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Research Status, Challenges and Prospects of High-Performance Carbon Fiber Reinforced
Ceramic Matrix Friction Materials

ZHANG Menghang, DUAN Junjie, Wang Jingjing, CHEN Pengju, LI Jinwei, LI Zhuan, XIAO Peng, LI Yang
(Powder Metallurgy Research Institute, Central South University, Changsha 410083, China)

Abstract: Carbon fiber reinforced carbon and ceramic dual-matrix composites (C/C—SiC) have the characteristics of low density
(<2.5g/cm?), high-temperature resistance (to 1600 °C), good oxidation resistance, corrosion resistance, and excellent friction and
wear resistance. As high-performance friction materials, C/C—SiC composites present a promising application potential in the fields
of high-speed and heavy-duty equipment. Recent work on the preparation methods, microstructure design, friction and wear
mechanism, modification and application of C/C-SiC friction materials were summarized, and the prospects for development of
C/C-SiC composites were also proposed.
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Fig. 1 Schematic overview of the different methods used for preparation of C/C—SiC composites in DLR®
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Table 1 Comparison of various parameters of different preparation methods

Preparation mothod Cost Preparation time/h Mechanical properties Porosity/% Residual phase
CVI High 300-1 000 Best 10-15

PIP Relatively high 200 Excellent 10-15

RMI/LSI Relatively low 30-50 Average 2-5 4%—8% Si
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(a) Before braking

(b) After braking 49 cycles

9 HIZHETE Si AHX R ML

Fig. 9 Surface micro-morphology of Si region

[61]
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10 flahRTJE SiC AHIX RO ESE. HIK
10 AT L, FERRAMCHEEA X380, 12 18 JEE 4 1 31 i de
FAERE/NMIGT, FEEERIZh RS, BRiurEAE
ONSRAEARARME AR, TR A AR AR IR UIGT A IR AE
U150 SR AR X I o B AL RE AR (B X 350), 7E [MISTBLAME
ST XA — R AR R I Cu-Si RSB, [
FEEERE AT INR B AR AR R H T R 22 0 R A
A R 57 45 PR 3RS 7 R WCR SUR AE N UMAR IR (D
D430 M5 % T B A AL R S BRI, [T IS T B B 4
MIT,  PABETE B 138 IR o

(a) Before braking (b) After braking 49 cycles

Bl 10 il Zh R/ SiC kX 2 v FE 3
Fig. 10 Surface micro-morphology of SiC region before and
after braking test!®

B 11 D9 2 i/ T ELBR T 4EAR X O3
HIP 11 AT, FETE ELRRATYEIX I, BE S B e
B AT A 9 A UM USSR, AE A X ase 3
REFHI 5 G X Te i ¥t /D R S A, (EAEDK
SRR BRI IARE i

(a) Before braking

11 Bl 5 3 BB T () k27 45 X 2 T o0 5
Fig. 11 Surface micro-morphology of carbon fiber perpendicular

(b) After braking 49 cycles

to the friction surface before and after braking test o]

P 12 D9t Zh i/ Ja AT BRET 4EAR X A3
HI & 12 AT, FETATRRE 4RI, PESE S R [
FERS BRI A 5 S 2L UGB E L, [FIREEBRET
YRR R X LT B A, D ERTRA
AR R FERRET Y 2 [A] R S5 3R I

(a) Before braking

Bl 12 BT BE A T BT 205 AH X 2 T o0 3 )
Fig. 12 Surface micro-morphology of carbon fiber parallel to

(b) After braking 49 cycles

the friction surface before and after braking test 61

P 13 il 3t/ Ja FLITA -5 280X Sk R oM A 35
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TEPEMZN S AR, BRI R iR A . Bk
B LI AR T st 2 18], fERIShEE G, SAHE
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52 a IR T R YA BcRase, Hieda
FEHGRT ML A RS YIAE E S BER . B 5 EE
B R AR IAFALE, &R T R IR B 1 2h )
HAHO T B AR N B R, X B R RIIRE s R
BRI s 3 B R s ERIBh A, MIxTEshidE
FERBE, FEMEHSELEIER IR, 55455558
(BRI, P iERE R RE .

