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Review of the Research and Development of Ceramic Matrix
Composite Materials and Future Works

Tae Ho Lee*

ABSTRACT: Ceramic matrix composites (CMCs) consist of such reinforcements as carbides, nitrides, borides and
oxides, which have high melting points, low density, high modulus and high strength, for the purpose of increasing
toughness. These materials are used for heat shielding systems for aerospace vehicles, high-temperature gas turbine
combustion chambers, turbine blades, stator vane parts, etc. Oxide CMCs are used for the components of burner and
flame holder and the high-temperature gas duct. CMCs are also applied to brake disks, which are subjected to severe
thermal shock, and slide bearing parts under heavy loads. The research and development of the CMC are progressed
for the strategic purpose in defense and energy industry; for instance, for aerospace applications in the U.S., and for
hyper-speed aircraft, gas turbines, and atomic fissions in U.S., Japan, and Europe.
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Key Words: A|2}4] 7] A](Ceramic matrix), 3}8} 57| %] 5 (Chemical vapor infiltration), H] 73X (Specific strength),
& =7 (Thermal shock)
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ofgld], o] QI3 F7HAIXL Alo] Alete 1A EokAj=o]
EP- S Al 71 Ao Ao rEA i 5= 22 Y
IR A 55 7 2A1E 719 dof ke Ao]
EHLZ]- B R R A RS ©I3E, RESE,
ASHERA, A AR = B, ©3t A, EEE
HESHE, A3t Ao, dFry 5ol 23tk 0|59 3
Bl AT, $1227](Whisker), YAF= = of Qleh 712 A=
of 75} Mgz Aot A zol ARt whash BN A
oo B R 2 g AvEo R ReRE T 7}
A olafe] BAE N2 FREE AVE AES 2347
Zizre] B4S ks B SPFATL A FHe A oIk,
J12jal vjER A Fiof et 54 712 A(MMC; Metal
Matrix Composite), A|2}2] 7]Z] A (CMC; Ceramic Matrix
Composite), Z2}A~E 7] R] A|(Plastic Matrix Composite) =
Fugh,
shal Aleke) ek s R (8 e ) Eh
o] Aoz o] &0l Aol Aol ol & S0f C/IC
CFE/7HE )= S 33 g g, CfSiCes gl 4
st A& 7hatol =5 ZRiH4,5].

2. g5 e S

2.1 A-"EI.EII 7[1[ E%l-xHEo| Egl
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of git}. o] Zkzte] B4 a7 S8 Feof et u}a
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Fibers
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Non metallic Polymer fibers
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Ceramic fibers Glass and mineral flbers Single cryst. fibers

(polycryst. or amorphous)

Oxlde ceramic fibers Non-oxide ceramic fibers
(ALOy, Mullite, ZrOz...) (SiC, $i-C-0, Si-C-N-O, Si-B-C-N...)

Fig. 1. Classification of different fibers types[7]

At fAg}E]o] CMColli= AgHetA] gieh7]. Fig. 12 A
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Fig. 2. Fiber types and tensile modulus [7]
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2.1 Mzt 71X FExiEel M=

AR W el 4 S el Alete A% B
i uiSisiek. of ek Alefel 712 sk Powden

S22 (Slurry)= 90l o] EgHo] §7] uhele] 82

o o] S, AAAE A2 oA b gol Atk =
BRI R AAASE TS o Yol TR YA
15 22 38 AA=H, 224 BollA= &0l A
A % 2+(Self-adhesion)& o}l QIS F57 v|vte= &
= 7heteh 24 25 WHIA A, 71X A 7 ef 73t 55t
Aze] dazto g o3t 3 WL 3 = Y= 8]

