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Mechanical Characteristics of Carbon/Carbon Composite for
Aircraft Brake Disk

BJ.S. Yoo*,J. S.Kim", C. G. Kim™*, C. S. Hong**, K. S. Kim*** and B. I. Yoon™***

ABSTRACT

The mechanical properties of the newly developed carbon/carbon composite material are mea-
sured for the design and analysis of carbon/carbon brake disks. The measured properties are the
strength and stiffness for tensile, compressive, and shear loading in each desired direction. The
interlaminar tensile test was performed by self-aligned test fixture for aligning the specimen with
loading direction. Since there is no reinforcement in the thickness direction, the interlaminar ten-
sile and shear strengthes of the carbon/carbon brake disk are significantly lower than its interlami-
nar compressive strength. Major fracture mechanism is delamination due to free edge stress, so
significant design factor is concluded to decrease free edge stress.
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Fig. 1. Shape and cross sectional view of C/C B/D
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Fig. 3. Dimensions of test specimen(1)
T o1 3
i 5t 4 Dis
18 | x ) '—W
2! | 125 10
1 N I | s {c) 4-point bending specimen
X
e Q& x t L1
ZH5 T 50 10
(cD) (c2) unit @ mm
Mode] 1. Model 2. (b) Transverse shear {d) 3-point bending specimen
specimen

(a) Out of plane compression specimen

Fig. 4. Dimensions of test specimen(2)
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Fig. 5. Cross sectional view of in-plane tension\sfecimen
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(a) Stress~strain curve for in-plane
tension test.

(b) In-plane tension saicimen ;after fracture.

Fig. 6. Result of in—plbz(e tension test
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Table 1. in-plane tensile strength and modulus

Strength | Modulus
TestNo. | T MPa) | (Ex, GPa)
] 66.0 453
2 92.9 552
. 3 72.0 323
Mixed 4 83.0 55.4
specimen 5 96.0 483
mean 82.0 473
std dev, 13.0 9.5
Only ] 111.9 71.0
fabric 2 121.0 52.6 - -
layer(1st) 3 122.7 71.0 (@ ln-lane compression test jig(1)
1 112.0 60.9 .
2 102.7 71.6
3 105.5 56.9
Only 4 68.0 405
abric -
layer(2nd) 5 70.6 48.6
ay 6 1135 60.4
mean{]st+2nd) 103.1 59.9
std dev.{Ist+2nd) 20.2 11.8
AREpEel ABY BHLS AAIE Ao e
weh =3 Table 19] 23 37148 2 1, 2,39 A9
o] & wpgkollA AFHE AHolm, 4, 53 AlHo] e (b} In-plane compression test jig(2)
WAl A e AlEol7) w&o] 4, 59 AlHe] Zx
tr) oAL 42w

2.2 H&H dksk or=AlEl(In-plane compression
test)

FEAPL WAL Ho|2 tixTe) HEw
g QF&7 = (compressive strength) @ 744 (com-
pressive modulus)E 3}7] 93 Aol B AlY
oA ol&d Al|FH APAA APe Fig. ¢ 2tk
o] Alge] ol&d AlHY %4, & P Zol& Fig.
3(b)ell R Al HE BF FAzASFEEo =
ol FAAT. BT AW ¥ sHFEI] A6
glass/epoxyE TlololRrAE 2 AHET} o7k 27
gte] A9 ¥ FadA(adhesive film)g o] 43k
Aol FAstn 2B Wol 130TolA oF 141743
= A3EG Aste ARE Adle] AEe 939
#4517 & WA dulr)gE 9e dohygct (c) In-plane compression test jig(3)

A0S pAEY B2 ug GEABdM e Fig. 7. In-plane compression testing system
HEAETE A7) AT AP Y} AEAH
FoA W BLolA mhdo] dojd A 2718 A9F =¥ Table 20] Yeht Y, AEL B35 9& AR
5748 Mg i8] Z=g Adstdch AdE 453 o F9dAre Fig. 8¢ veht 9ok
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Fig. 8. In-plane compression specimens after fracture
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failure mode)s} AA, A= 23 H-F2 vih
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YA, Agrsd o3t ulizz(fiber microbuckling
in shear mode)®} oA, &4 Wk Acksld(in-
plane shear failure mode)¥ i 7IA 2 FEHC
o] B&RE FoA] Fig. 8oM % HEo] B AJH A
vehd segke T 2 A5 ek [doved
BHResre] viAFEres) I AT
o] YeldE & 4 ik et £ AldelA ALds
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FAE /e 339 A5 Hgoln® gAY F
A7 FAAASE Daae RAgel Fhe
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Table 2. In-plane compressive strength