3.2 EmiE

C/C-SiC PEEM KL 5 2 I AR 4 i 3t T
SR BEARHLER,  H RTRE 2 B 1 B L
AR 4 F510 %,

3.2.1 BRI TEBEBEHI B, 2T L
RIEH BN T BRLAER, 5O S Xl 4 2w =
AN B b O AR IR, AR R EE AR . RORE
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FE 55 R BEEATE TN R AE BT VD BRI A
L, HL v F S AL XoF B 4 3 T A A 5k 2 A AL
TERL, PR, s 14 Fros. B8 14 7]
e, SiC fEJusmBEAn, A A SiC ROkl

FEAR RN AL EIAE A AR R . LB A
FER AR RG22 BN BT X 48 n
CPYEIX I, REAH XL S 3E C/C-SiC 1 BEHE 1 5h
X T o

(a) Before braking

(b) After braking 1 cycle

(c) After braking 49 cycles

13 B/ 5 FLIR S R X A2 T o T AR

Fig. 13 Surface micro-morphology of holes and cracks region before and after braking test ']

Asperity

: wﬁ IE—
— ~;-;. .' -:. — -

New asperities

B 14 AR R
Fig. 14 Schematic diagram of plough effect®!

322 FEBM EEESIZINERES, AR
V& TS LE we i e VR FH R AW AR R . 5. &
G AR, e DUBE R T 050 ™ A4 T HL s T A
JEE RIS (RN, R T AN W A O 7 A
B FETHT, BT SR T 5 A R R A R A FH T Fblt 1)
RPN, BE PRS0 [y o B P R A FH - 7= A 3 f
R, A A, XA R A R X ST
REH Traiim RIS SRR, AR E B, wE
15 iR XFF C/C-SiC EAMENT F X — it FE F 2
RAAESE p AR B 28 = A X S e R A, 0T
SRR A 4, T HA SIS AL, X
DG NG A W AEAE

323 JESE EEEEERIBNIE RS, C/C-SiC
HEMBLE TR ZI BEEAE T, JR X 380K 32 A
PEIR AR = 1) e T AR, 7R DK Bl B[]
Je s MORREEF= AR 55 H R BUMEREL, ER ey el
FJa B X IR, AR T B . X — IR E
BURAAEAE ARy M LR 1) SiC AH X 35k

Sliding direction

Compacted debris
/ Micro-convex body

Worn debris

15 C/C-SiC 5 & MR EE R TR DL 7 )

Fig. 15 Schematic diagram of C/C-SiC composites friction

surface®”

3.2.4 HALEE JEIZ 1) JEE A K P AR AR v
ML, ol X B Re ik, X &M A
it FEPR A TR BRI B J1 2E HE R, C RS R
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Bt B,

4 C/C-SiC E#HM# v LRt

C/C-SiC EAMRIE BE B s S e L 11
S AR, Nt GE C/C-SiC EEMEHT
PEER R, AT T KRR, EEM
TEF P JBE 18 PR AR I B B AR ] 40k 3 2% A%
T2, B AR,

4.1 HIEILEHL

By F 7 2 3 Sl o o ) 4 T2 DLk #
i) 55 L 2 3 Bk % 1) 46 07 V2 BT A AR I R B, TR 4
Ft C/IC-SiC EEMEHI A MERE. Hl& T 21
BN M, Wi TZES5. #
HIMFEEE

Wang 20 D25 55 4t 118 i B (10 6 1 VI
A RMLVE S &, Al % C/C-SiC &M kHII
[ 4 45 22 AN /NI, B TSR AR T T A
C/C-SiC HAMBHROM AL MERE, 25 R%
8. 3R131 C/C-SiC B A MBI E R 4f .