sto 7] ARCVIRIAL 71229 shet 57] AR A
2he) 7127F Ak A Abeloll JHA e Ao=, tiE
29l Zo@ C/C, C/SIC, SIC/SIC7}F 9T}, CMCsi= 499} uj
Ee Agto] YR ZoAE oA b u) pheal]
o, 4ot 7122 AR 717 W Aol gl 22w
A 5oko] SAIETH4,8,9]. A —5]‘75‘ Agxt 712 2
o] WaTl AL e E So] 7L EXW
Y 2RO AX R =2 o2 7)4\_3 JJfo]?L 7}E(PyC)
¥} Ao} BE, = PyC-SiColuf BN-SIC 22 5 w|A|
2, 5 A 9] S olF= 5= Hol UrH10]. o]
AL CVD(Chemical vapor deposition)= 4 A Q7] %=
sfol, 2 4] BAL A 471 Qlo] ARl o2 wol
AHE-E] = W ol ok CVI H ] o] A4 AL 2of| 4] o] 2
71AA =4, 2L iﬁﬂ A= AG AA 3l 7HA
BHE 4 gl Aol U, 149 el A5HS 5
Qth thygo g = gl—/l]-oﬂ o3t Ao Z Lrrt g
w3 a7tek= Aotk CVI WS & o AlstA &
of Ml The W AR Uieo] B 4 gtk 4 5&
(Isothermal) B (ICVI)QlY|, o] W] ZEFHLE-9] Aoj= Ut
< A 22 oA BHA Hol AFEES] W V&7
7} #A43 g3 9iohe,11]. th28 2% uf(Thermal
Gradient) CVIo|t}. TGCVIE, Lo & JFujE F1

—> Hot _)_L Hot
m
-> Hot —>

> > Cold> >
Isothermal CVI Thermal Gradient CVI

_E‘.

Ol R _{>,

) 4 1‘ A A 4 1‘ A2
M"?’M A AR A ::::;
Isothermal Forced Flow  Thermal Gradient Forced Eaised Elow CYE
VI Flow CYVI

source 11

Fig. 3. CVl techniques

A A e Zomne park B9 Solha ne Zoz 3t
AFE|o] U7bA) she ol ok e 02 melE o] ol
Ajolo] FeIAE ol Ut 717k A 0.2 3 (Forced
fow)=A sfef st/ el ol 4} Aoz o
A sl whlolet. o) 2] hRol elg A9 Se &
= 7)&7] Yol ALHa Qi T‘L_j_é(Pulse flow) CVI %+
= g, POVIE HHE7Ivle] Qhelg Fv)H o YEe
22X, S e Faksd Foldll & 2% Wi a1kl
S0 ANT Urslad B 4 2 B3 w18 o
o, oA Ao Bojri Afo] 2& whEalis W olth
[6,11,12].

Nt 4= AHgsheE 7o 2= 88 5 (ML Melt
Infiltration), A Al 2] 5 (LSE Liquid Silicon Infiltration),
oz aER} ZIEH (LPL: Liquid Polymer Infiltration) 5ol 9l
cH13]. fEA Q] 8§ IFHE &§5 HdS @4 7|4
ol JFAIA CISiIC B RS Al xdhH= 7]%% 5 U
o o) 85 AEEe vk Al EAskE E
71 &= ol 71414, €4 §4o] Astd & Utk 1
U =2 2 Yeol 93 G E S4S 2L Sk
CMCE A&sh=d]|, AAst Zaefuof AF A5
A7l S0l HA| LA FEH (LPD)o|w, = JLEAL
& GES|(PIP: Polymer Infiltration and Pyrolysis) §{o]2}
1 it} AeH(Curing)eh B2 (Pyrolysis), ukeFAIsHA o

Z12o W2 7]50] BAE7] el W AtolZe &
g JFeL dis) o] dasie) dukA o 5-83]9
Aol Zo] ARGEAL glow, ETjm o] Zag Qlsf oF 15%
O] 7] 5-& ZA Hrh4]. 18X} HF G (PP &
2] 2 (Slurry infiltration method)o]2}alx dl=1], poly-
silanes, poly-siloxanes¥} Z-2 31852 th= 1= SiC B
3} B3ele] £222 THE T SIC Af ZalEe] BEA
7% due) B AN Tyl dud 5 A
1 #5082 o] WA ujwel A E3t &
A7) Al BEE S =Eoldlof s, 3 &S
o]7] flste] A3} F7do] Basiel A3t 374> 4 Akt
ShH o] ARE-E AL gl o, HjAtSHE A F7]1E 9 9ol
bR QIR e A5t} QbR &4 EAE F| o
AR ], o] 2 ] Z2 ZubAS o] &= Wio] i
ATH12]. HA| A2 HFHLS)S C/C-SiICE W=+
231 A7 AA E= FRo|th A4 deEs wa/s
& Eﬂ—‘?‘oﬂ FYst=tl, 71 A E 2F 900°CE 7+ 5HA &
ol 7F dojuf g 7)ol AEAL o]Zo] fF *=
= gk dEA7E AR EE, Ago] i HA A
T3t 1650°Co| A =3 8F=H], o] A2 A 2 &
O] &8 2= 1414°C o]fo|t}. g9 7]5o] A HefF
O] =7t Hw, F=ojXl o} 2= of#fjA] HA g
2 52 "8 o] o m YA EH S ofF 7 F
o] o] 3% =¥}
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3. Mzte! 7|X| 28z 28