(key slotyZ 9o} 7Zrwo] 714 & Q4gE nxe I
7t =

2.3 "= dkgk FMokA|El(In-plane shear test)

B oAl o848 AHe tazm KA A AHE
Rol7] wFe) Zy) AFE Pt ASTM D53798
uwleto 2 gl V-Notched BeamA|EE F33ct Al
P42 7L Fig. 99 Jepidich A2 Fig
3(c)el FeRiRITH

£ ARY H3n w% A9 dxe ok
2oz A=A

Specimen No. Strength(X¢, MPa)

2 91.3

6 82.5

7 79.0

8 83.6
10 113.9

mean 90.1

std dev. 14.1

Fig. 9 In-plane shear testing system



FI1$H B39 19986 EA/gkA Hiola taae 714

A 540 B

@7

Shear Modulus

40
35
30
o5 ¥ =161.83x +0.6853
g R® = 0,9997
Z 20
¢
%
15 F
10+
s
0
0 0.05 0.1 0.15 0.2
strain{%)

Fig. 10. Stress-strain curve for in-plane shear test
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} o8 +459 —458 2% »E Ll?ﬂ ojA & Rz
ok AEAY s ere ggabd Fig. 11(a)9
Fig.11(b)ol] veh} Stk AFuder Ad7tz=el 7
2.2 Table 35} 2t} Table 30)A4] 6-sfe] wetalzl e
Fig. 11(a)o]z WA= Fig. 11(b)e]ch Fig. 11(a)
T A3 oA HEFH Wekel HAvt ddE
ARRle g AFAEQ g&gde] gt aEy yriA] A
HellM= Fig. 11(b)ellA e} o] HEHNAN fid
AR g 23t F7HREE o] dojde & F
AR wlFA g eyl olyth wekx £ Table

(b) another specimen feature after fracture.

Fig. 11. In-plane shear specimens after fracture

Table 3. In-plane shear strength and modulus

Strength Modulus
Test No. (Sy, MPa) (G, GPa)
1 56.7 16.5
2 51.5 16.2
3 57.2 234
4 56.2 16.4
5 49.6 17.7
6-sf 57.7 8.1
7 49.5 11.2
8 53.9 22.4
9 52.0 24.9
mean 53.7 17.4
std dev. 34 5.5
39 B2 AUYE Boke A4 AAAEA) § &
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Fig. 12. Out of plane tension jig
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2.4 =N 8teF 2IFA|E(Out of plane tension
test)

£ Algd olg" AlHe T/ Rej dAw =
= A A AFHT Holr] g FAMEgo R A
Hel Z7|7F ATk  AlgoA o] 88 AW F
Ae AAFAZ 16mmQ SARNAN FEFEE A
A Tmme]t}.

utebA] AlHel P A o Bel] AnkA ARA
Yoz AgolErtsstd £ AlgoAME Fig. 12
st & AlEe Aol AR A7E AFs|

{a) Out of plane tensiorrtesting system

Fig. 13. Out of plane tension testing system and specimen after
fracture

(b) rnt view ' (c) Upper view

AdE FRss A8 4L Fig 13 b
ERAATE Al HE 42 Fig. 3(d)l etk Fig. 12
AM & = ARe] BSHATE EES VER d2H
ol Agg A7 FHA A7 Fo] 4 FFLEY
I AR ngHAH4]. AEF A 7e P
L2 ST B AddMe FANE 933 =
< st AL offet 2t

Zr=AH2 A= (MPa)

P =3d35(N)

A =nD/4 AJ#e] Aol RE(gage section)o]
48] G (mm’)

AaAFe IR
4¢} it} 3}* ?'{}-E— %
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Table 4. Out of plane tensile strength

Test No. Strength(Zy, MPa)