K] 16 4 CVI Al RMI kA T2l £ C/C-SiC B
EREHIMOIES . 1 16 7] W, Jiang 254 pIP
% A SR RMI EMS S, AR EY
2500 °C oyl BT Ab BRATRARE A 5 43 e 45 4 AR
OB A B R, BT A SR A XS
C/C-SiC 5 G W RO 45 14 11 JBE $32 B2 451 1 e 1) 5%
M. SERRET: SR R R B A = AR K
BROL MRIFFLE K B R AR ESUR, (HiX Y
KT WERS RS ), A 2l i i FLBR B AR
SRV TR i (R R R SR T TR B 1 38 B0 e 2 (I TS
JBE, IXURES T AHIMER, fEEEEERS M R
(H IR AR N A B BT
4.2 FRTERME

Y 50 25 3 08 0 R B 1l oy 4 R AT B ) 55 FE
TH B & & TR BT AR AE B G, RIS g

C/C-SiC EaMEHLREMERE. Bior 4 SR X
ATNZANHEE, WEsr S Ao, 5 AR
Hul, SIANFE =23 TR Z2FHRRE, 5IIAW
2B =M FeSiy. TisSiC,. CusSin A%,

K16 CVIFIRMI T.Z#4% C/C-SiC H &M
Fig. 16 Micro-morphology of C/C-SiC fabricated by the
combination process of CVI and RMI'”!

Ning 2244 CVI M RMI EAHSE &, 7EHI% T
C/C ZAUARREAE b, SR T H SiE sk, i
WAE B Fe-Si &4 iltAT R M5l & FeSi, ok
C/C-SiC® 7™, bR, KM FeSi75. FeSi85
H1 FeSio5 A& WA M4l Si #y R BEATRRIS e % H
BRI =M SR FeSi, iitE C/C-SiC EA K
(C/SiC-FeSiy), Hig&EtnE 17 fior; W50 FeSiy
[R5 AN C/C—SIC MR 45 ) i JBE 8 B8 43 1 R P s
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R WEAHIER, REBHR. BEEALNEE
BAIG, {H FeSio FII FE 51 N\ 21 BE # 22 550™ B 32 ik o
St 1 A, Fan 25 U7O1R F ey 3B K FA AL FR I 0 SiC
TR, WRAHIER, DUMKEERE, (e
AR GRE . W R PE S S R A AR

Fan 251706 CVIL JRHZB A RMIIEARLS &
BIBHELA TIC, RBWESTE, % T C/SiC-Ti;SiCy
SAMEL R T TisSiC, K5I AKX C/C-SiC EA&
TRF UL &35 g A JEE 458 R 5 1 i () S . &5 AR
TisSiCy FIAFTE A BEHE SR THI T i 1 1 VI 3 1) v e
b, S EMRLEA T S R E . AR B
. B 18 NI A=A Ti;SiC, ) C/C-SiC B&
MEHORTES, B 19 5 S ) A 20 ke
R R i

Li 270 CVI A1 RMIEAISS &, s iR
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(d) Si100

B 17 3N =AH FeSi, (9 C/C-SiC fmiE 57"
Fig. 17 Micro-morphology of carbon ceramic modified by
FeSi,!""!

I 18 5IAEE=H TisSiC, M C/C-SiC H A EHMME )

Fig. 18 Micro-morphology of carbon ceramic modified by
TiySiC,™!

18

16 |

Mass wear rate/(mg-cycle™)

5 10 15 20 25 30
Braking speed/(m-s!)

A is modified by Ti3SiC,; B is unmodified by Ti3SiCo.

Pl 19 151230 s g RS A8 i i B4 5 £ st )
Fig. 19 Effect of braking speed and pressure on mass wear
ratel”

Bl BEFLT CusSi 51 AR C/C-SiC & &M B
SERRIEEBR S HAPERE T RE I . 45 RER W CusSi 1)
FINBAR T A RHERE, {85 & ARHEARHIZhHE E T
F I AR 1 BEHE R BRI BB % . [ 20 gl N
%5 =4 CusSi (11 C/C-SiC B &F R,

Zhang Z5U°M CVIL 2 RHSE R RMI ik 45
G, RBIENABEBKER, $1& 7 A8
PER) C/IC-SiC EAMEL, WHF T A #E% C/C-SiC
2 ROV &5 1) 0 BE 45 S 1 M e ) sz e . 25 R
KW ARUEREA R R N & &, T
BRARTES B A, fEw Bl 2P, A R
BEE . B 21 A SR C/C-SiC EEMEH
WOWTESE . Bl 22 A sEtETE C/IC-SiIC &4
BHORIsh Mz . AsotEE, SaMRnH s f2
HH 1 BTUEE "B G K . 3R 2 A SR UM R IS C/C-SiC
HEMEHEBEEER R, B8, A8HEE, &
BRI 2R BE R R PR, TR AS I Bl 1t BE LR 15 31 B
B
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(b) C/C-SiC-CusSi