CMC A 2= Ut
o b 1a1 %—ﬁ kA

o 74 = wofel 3

7] A *101]
o7, o7l 1, oé 4 221} 3 & 25 Fole
b} E 229 ZRAE NI Q1 B Beo|=, 1
g A}(Stator) H[Q] F9] o= AREH AL It} ¥ 9} 5}
& & %] 7] (Flame holder), 11-& 7}A Y Eo|= 418 CMC7}

AT glow, FAT G FZo] Uofih Heo| 1
s AZ2R0) ol AL§EL Sic. 9] 413 vz
7} 415 Zetol = wjofe] HEo] Feww gIck. Fhul A
AL A B wlEe S M—Au uratet A 7

3tol| WQ 3t W“*XH 2 239 I35l Ee A= et
o AFFE AL, A2 Aty 7k Bl fER ok <l

ey v d dasS FA7IE oA 2419 By
oA A=A, FH Ff W77 H S255 5

718 A=A o] A E o] Sirh[14].

=
T =
& 2E| AYSLE Slal4 195040 ol
TR F525) Z71Hjo) AHgo] Sirt. mEl o] o
S BN R, o= A% 19T Bl S B
Aol 02 A 2 gEo] $eH15-20). 2T&OR 1
Wb o2 vl ol = oA e FES fA ok
aul, 7P L, 214 o] frotof ik mhabd Lol A £o
v} 2 713 A 27} €5l Elels, superalloy, Bi= &
2:7|2] E3A&E (MMC, Metal Matrix Composite)7} =2 H]
A 2L AR ARG 4= s 271 1000°C o] sto]
t}. Fig. 4= 29} AR v =5 BolFal Qlth[5].
ga7| Ao g 7F B wa-gha(C/0) A
= 2000°C ©] P«l Hl”ﬂ“ Aol LB, L,
a3 | FAAS B, B = oba] et

Specific
Strength
(Strength
/density)

Ceramics

540 1100 1650 2200
Temperature

Fig. 4. Material specific strength[5]
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Orbiter

= Ceramic
72 Matrix
X-15 28 Composites
(CMC’s)

- T

« Ceramic tiles

and blankets
'tu — _7 L™ = Inconel

V-

Fig. 5. Material of the flight vehicle[21]

S A= E3F 53 A 7o) v = o] S5 9
785 AAHEE flall A= -160°Coll A FE] A1 Al 1600°C
712] ATl ojof ghek. LAl Hhgo] Hol ol B HlA}
& 2 Aol HAL, vieo] o7k Kol AAg o
Zl(Blanket)S AME-51aL @It} H 54 (Leading edge)o} 3
7l (Nose cap)olli= 73} C/ICE AHE-RITH[5,21]. o] 23t G4
¢l F2+= 57] FHi7] %1 (Air-breathing) B]s§A| ol A] T
% Fast, S A2F O Y= E HhE o]47o]
th 7] F7] FAA LR O] 2732 v YA 5H9
W RS AASkaL Qi dol7k Zdof 4= emé| Ao &
7He g o= et ot A4 s Weke ' AfEE CMC
ARE-9] 3t of| 7} Fig. 50 YR let(21].