1 3.7

2 2.7

3 2.5

4 3.2

5 3.0

mean 3.0

std dev. 0.5
13(c)e] et sivk Fig. 13(b)F} Fig. 13(c)ol A &
G 5o NEAFE A5He FAUPoR AU
°‘°ﬂ/\1 Z7¥interlaminar)e] 7)A)|E-Fo] mt&d AL
2 4 ook $ANE PN FARUES 27
de Aoz Azasiels) B40l aadar. 43
399 ZEsh e FWAERY ¥] WEd 13
F9] oA 3%{3% HYstA] sttt S S
© TE B4 b8 dxsid @& Axg 7 A
° 2 ehgth o|¢h 22 Adhs A FAlel 717

28] FHokaite A€ eI,

2.5 =gl kA" (Out of plane compres-
sion test)

UEAIEE Bayda Heola txze] AN
HEIH 2 AEE FI7] AT Algolth & g
A ol8d AlEA3A A(setup) Fig. 14(a)et 2ok
AlEel g4 Fig. 4(a)sk Zoh AlgAEL Fig
14(b-c)s} Zo] Byola txze] AAFA AN AH
g Al¥E 87l(model 1) 2HH%F F&ES AYT Y
WA FEAA A AlH S7l(model 2)olth £ A
gL ASTM C695-91¢] ZAsI Faislyct. o=
7=} 7342 ofel o] Ao ofa] A=At

=H5FE(N)
=nD’4 A|¥e] 7Ao|x] XE(gage section)
oA 2] @A (mm’)

> v N
it
.
)
19._\9,
I
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(a) Out of plane compression testing system

{c) Section of
_model No.2

" specimen

(b) Section of mode! NoT specimen

Fig. 14. Out of plane compression testing system and cross
sectional view

AlgdnE nFHEE AN TR FF¥EA
$Y-¥¥E F4L& Fig. 15()% 2ok &3 A|go)
A TR 4EAIRY] 4534 =& Table 59
?'éﬁ]- F77F 16mm(full thickness)¢l Al#He] sighyd

< Fig. 15(b)e] e n «F A2 2R R 1
ertafz Fig. 15(c)d] Jehiifict. Al8e gadde
559 450 ko2 vi¢to] dolitm, ol FAY
b AdEe] 9%k shé&(shear failure)o] A|u]H <l A
& F AU EF GEE o8] A dRE

o] EFste o] AT o] 4 o
o P EE A3 H9 FaAE 2 AlelA
7b gojxd dRAHA e 3 F F Utk
Fig. 15(a)o)A 9} Zo] 2EFQ Alolx] Alze] A&
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110 = Table 5. Out of plane compressive strength and modulus
Stroin gage
e Bf : Model No. 1(t=16mm, d=8mm)
O
= th Modul
, % o L Test No. Streng odulus
@ (Zc,MPa) (E:, GPa)
=gy 1 108.4 3.72
.
2 127.3 —
22 b
3 119.7 3.55
0 ; : ; . 4 120.0 4.15
o 05 115 2 25 _
Strain(%) 5 126.9 3.04
(a) Stress-strain curve for out of plane compression specimen 6 114.0 3.09
7 95.7 3.27
mean 116.0 3.47
std dev. 11.2 0.42

/

{c)Model No.2 specimen
after fracture

(b) Model No.1 specimen after fracture

Fig. 15. Results of out of plane compression test

F7F B REoMe MEE dae 2EHQ Aol
A7y NHe 7IA g (matrix failure)o] 918 HolA
Al D AR, FAEQ T -8kEe] Hasy)

o] o g Aug Aidsdrh ole REAQ 71x]9
shERthe AR AR ] BEE Fol 2%

% gholth.