Bl20 BIAEE=AHM CusSi #T/S C/C-SiC MM S L™
Fig. 20 Comparison of carbon ceramic micro-morphology
before and after the introduction of the third phase
Cu,Si™

L

B 21 A B C/C=SiC H & MBS0

Fig. 21 Micro-morphology of carbon ceramic modified by

graphite!™®)

0.8

=
(=)}
T

C/SiC unmodified

<
~
T

Friction coefficient

=
[

C/SiC modified with graphite

0 L 1 1 1 1 1
1 2 3 4 5 6 7 8

Braking time/s
B 22 A SRS C/C-SiC & &Mk i3l i 20

Fig. 22 Braking curves of carbon ceramic modified and
unmodified by graphitel’

Fx2 ABKMEE C/C-SIC APl EEREER 457!

Table 2 Friction and wear properties of carbon ceramic modified and unmodified by graphite

1761

Specimen Average friction coefficient (dry) Average friction coefficient (wet) Wet fading ratio/% Static friction coefficient Linear wear rate /um
Modified by graphite 0.34 0.34 0 0.45-0.51 1.40
Unmodified 0.38 0.34 10 0.45-0.68 2.16

4.3 PrRZERMK

TRt 0 2 2 S A st 1 B AR 46 ) DLAK 21 HI
555 2 B &) &S TV AT AR AE R B, TR 4
C/C-SiC EAMEHNERENERE. MRS R I #E
AN R, WSS ERER . IRERR
5, Fan UM CVIL FRHNRIB I RMIVEHISE &
RSB A S8 KIE, RBiaseE, Hils 7
BAH=R"4M1) C/C-SiC &Mk, HARLL
SiC i & A4 3 B3R 2 BER D e 2 (X 380 4) A LA
LR N BB 12 DhREE (K38 B), WF 5T 1 HL o
SEN RN BEBR BRI RE, SRR B RIZEMIM
C/C-SiC M4t nAmas], A/ERREN TR
JZEER R, BT H M C/C-SiC EAMEL AT

(R EE P PERE . B v I PR R ORI R M B 1
DA% BB i I B R

23 A<= BVA 45 R I C/C-SiC & AR A
U, tE 23 AT, IR LR e
HMRTEZR 5 CVI BUEL, Frims B m, S,
AT CVI —IREUE, o IR, HLIn%E
T2, & C/C M ERA = FIHHFEAC T 55%, Kl
PRI AP AR AR T 43%7°,

FEIHESR A RMI #1147 C/C-SiC E 4 H
B, R CVD E1E C/C-SiC &M RLRm i
TRMRIRE, TR T RIRIRIREXT C/C-SiC BA
T RO 455 K60 0 PR 8 S 401 I R 52 I . 45 SRR A
PSRRI Z T PR IRTLBR R . SRR . /N EE
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BARE. B 24 YRR ETE 1 C/C-SiC B &
MRHGAN SR . B 25 RUTR @B ET 5 C/C-SiC
AR & TP RE CRUFE g 5 AR P52 IR 2 &
HEF)

K23 BA<ZHA ST C/C-SIC & &t pil

Fig. 23 Carbon ceramic with the structure of “sandwich” "

(b) Without PyC coating
Bl 24 PURAAMRBRRT IS ) C/C-SiC R AR

Fig. 24 Carbon ceramic composites'™”

Fan Z0%% CVI fl RMI JEARSE &, #1467
C/C-SiC E&MEl, IR HBER I HIR AL
C/C-SiC E-atRRint & 7R SBIEiRZ,
WEFE T HERR 2RI 2/ C/C=SiC & & A B 45 74
FHEEVR PRSI ERE M 52 . S5 KB 7ETIRMIE

