 5 RO 2% B L D4R R e i
RGN DB RFE .
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A % 2 C 47 4B 5 SiC IR a0 B2 0F , B A0 i 18 A
Ay 16 o7 o 55 2 35 #1) 262 MPa, 8758 15 %) 111 MPa
H R R Ko SCHREE 21 4 4 20 5 FHEAR 5 =X ek
VSRS AL HIR B O DR B AR O R ET R 2 RE T YOG
HE R . SCHRL 101 48 4 C 2R 4Ebg o C 5L (SIC KK
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SRNEF 4 L BH 0 71 b G 2T AR A 2R AR R P . 28 b IR
TR W IR RO ARG B, DA SR I PREEPE A7 2D AL
SRR ) 3 ST ) Yz O F G 2 N B R Ak B
pm 2%, % TR FOCHLAS AT 5, FE J7 5L A K t
T AT SRR A R ANBA A 1, T G R LA
Pem T RGN AEHC /208 B B e .

P17 Euclid SIC i 3R I B 1 4 SIC 52 P bg
Fig. 17 Joining of Euclid telescope’s SiC base plate with SiC supporting components through bolts™?
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i R A BE S SIC B AL 1 25 R A R RN T B
SRR R, PRI RE 56 1N FH 2 ) i AR £
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AR X PR K DC B ) A W R T RERR S13E A 4, H
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Fig. 18 Various joint techniques applied in SiC opto-mechanical structure of Euclid NISP"*

B2S iR AT AR R A, R Bl b TR s s . ek
[106 LA Si0,-ALO-Y, 0, A& HA18E, SCHk[ 1071 2L Mo
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K 19 W CVD SiCBEJG 3 R Be s SiC 4 He AT 18, Mz b 4 5 isop st 10

Fig. 19 Brazing of pressureless sintered SiC parts with surface CVD SiC layer and morphology of brazed seam'

RB-SiC #14 [F B 38 T 248 o 4 i 3 AT IR %5
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Pl 20 RB-SiC [a) 5k S 17 7 4
Fig. 20 Homogeneous reaction bonding of RB-SiC
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Table 3 Advantages/disadvantages of the joint methods for the SiC optomechanical parts

Methods Advantages Disadvantages
Relatively high rigidity ; high precision, ) ) )
ool y e TIRICs e P Uncertainty of the tightening stress;
Bolting'” up to pm level; : .
. . . thermal property differences between the SiC parts and the bolt
high technical maturity
Low process requirement; high . o .
e o ) Relatively low precision, 10 pm level or lower; thermal property differences
Gluing ™ strength and reliability ; wide . ) :
o . ) ) between the bonding materials and the parent materials
applicability for various paring materials
c i High rigidity with long-term Requirement of high temperature firing equipment with large size ; requirement
eramic
bonding 71" effectiveness; excellent thermoelastic of precision supporting at high temperature ; thermal property differences
ondin T
& properties between the bonding materials and the parent materials
High rigidity with long-term Residual stress due to the phase transformation of the bonding materials ;
Brazing' "' effectiveness; high strength and thermal property differences between the bonding materials and the parent
reliability materials
React High homogeneity and high rigidity;
eaction
. low residual stress; Requirement of sintering equipment with large size
bonding

long-term stability
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Abstract

Significance

Due to the outstanding thermal-mechanical properties and the high resistance to radiation, abrasion, and

corrosion, SiC ceramics can be ranked as the optimal materials for the manufacture of the optics and the precision

structures for space/ground-based advanced opto-mechanical systems. They fulfill the increasing demands of aperture

enlargement, weight budget reduction, thermomechanical management simplification, and long-term stability. During the
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past three decades, ESA, NASA, JAXA, CASC, China Academy of Sciences, and so forth have been making great

efforts to develop SiC components for remote sensors and telescopes for civilian and military applications at the cutting

edge of the new generation optomechanical system development. The material preparation technologies and the relevant
fabrication technologies, which determine the performance of the SiC components, the modules, and even the whole

system, are the focus of the investigation and study.

Progress The major concerns of the great efforts paid to the SiC preparation technologies are the accomplishment of
optical surface density, the homogeneity, and the isotropy of the SiC blanks, which are essential for the optomechanical
application, as well as the improvement of the thermomechanical properties such as specific modulus and thermal stability,
and the manufacturability of the large-scale structural complexities.

