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Abstract

Enhancement of Ablative Characteristics of

Phenolic Composites by Adding CNT

Sunghoon Kim
School of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Composite materials are widely replacing previous traditional materials such as
metals, woods and polymeric materials. The phenolic matrix can be modified by
adding materials in order to improve the mechanical properties especially thermal
resistance and abrasion. In this study, Carbon Nanotube(CNT) is used as a
reinforcement particle to the phenolic resin for the purpose of improving ablative
characteristics. Composite containing CNT shows advanced ablation characteristics in
comparison with neat phenolic resin. CNT affects degree of crystallization of specimen
with functioning as a crystalline nucleus in abrasion process. X-ray Diffraction(XRD)
and SEM were carried out to confirm changing degree of crystallization of CNT-

reinforced phenolic composites.



Keywords:  Nanocomposite, Ablation, Carbon nanotube (CNT),
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Introduction

1.

1.1 Introduction

1o

S

Sy Fow A

A=E

9

J
Azl P T HH A

o]/\

7HA]

s

2} 7}e)

g oje}

]_

™

=0

"o
=
o
T
=

B!
=
W

™

F27k 4A F7keka 9

1

el

71 A Al (matrix) =

743} A (reinforcement) £}

NANZ AHEEE FAL Az AMEEHE

e}

o7
W

ol

T

S o
1 -

[e)
T

A
f=i

71 A4

7FI ]

=]
(=

ol

—_
fite)

Aol ]

o
ek

s delA

T
i

ol

T

71E9]

(Fiber-reinforced Composite Material)<+

=
ar

3 =g

7} &= (Strength) £}

=1

7+%3 (Modulus) 7}

Gy
™

;OH_

-

o
i

o) % (Fatigue) 540 & Zba 9t

d (abrasion)=

w15

A}
A

resistance) 2}

] (thermal

S

3

=133
=
A Ak 3} (thermal

IR

ol A +-H

=y

A

EER

Ao

B

l ol
| =

e |

T
F



oxidation)o] dojutar, AbstE  Qlal Hekslxl HEAZE "Holxd Yrbe
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1.2 Background theory

1.2.1 Ablation
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1.2.2 Crystallization
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1.3 Purpose of Study
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2 Materials and Experimental

2.1 Materials

2.1.1 Phenolic resin

HE=rA(Fig. 5 deEid EFLuB=R FF dA A=
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2.1.2 Carbon Nanotube

B4 JEFEECNT)E He72E Ad &84 F2AE, 1991d d2
NECH 742 olojA|u} Am| @ WAL HA7PAAl A4 49 &

=
(nanometer, nm)d =2 3] 2Tl CNT+ 4 A7 52 olF1 U+
o w2} Single-walled nanotubes(SWNT) £} multiwalled nanotube(MWNT) 2 7+
g = 9lth. SWNT+= :l_r’/de(graphene) sk Zo] dEdEHE Ed FeEdy
HlE], MWNTE @5 FHEHE A3 958 t5S olF 374olth CNT Alx
o= 43}87]45 21 (Chemical vapor deposition, CVD) W20 F2 AlL-F
A=, o= 38 VAt SEAWY dFoE '@AE XTI WS TIA(CoH,
CHa, CoHa, CO 5)& FulldellA & Ealiste] CNTE &/dsts Wolth 3
Aol 22 7oA 71 9o SuiasS S2ete] CNTE stk
W2 ARESou BA Y] Al Wl dAl= SvlE SRR 44
sto] Tt WAe AREETE SWNTE #74 1.2-2

2~100nm, F7F A 0.34nmeolth. &4 v FHE ek A7) AEA
2 AREE =& AAA0] Bl(Aspect ratio)s M= At =4

oty 1jdeolE AT XE W oR FF uAE/R Aol YT x

nm, MWNT= A7

o] ¢ 7oA+ Hanwha Nanotech Co., Ltd2] CM-150S A}-&3F%th CM-150
S BaEege] MWNT Sl Z A4 ¢k 10nm o]t}
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2.2 Preparation of the specimens

2.2.1 Dispersion of CNT

of WHME FAC AAF SIS HojFomM dRe PET fAsY
282 Jlakel ONTE A 4o 24 4 v o dArad:

AP AL 29AlR FEdHET. AWA GAZ CNTE 124
BEAA 7= Aoty HlE4A, [PAS 1019 AFHE 41 CNTS
H7}ek gMof| conical ultrasonicator (CV 505 power supply and CV 33

converter from Sonics and Materials,Inc.) & XS3E5 7184, 9]

g #dT CNT A A=s 27 ste T8% otk o o
Zo9 UAE W 2x2vit 224, T 2A%S Regith FHA dAE

A BAA gz J17hs [PAS FLA7)E spgolth. wubr]e] 50T
120rpm  zAske] H7Fs IPAS 2% FEA7|1, o] F A 49
EABHE V1ESE AA}] 98 AFBeA 3083+ gxA s

(Fig.8)
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2.2.2  Curing Process
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2.3 Measurements

2.3.1 Ablation Experimental

Az ARl AP Brtelr] Qs Figld v e
A 71F+E AZSF Y. Brown gas  generator(Fig.12)+= & (H.0)©|
A7 =™ LASHE HAO0, gas & A, 714 AdHe] 48t
Aa7h 221 9 A, #¥ 1000mm’/min & LA FH IR
Flame ¢ %5 =743l7] 9130 torch tip ¥l thermocouple & *-2}a}o

Abakal AlH O] enE =Aaglth Flame =A5-919] Age] webA]

Al e Agls 26mm, 7t 900 EOskglar, o] e
S5 9F 1329C o)t}
Aol flame ©f o3 €bd3] Felodl ARls AlRbe S48

2Hkg (mm/sec) & A4S (Fig. 15)
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2.3.2 X-ray Diffraction(XRD)

AR w2 AR AR AEAS 918l XRD(X-ray Diffraction)E =

) El?'"‘f:‘ ﬁ =
= do7|n I AR e BF e AOEA, o] X-AHde o] &3t
of Alze] $HE ABE =49 TFY4 Sl B ARE IS F 3

Uh(Fig. 16) 47424 =49 Fxe] #s ARE 7] 9 4%l X-A
3] d ol t}.

Fig.17 # o] Q1] Aol dak kAo dQl FHs A2 ABCE
HdEo] QS W, o] AR I 2 J
2 A o8] BE WFgFo R AgtEc) abehE XA =2 A}

A X-A bl el | XA b Al s AeiRich o] dde
sldddolet sha, WAE XS 3 X-Aolgt stk A o] wAgs)
A% A XA a3 2 gakzE g9 A 7
7 2 BAVE dEct

2dsin 6 =nA

W AR 44 @b FRAA Gk B, XA A BAME WAL X-A
7

Aol o] f= Ak gRuE SHAL VlstetAl wAE 2 wkgst
0
ZAFSE XA el tfdt 20- d tiZE7) ol A oA, o] BE

RE AW AAdE o 5 ATk BAE RS SR B XA H93
pas

d
el o] 4= Al ofel A4 A4 Ae] Aol
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Lrebdt), QA XA ZteE ALAH o w WEAZ|EA A XA F
o3}

&S Bk e B9 5 peakziE AEL

A& E-e a3 grolth
XRDY] intensity(Ink)= 321 AH(Fnu, structure factor)®] Aol Hldskar
T2AAE o 2T

1., : intensity
kal . structure factor

f i atomic scattering factor

Z;YpJ; - atomposition

Ly € Ezkl

2Hz hx +ky; + 1z )
Fon Zf :

Intensity:= 27} % el A 2] 91X ¢} atomic positionol] <& A7 W),
=, intensity & FA e 72 &9 AAe] A9 % THRE Lobd
o AARTE FoA s Ael A" EHe] EAF9L Fo wEpA]
intensity®] =717} A=, AYF27F AE] SHMTOR o] How

H &k st 2theta kel Al intensity7} 5 7}stty,
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o] AFellA ATz 54S g8 AHg® XRD= 5 Bruker Co.,Ltd
°] D5005°] ™ 40kV, 40mA, Cu Ko radiation (1.5406 A) Z=7olA =431
t}. =7 9 (2theta range)= 10°~ 120°, step 0.02, scanspeed 0.5s/step©] t}.

16 ; UL 1
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Raman Spectroscopy
H&-33 R (Raman  Spectroscopy)<> 57 #Akel #lo] A (514nm)E 2%
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2.3.4 Scanning Electron Microscope