IR TR R PR TR R R T R AR
Fase vk, HOWEEER R BRI S, AR
2 5T R B IR B % 2 6 K 0 AR PR T i, ket
JREGRHRAT — R IR, XA 15 3 5 I o 1 o
AR

7

6 I " With coating
[ —— Without coating

Porosity/%
&

3L
2+
1F
1 ] ] |
1 2 3 4
Sample number
(a) Porosity
0.88
L —=— With coating

0.86 + —e— Without coating
Eo
S 0.84
L=
§ 3
= 082
=
35 I
i 0.80

0.78

i 1 1 L

1 2 3 4
Sample number

(b) Friction coefficient
K25 JIRAMERRATIE C/C-SiC EARHRHHEAET

Fig. 25 Properties of carbon ceramic composites before and
after depositing PyCl"
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s B AE L & R B A Ak, AReE e RE
C/C-SiC HAM RIS 1B Bk e, 4hkp
JEE P2 ) e A SRR LI J3 0 A e g vl

Nico 25K ] RMI ¥ HHil4 7 C/C-SiC #il5h#
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FER G ME C/C-SIC E &M EHEZIE X, w7
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PEEESZYE - 2R 3 RN TR R ) S0 56 1) 4 B 45t
PERE

Ma 28305 CVI F1 RMI M5 &4 7 % 01
C/C-SiC HA MBI FeSi, Mttt C/C-SiC E &1k},

(a) Full carbon ceramic brake pair

90 mm

FFL T C/C-SiC #llzh#E 5 C/C-SiC #|5h A A, FeSi,
et C/C-SIC Hil3h F B S A It e . 285 SRR 9
TE ARG B) R, FeSiy 1951 N BE AT B F5 w1 BE 1 R
. BIEEERK WEESRRE.

180 mm

(b) Carbon ceramic brake pad

K26 4 C/C-SiC FEH g G 5182

Fig. 26  Photographs of full carbon ceramic brake

[82]

K3 C/C-SiC #Hzhis DAL A B EE# b EE 1 EE 5 1 e8!
Table 3

Lab-scale test rig

Full-scale inertia dynamometer

Pad type

Wear ratex10%/(mm®-J™")

Wear/mm

“ )z
Low met reference 0.20-0.42 4.4 0.28-0.44 0.58
C/SiC SF 0.24-0.63 7.4 0.27-0.58 1.48
C/SiC SF 11 coke 0.28-0.64 13 0.31-0.49 0.80

u is coefficient of friction.

(a) Wheel mounted brake disk

(b) Axle brake disk

K27 R ST R M HUE SCE ] C/C-SIC HlZh AR dh

Fig. 27 Carbon—ceramic composite products for trains, manufactured by Hunan Shixin New Material Co., Ltd

5 C/C-SiC B R A HAR
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at, T FRE R —AQREE 160 km/h #i8k . HIIE
B AN AL I 400 ki/h 2052 245 5 ZE 4 LA K I

T# 600 km/h 2% = i 2 S5 E < IE I B R St

IEAh,  HiTHA E A A R s m R AL C/C-SiC
HEMEHE RIS R R ZE R G h A5 3
H, FLESRAE BRI 500 km/h FIRHBE, BEHE R
8T 0.3, HAAIRFRMESRER, W& 28 fn.
5.2 AREHIME

20 4t 90 AEAX, A E A 2 R 10 (DLR)ZE 56
TR T LT 4E 3R C/C-SiC EAFEI., 7 9]
Porsche. SGL Carbon(Germany). Daimler %515 J§
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T AHSREIT 7T R AR, 2000 4E Daimler 4 C/C-SiC
HaMe AR Ewsh &4, 2001 4 SGL
Carbon JF484 Porsche 911 GT2 &3 FE gt
C/C-SiC HE&MERMZAE), HIL Porsche BN
C/C-SiC HAMEE N H TR ERZI RENA S
AP, FERZ 5, C/IC-SIC E &M RHE I H—1R
W R 5 PR 5T S AR AT T2 I8 T v i 30 4T
B, MoRMZMME. mrEREZEES T, SUV %3
Fit C/C-SiC HAMEIRERS, WE 29()FiR™.
C/C-SiC B &M EHh RGHMA L 300 000 km
i Zdr, &8 EEm s Rg M & a 4 15,
HEA BRI, 2001 444 1000 4
C/C-SiC E-&M BRI ZE 7 #3580 T Porsche 911 GT2,
2006 F=£] 60 000 1~ C/C-SiC H A M RIR ZE 7 i 25 1E
T&HKAE, & 20144, Porsche. Audi. BMW,
Ferrari S5 AN A VR & R B EH 2 C/C-SiC
HAMRR it 10 754, HEARHE K
E‘]%%‘ [88-90] .