2.6 guksk FMokA|E|(Transverse shear test)

N AVAY 94 BANY QAT vhaivt
A8 FA7E Tmm=E AgiElo] 917 w&d Arcan
T& o83t ANEE FYSA AEFA P
Fig. 164 VeRl L, AlHF AL Fig. 4(b)o] vehd]
Ack. AT A=w okl Ao 23] Ait= Aok

S =AWe] AVAE (MPa)
P =aAusEN)
A =sge) gRAmm)

Model No. 2{t=8mm, d=4mm)

Test No Strength(Z¢, MPa)
8 128.4
9 107.7
10 123.2
11 121.1
12 119.2
mean 119.9
std dev. 7.7

Fig. 16. Transverse shear testing system
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Table 6. Transverse shear strength

Test No. Strength(S.., MPa)
1 4.27
2 5.84
3 6.43
4 6.72
5 6.67
6 4.25
7 5.85
mean 5.72
std dev. 1.06
200
160 | ]DI
—~ L
2 1201
b=t
[e]
9 80f
40
O 1 H 1 I
0 0025 005 0075 0.1 0.125

Displacement(mm)

(a) Load-displacement curve for transverse shear test

(b} Transverse shear specimen after fracture
Fig. 17. Result of transverse shear test

Alde Zats nAdEd YU ASAEE
Table 632} v} sH5-Hed=E Fig. 17()d] veht
Ut o] AEME AN AgA G nFvA 2
2Tk NE-S AFdyor aAsgon] HaRg
Me dso] BAPSER] gl AT AR
Fig. 17(b)ol A} Zo] A A YoM e
Fxeo] iz, FANE JAANE nldAX g Az

(a) 4-point bending test

{c} Fabric and chopped-mat

Fig. 18. 4-point bending testing system and cross sectional view

H2atole] AR RAIA o] TARS T & A9
=

2.7 4F Z&l Alg(4-Point bending test)

47 #8 AEe gi/Es Bl faze] #9
e g S 7] g Algolth B AlgelA o
48 AEAA A (setup)2 Fig. 18(a)sh 23 AlA
o] Zolgt FAHlE 20.8¢]th AGA] AA] 7 7H(sup-
port span)& 96mmeoln 337 7Hload span)&
32mm, A A& (support head)d] 27 7Tmm, s}&E
(loading head)e] Z7ZL& 6.4mmeojth & Alge
ASTM D790M-869] %710}01 Feslact. o] AE
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o o] &€ Al T, £ g Zol& Fig. 4(c) Y B Yoz ommz el &Y gho] TG
ERAISITE 3 Al H] FdeAg] S F45] 9 Fo8 4, AA "3 FA 16mm)ojx, oA
st LVDTE AHEstth B84 59 248 ofglel AlHE Fig. 18(b)ollA & 4 g&Ro] FAzHFozgt
2of ojg] ALt=] ) TAE FYANHI. EFAAEF e RE FE
o) 98¢ WA Bn Yolx ABe mE x4
R S Y, AU ) o] AFL 1w st A|FS FsACH T o]ake
Ep=021L"m/bd -+oveeeerereminreniiiienniicnns (10) AlGoA] Te FAF QAW A WS T, TS
FREo] AFE A HE AlHo] AR Fo] AAE
Sp =8FAUA v doll FAEshe 587 wAEHE A" & YR B Aeg yelyg
%(MPa) T RS HxA Sl EYE ANEF AzASY
P =3dgEN) ol g WAE e AHE FYsEE B B
E, =FY74MPa) o THEREFRELS dEE LA FEo] PSR
L =Ax%3Hmm) ¥ AFE W AZHSHEAM Fhizo] g
b =AAZF(mm) 7] W&ol HxHFo 2N o]Fofxl 1AA|He A
d =AE%7(mm) g 7T ZA Aol A GEE ¢ & U el
m  =8%2 HMTd A APRre 27| 7 Al AzAFo] AL A HEe TEAAY FYA=
£7](MPa) 9} Aol AxAEvte] ¥R A4S UYehe

g & Fert gla, AldAE 94 2 HAa gle] MR

Algel Ang o By Aldea] )zl HeA Z4dxEE 4 7 Udek

91 3}l 2Ae Fig. 199 #th g Al Fo)A

TR 4% FIAEe FE87twel A& Table 73} 2.8 38 =&l Alg(3-Point bending test)

Z} gha/gkd Byeola gazg AArrt dAd 33 Y AEe gAYES Hiola tgaze &1t

12} Algel] o] &8 AJHE 4 F 6701, 23} A A Z%(interlaminar shear strength)& 33}7] 9

GollA ol &E AJHL dAllolt). 12} AEF 5719 Al g Algolth & AlgelA o &8 AdAA AYde Fig.