1990 )] 7|5 E §39] Astrium 3 Al A= CMC &
T W BFAL, 596] 7R Al st A 7| =(C/
SIO)E LPI 7R o2 e qiet. 95 331 A[2Hlo A A
2 A Elle 2 4% 32719 BAFdZ(Radiation-
cooled) =& Shfj F-o} A AAof ARE-3FGITH22]. ZafA
Snecmao]| A= B4 /ElA 935}
51, Pratt& Whitney 5]A}2] 2] %2 Delta I HEAF o] 24
931 9k, o) 24 AH] AL AoE CMCE AF§5to]
FEAS G R ZAH oY AT gk
Astriumof| A= AESTUSS] Alct ol o) C/SiCE THE =&
SRS 75199 al, Ariane 52] 5= QA Vulcainof ARS-SF

o v v

Dnozzle interface:
%’ Diameter: 490 mm
Wall thickness: 3.6 mm

Length: 1360 mm

, @nozzle exit:

i Diameter: 1330 mm

s

¥/Wall thickness: 1.4 mm

Fig. 6. Aestus engine and C/SiC nozzle
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C/SiC =& A1FS EY9] Lampoldhauseno] ¢J+= DLROJA]
435} th[22,23]. Fig. 62 Aestus A2 3} =Z o]t}
- A 2 QYIS RS dRbA o g2 ThefQlof
s, ol Mol glol ¥ AUEES §A ok gt o
of Z1AA =7t St ety 53755 7iEsto] A
|5k Ut =Y 9] AIBGL} EDMOJ A= SiC, C YA &
a4 2F S| EFsto] HFoll A EA 23t 5, C/SiC &
g TS $isto] oba] Alrlg Felstol SiCsi %
wHEol WhA S ARSI olcH1424]

o mot

3.2 7t2EH4l S0f 0|8

7k EH1Y] A5E Se=d 5838 AR Foll st
2o A ARG 7HsRE A o] Aol jtE Ty == gol
gl £ Yol TUE FES of BEel 48R
o} 50°C H &= W2 1100°C7} AR, o] Hr} =2 ko
A AR 7153 22171 H e35kgtt. SiC/SiC B 87} o]
g Ao dubd Ao tiFE o] GEoJA 100 W7k MI
559 SIC/SICE 7iEstelet, o] S = SiCot ghas
(= ©a)9] 7] X0 A3t HE2(BN)e2 FgH H2E 7}
HolE AR5 S Ze o A& &5 IAFHe=E
7HSFATH25]. Fig. 72 NASAO|A] 33t CMCe| =8 3
FoF 3-&of it Aojoh ek 5o B E AF FE,
5] B4l Ed|o] = (Blade)u} I Foll= Xsol 9%t 5
sHa 2Eg A7F s, o] S5 Hlo CMC
F A shal Uk X A E 7o) A4 s
4*(Natural frequency)7} Ath 491 3 (Damping) &5 =
o3l §lrt[26].

1 18 Ao of

olgjgt FF O & 3¢ §A7], BAR AAaE TS 7kA
7t &=8dh= ER ol 5% 71 (Ventilator) of) AF-8-=] 31 Q)T
E 2 k9] o1& £E0lE A% CMCP} ARE-EaL
Ut T fAam BYo|Fof Mlety] BRI F2 AL

Subsenic Rotary Wing

Subsonic Fixed Wing ©MC Nozzle

Supersonic

Fig. 7. CMC components for aeronautics application[26]

Other

(7%

Ceramic
5%

Cermet

8%
TS

45%

Fig. 8. Cutting tool materials[27]

UL} C/IC= alg A& AsAtel 20|, LSI 7]
FE= C/SiC= H|¥47]-8 Halo]a tiAdo] ARE-
et 224 73} vl dS HRE b FH| =2 H
Al ste] HEEE 3t Al7|H, 49| upiE 1000°C
7HA] At o] Witk CMC= &efo|E HojFof| e aapa o
2 Ae5 3 Q. & & HE SiC/SiC WS, A SiC2
A 2] o] o] 7 (Static bearing)S THE¢] 80°C =
A5, 3uf A = of Hjoj | Al AH KB} 5
3 9k

AAakgtol| Aol ARG A2 oF 1000 ol Hrt. 5=
2 gFujutel Ast Ha|Z(SiN)o] ARE-Eo] $Fal, Z|Lof
Al=te] 712 B3 =7F S8 % 7] A&ttt 2010
ADEKOO| 4] ¢1-8-3F At of| oJsHH Fig. 8ol 3AIH A} 2
o] A F 29| 5%7F Alehy] A ® v} Qlar[27], Al
] Ao AlA Aol JH-&2 2012 2¢9] X
Atzol ofshd, oF 8.5%E 109 defol] Eatar it [28].