=g B
TN

'{ ! l} ;
SR

é-ﬁ
\;}r

128 RERLEITR R A C/C-SIC B AR
Fig. 28 Carbon ceramic composite skid for Shanghai maglev
high-speed train(®¥

YEREWN C/C-SiC BEBM KL L AU R 5 48 7=
BAMEARER, 1Rt Z R ARG B A =] TR ]
C/C-SiC FEEM RIS AL (WK 29(b) B 7~)AH b T
4h Brembo 2 & I 4ESE B C/C-SiC BEHE AR
il 20 B 7E 77 2 1 e R0 BE 5 BE 45 PR A B R & B AR
#, RIS 7ERHEE A = J5 0 i B A B B H A E 4k
C/C-SiC FE#EH B 3h BAK 20% LA b o A L
20000 km i FEr, WIZNPERERILR 4F, H3hid
PRI | B s A R EAR
R, I T I R RIS
53 EREEHIEIM R

B 30 Syl BRI B R 40, a0 S e R I
BATHEE L 10 m/s, 7ERIZELREF, FZER LW
ERIA 1200 CLA L, BERHESGHI4E RN G AR
REV 2R E PR AR E T R EEmE R, H
C/C-SiC EAFHRHAE T AL e RS ) 1l 3h i R

(a) From Brembo Co., Ltd.*!

(b) From Hunan Shixin New Material Co., Ltd

K29 [EWNINRER C/C-SIC EEMELR 44

Fig. 29 Carbon ceramic composite brake discs for

automobiles
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PR R R R O . B .
Wrgdss, ARARRNEEER A AT 5, BRI R
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C/C-SiC B &M Bt BEE R (LK 31)BA 1
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(a) Emergency brake system of elevators

(b) C/C-SiC brake pads for high-performance elevators

B30 rtEAE b R 23 R C/C-SiC ZAMRILY
Fig. 30 Emergency brake system for high-performance
elevators and C/C—SiC brake pads’®!

55 TXHLEEEEAN. BIERH)RZER YL
FEHE

E R Is L b, BRI 2h 28 H REE T 5
PRI E IEIRE 2R, FEAE 15 42 ANYEAS ] 1] 16 G 1 fig 22
iz 5. H & AKF Umbra Cuscinetti 23 ] fill it (1)

(a) Propeller of the A 400M

(b) Multidisc brake system

A400M 2 KMl C/C-SiC B &M R 4H5h &
SN 32 fiows, EAE] 8s (I (A K AR A 5.3 m
WEE I 33 E M 650 r/min FEAEE] 0.
5.6 SEEEFENFEMR

Brembo A F¥ C/C-SiC & &M KN T kY
EEFE MM ZE b, IR B E SR TS,
41 ¥ Ducati 1199 Panigale Al BMW S1000 RR /&
RS, ShFER, HAh RS EILE I ARk s
H C/IC-SiC &M ek zhas ) (WK 33), adE
Yamaha. BMW. Ducati .

(b) C/C-SiC brake disks for armored vehicles

BI31 3 B C/C-SIiC BEHEA B
Carbon ceramic composite materials for tanks and
armored vehicles

Fig. 31

(c) C/C-SiC brake pads
B 32 A400M EEjiEse KL C/C=SIC H oMkl £ 5k 5 R4

Fig. 32 Carbon ceramic composite multi-disc brake system of A400M propeller aircraft!®
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(a) For Ducati 1199 Panigale

(b) For BMW S1000 RR

33 LA C/C-SiC Hil g
Fig. 33 C/C-SiC brake disks for motorcycles'®
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