H-& Fig. 18(c)ellAl & & glxo] 2H37 224 203 Z3 A Zolg Tl 60|th AEA

Fo] SUSAHE Mol gt TPAUTAZ TR AAAEL 40mmoln X 2e] A72E 3mm, 5%

45 Tabie 7. 4-point bending strength and modulus .
Load Test No. Strength | Modulus
36 1 (MPa) (GPa)
Lot 1 1147 35.6
S 2 100.2 32.9
< 27T st 3 147.7 345
S sHies 4 1323 312
O 18t
- mean 123.7 33.6
std dev. 20.6 1.9
°r 5 129.0 48.0
; 6 100.5 34.4
° 0 oizs ols 0 I75 ; 1 I25 1.5 2nd test ’ 104.6 34.8
ienlacoment(mmy nees 8 103.1 370
isplocement(mm) mean 109.3 385
Fig. 19. Load-displacement curve for 4-point bending test std dev. 13.2 6.4
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(b) 3-point bending specimen after fracture
Fig. 20. 3-point bending test

o] A& 6.4mmojth B Ald.e ASTM D2344c]
Aste FePsict o] Algel o]&€ AW FA,
3 dole Fig. 4(d)°l vehhdct 44 S8+
Zo] ga/gd Hyola t]xae] AL O 1
abeb 23t AW AlFolA F 13709 AlHo] AlgE o
Aok B3 2 AQoNE 5L 7k d5EA g
g AFL e FEAAY Fgd o IE
(flexural failure)o] AAY3IA] YL 2 F2o] gokatrh
FUADREE ofefo] A ga) ALF=H

O=0.T5PIBd ++eeresrerresresssssensensnscsenssinsininens (1)

7+ =(MPa)
3H(N)
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Table 8. Interlaminar shear strength(3-point bending test)

Test No. ILSS(MPa)

1 15.3

2 14.1

3 15.4

4 12.6

Ist test 5 13.6

6 13.8

7 15.7

8 13.8

mean 143

std dev. 1.1

9 11.9

10 11.3

11 11.5

2nd test 12 11.7

13 10.6

mean 11.4

std dev. 0.49
AMEdHE ngds] BE AlgolA vehd A¥A
W42 Fig 20(0)7) ok 71 AJHEe] F7HEe
o AAE FYY DA Ast2 B3E=o] Utk Al
g9 ANHF g8l o8 geo] AT AL AL
vex} Aol £7iRe] Ad7tTas Table 8¢ Jehy
itk A7l AMEE AlE F 1IRNE e e A
AZ0Z FA=H] Uz vuA] AL EFPAHR

LB AEolA EFAEE 2T
] g WA 3 Agode
BAsly] ol GRS F-¥o] FZd) o8 3
Atk o] RL FAFS HA(brittle)d A
2 FAgps NgAsda Aok &5
ZAZo] TP AHSF FZHEREo] ARFE
¢ AzAZoz PE AHY FSole
AZAZolEE ojHz} e A

é.&ii&om
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ol Mo B B -z
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e
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Table 9. Carbon/carbon brake disk properties

Properties Symbol Value{unit]
Elastnc. mo<.iu1us in x-direction E=E, $9.9(GPa]
{ory-direction)
Elastic modulus in z-direction E. 3.47[GPaJ

Poisson's ratio in x-y plane
Poisson's ratio in x-z plane
{or y-zplane)

Shear modulus in -y plane Gy
Shear modulus in x-z plane
{or y-zplane)

Tensile strength in x-y plane

Vi 0.3[ref.12)

V=W 02[ref 12}

17.4[GPa}

Gr=Gy. | 1.18[GPa][ref.12)
Xr=Yr | 103.1{MPaJ

Compressive strength in x-y plane Xe=Ye 90.1{MPaJ’
Tensile strength in z direction Zr 3.0[MPaJ
Compressive strength in z-direction Zc 118[MPaJ
Shear strength i x-y plane S 53.7[MPaJ

Shear strength in x-z plane

XTIy J2[MP :
(or y-zplane) §e=5: | 3T2[MPa

o
=

- measured properties)

HzxAZo] &

FEHIT

1% EFA A 73 Al FHEE 7t
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