Among various SiC preparing technologies presented in Fig. 1, the densification methods of pressureless sintering,
the reaction sintering/bonding and the chemical vapor composition/converting (CVC), combining the suited forming
techniques for preforms, are proven to be effective for the SiC optics and precision structures. The pressureless sintered
SiC possesses relatively better mechanical performance and homogeneity. It has presented isotropy, thermostability, and
machinability during the development and in-orbit services of Herschel Space Observatory's (2009) #3.5 m primary mirror,
GATA (2014) and Euclid’s (2023) all-SiC optomechanical structures. The maximum sizes of monolithic pressureless
sintered SiC (S-SiC) optics reported reach 1.7 m X 1.2 m (BOOSTEC) and @1.5 m (Shanghai Institute of Ceramics, China
Academy of Sciences). However, further enlargement encounters the difficulties of the large-size high-temperature
sintering equipment construction, the high sintering shrinkage, and the resulting ununiform deformation and stress that
might cause cracking. CVD or PVD cladding on the S-SiC surface is necessary for optical polishing due to the residual
micropores. Typical reaction sintered/bonded SiC (RB-SiC) comprises SiC, free Si, and residual C that is detrimental to
the materials. The results show that reaction sintering/bonding densification methods are suitable for various ceramic
forming techniques and the shrinkages of the whole process can be kept lower than 1% . The sintering temperatures are as
low as the melting point of Si and the homogeneous bonding of parts is practicable, which are the essential processes to
realize the reported largest @4.03 m SiC mirror (Changchun Institute of Optics, Fine Mechanics and Physics, China
Academy of Sciences, 2016), except for lower Young's modulus than that of single-phase SiC ceramics. The results of the
previous study also demonstrated the effectiveness of the microstructure refining and the phase composition regulation on
the improvement of the RB-SiC performance and optical manufacturability. SiC via chemical vapor composition/converting
(CVC SiC) is a single-phase ceramic with high purity. Trex Enterprise developed the co-deposition of micro SiC powder
and precursor derived SiC onto the mold along with the densification process. POCO company adapted the pure porous
graphite as preforms, and the vapor SiO and Si as infiltration matters, which would react with the graphite to convert into
beta SiC meanwhile promoting densification. The introduction of the heterogeneous nucleation cores of the micro SiC
powders or the graphite surface increases the rate of the crystal growth via the vapor phase by 10 times more than that of
the CVD process and helps to overcome the heterogeneity of the materials due to the columnar crystal growth and to reduce
the stress between the interface of the sequential solidified phases, which enables the fabrication of 1.5 m class CVC SiC
mirror blank. The properties of Trex's CVC SiC are as excellent as pure full-dense SiC ceramic and facilitate the direction
polishing without additional surface modification for optical surface finishing. However, the deposit efficiency and the
capability of the complex component fabrication are yet the bottleneck of the promotion of the CVC techniques.

As another determining factor for the performance of the SiC components, the improved structural configurations,
such as topology-optimized structures (Fig. 12) and structures with the integrated cooling medium channels, exceed the
capability of conventional technologies. Additive manufacturing (AM) or 3D printing techniques enable the free-form
components manufacture. According to Goodman's investigation, based on the AM or 3D printing techniques, the weight
reduction of the SiC optics comes up to 39% for 1-2.5 m class SiC mirrors for FIR application compared to JWST, and up
to 40% of cost reduction. Investigation results show that additive manufacturing shaping combined with reaction sintering
densifying is optimal for the preparation of the SiC materials for optics and precision structures. Binder jet printing,
stereolithography/digital light processing, fused deposition modeling, and selective laser sintering are promising candidate
methods for SiC or SiC-C preform forming. However, the problems of the lower performance compared to the materials
via conventional methods, the heterogeneities of the materials, and the difficulties in non-uniform deformation control
during the debonding and the reaction sintering are yet to be resolved.

The joint of SiC parts favors the large-scale optomechanical system construction less costly and risky. As a typical
case of all-SiC structure, the Euclid payload demonstrated the bolt joint, epoxy bonding, ceramic bonding, and brazing of
the pressureless sintered SiC parts (Figs. 17-18). The rigidity of the brazing joined components or the structural frames is
more promising than that of the first two, though the bolt joint and the epoxy bonding might be realized at room
temperature in a normal atmosphere and applicable for SiC and other materials. However, brazing will inevitably introduce

residual stress due to the thermal mismatching of the base materials and the fillers, and due to the volume changing of the
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fillers during solidification. The residual stress cannot be eliminated through the post process, hence increasing the

uncertainty for the dimensional stability of the precision structures. Reaction bonding techniques facilitate the homogeneous
joint through Si-C reaction, which can be carried out simultaneously with the reaction sintering process and avoid the
residual stress. The microstructure of the joining area can be tailored to be identical to the parent RB-SiC parts.

The advantages of the SiC materials are expected to extend to the manufacture and applications of space/ground-based
large aperture photoelectric imaging systems, short wave optics for ultraviolet to soft X-ray, high power laser optics, and
other precision structures such as key components in semiconductor equipment. The merits brought about include the
system rigidity and the weight lessening, and the improvement of the system sensitivity and reliability, thanks to the high

specific stiffness, excellent thermal stability, high resistance to abrasion, and corrosion of the SiC ceramics.

Conclusions and Prospects The pressureless sintered SiC, reaction sintered SiC, and CVC SiC ceramics exhibit
advantages in the optomechanical system manufacture due to their thermal mechanical comprehensive properties. To
further promote the application of silicon carbide in precision engineering, it is necessary to develop new fabrication
methods such as additive manufacture of SiC ceramics, and advanced SiC joint technologies for the innovative structural
forms within an acceptable cost space. The improvements of the material microstructures and the properties from micro to
macro scale via technical breakthrough are needed in advanced material forming, densification sintering, connection

technologies, and applied technologies.

Key words optical materials; silicon carbide ceramic; optics and fine structure; densification technique; additive

manufacturing; joining technology
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