Aty e 374 3852 BR5la 9led), Arg), 2
3}, e i v EE A (7] A]) B A 2ol k. 4FE; A2k
gFujito] 7] %35t A o & £ (Cast iron)o|ut 3] (Gray
iron)o] AR&-3=tl, 11&59] 7 714 7hgol| ARg-o] St
3 Qlek. Ash Algpule 53] w3 Qo] Fof =3 21
o] 4 59 7F&oll AHgstaL itk CMCs= BBl 7Ht
olt T2 A=A A3} FIAAE AMESHY], L2 THy
Aol Wupr g7} Q14 55 S7HAI%] Aot SiC 3] A
2 7ste dFujurt 71 Astal Ao Ak Ag)
Aletalolct. wheba] WZEA|(Coolant)7} H & gl 7(Dry)
7Hgol 7Hssth28].

Alebe) SRRt 95 3 Aol 34 A HE
22 2P 2 WY 5o 55 B9 PRES gAld0), &
3 27] Sul7] HlAAIQ BAEY 2T B9 T
$E7b ok BAHQ 2 24718 A4l w2 29
Soll AHEE| T it 53] 22718 A4de 14 23
A7t QA o= A EnE TSk 1A 327
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SUMMARY FIGURE
GLOBAL MARKET FOR CERAMIC MATRIX COMPOSITES, 2008-2015
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Source: BCC Research

Fig. 9. CMC market

Hobes A3 el =3 H AL e AR 3078

a1 Qlom, mEol| A 53] whrh Akl F4 fAI7 F
83t leE Ho| A&7} S7F shat ok il

A= Aol FAE ] = dE7] AF
gloja f A= FollE 53] Aol sold AolH, v,
A&, FH oA = A=k gHlo] A2 7] o] 2000 o o
SolA AA| dollA] A-83} HaL it} 549 Doug Freitag
of Bayside Materials Technologyol| Xl CMC] AM-2 &5
ol A Aol 71N & S 7HS BNl 2 JofR S
717t g Zloletar Bl QItH[29]. 1990 o] m= 7
ofof 309 @& FX3 T NIST Advanced Technology
ProgramZ k% 3 “5¢to]| & 709] &5 CMCs EH1 <l
Z 7jHES 9]3to] Siemens-Westinghouse, Solar Turbines,
and Engineered Ceramics 5of £¢J3}aL 21l, NASAo| A &+
et WRE CMCE A7 3AE Z3Fsto] GE FollA
At NSkl Qloh Y22 vl Ao 7 AR E
(fission)} &H-g31-8 0 2 A}-83F CMCs(C/C2} SiC/SiC)Y= 7]
gk Zof QIth[29]. = Y X o] ESPR(Engineering Research
Association for Supersonic Transport Propulsion System)
Ao m=H Ay gho]yE Si-Zr-C-O/SiC B 7=
7Esto] COE 25% E0ld+= A+5 3 SolH, 7t~
B H] Ao AR SiC/SIC E A 2 & 7 ol tH13].
592 DIRE 5402, & Y= gty A7 8 5
Ao g2 7k EHl Fof| AME-E CMCsE 7idatal Qi &
T2 Axl=ro] B CMCs 7fdof Zrojstal Sl A& o
Al A2 E = e 537 oFo] 7] w&olth BCC
Researchof| A ALRE A|A| 9] Aletd] 7| X 5@ & Al =
Atoll gt RS HH, 20109 Wolli= 8 7HWE D A
ol A v 8.3% F7HE dFe] 2015| o= 139 HeElE o
Zstal QleH30].

=

Alebe] 712 Bk o HRE AAgaed Aoty
A BTE WA B ek dolA o] AN BTRA §
=7} Soluut @7, A0 7k Bl Beol =it B
dlo]2 T A3 5 14 Aol HAY], 1k A Fo 4
go] B W 5 Ul | 34§02 3§ Hop} 2
ol 53 Alehe) )7 BgRE 1e 59 A
shet Aok B0l ALSE T A= A, P 95
34 84} 92 ok 5 B4 e Hofo] 4}
ol Aol th AIA Y F 8 AAF 0], 5
Alea) 717 Bzl ofgk 4 Aol
2 50|31 Gtk 9 SR LT Apkeof
[gAeh 48718 A TElT S Tk B
12 )43 ol AMg3HE 5 CMCsi 12k o)

o M 1y mo K
4 ot

(NN
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