FAF A= 3 u] 7 (Scanning Electron Microscope, SEM)< A& %H-2 =}
Aoz FARY A 72E AR BEstE Vles 7H AAEn Aol
T3 AREuA(TEM)OZ T/ A=e] fA+x2E dEsteln & 7
Foll= AEE HAFES] 51 JAAE AAY (PP R SHTEE B
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A Zo47 Ao ZE A

i
=54
)
o
N
>~
>
ol
=
>
fr
kK
)
2
>
g
19
0%
o
p
2
N
24

A, dAbAR S8 SHEAIA FALEE TR HEAA BHokede] 4
A 71 H(Fig. 19). Al
ntol A% of defo] A £}

ktl
ok =
1o
o,
DX
=2
2
T
T
ox
off
rlr
1
oX
X
[-4>~
S
M
1
_O‘L
rlr
X
-

usts suomn del Ageta gk RES RaEo] 10-20mm

ol

VA=
=

ojA %k, MFE A& ded] nEe REes vehde] nAlxe] ghE
ARgETh o] Aol AR s AgE A =

s5te] SEME S sheih,

18



3. Result and Discussion

3.1 Ablation ratio of composites by adding CNT

o
ol
N
=
i

CNT7F A= delA dredS e d=s B71eh7]
A2 A AES K3 EATh CNTo| o3 Ytk S H7hebr] oA A
AR A HTbet glel ot TS WA Lotrsith. HE FAE
JiE AN -8 CNT 1Al 9 w5 IPAS #HleEFAE 111E
3t & gulE AAste] Ashst AlEe] dist AwpAdEs sl

A= Fig. 20 3 2uh ZJ7pek Bvlol aixs Avp dafe] 2 Aol=

CNTE #H7Fst Alae 2wy A3 (Fig. 21), CNT7F H7 A &2

Aol wel CNT7F A7bel A#e] abubyel AdEe shelstgit.

2ol 01wt e H7FHSod%E &35 2vkS (mm/sec)©] 30% 7}7}19]
IFAoZ TA4skglal, CNT ke wEls®: 2lvkgo] zfol7t la&
gtk 0.50wt%e A|HE CNT EA4F 2 A3A =& Ao 23|

AR TlxE Qe Ambdd daE AEs] o3l 0.10wt%E

A7heE ot AekEAel b ekl AR H e
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Ataba]l A= el o3 CNT7F Az #gste] A EE
AYTx olF-5 Fefetr] flste] XRDE HAssinh 2wt A3 AR §
ZAzke] AeE sfEsgkow, amp Ay Fo %ol AR wRd HFE9
AlEE dH A skl XRDE SAklth 2 Aol lolA curve Fo]
thEA yEbsta, A3E Fig.22~25¢] JERY ST

Amp A9 de] A (Fig 22,23)9 A, A3 Hods o

26=18.5" oA Boli= (0 0 2) peak Z#M e AMAIERE s Hol=
E7olth ubd Abvp Ag Fo] AJE-E Fig.24,25 oA B £ %ol (00

2)2F (1 01 342 turbostratic carbon structure®] 23t peako]t}. C/C
composites 600Co]dez AAYsA HWA (0 0 2)peaks> FFHO=
o]F 3l peak E3F sharpalA& Zo® 4eA oltk. XRD AofA
glsk 4 glxo] 2wl MO 260 =18.5" peako] 22.5° & ©o|F3AT
ES 1000C oldtelAdl (1 0 D peaks Wi o= Hol& Hbw, 2000T
ool = vltiF o® HolA Hr}.

2bal Mol Bls 39 A% intensity’} A3 F peako] #EE =T
ol Az s AE die AATxrE AAdE Aojrh
v (amorphous) e elA A8 AdElZ wgsda CNT 3ol
kA &= peak pattern®] xFol7F Atk CNT $hFol webA| intensity 7F
AgA o2 WA= LAAw CNT 0.3wt%e] A|#Ho| neat phenolic

resin®l HJ3l 260= 185" <1 Aol intensity 7} 2F 2u)) o S7181SAC)
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3.3 Raman Spectroscopy

CNTE vt #3H ez Z438hd Fig.18¢4 F1d & glxo] G-
band9} D-—band’} ##¥t} 1350 cm? peak’} D—band, 1590cm™
peak’} G—bando]t}. o] F Fte] H]el G/D rations crystal purity 2}
defect concentrations % 7}el= A3EZE AFS-H 1L, D—band7} 22 79|
purityZ7b o =tkal & & k. 5343 CNT 0.3wt% AlHelA G/D

= S .

ratio’} 7F& ¥ 1 crystal purity 7} H =

3.4 SEM

AR TZE olulx 7 #elsly] ¢sle] SEMS =438ttt Fig.31 &

Shinn—Shyong? =% AAE SEM o|u|XZ, 7207F 3 CNTE

FHoE A7k FAste] awslelEst @ mgolth CNT/L #low
Agstel A% e AHTEA AP BEWOZ, olg AW
TEE 3] A8 Avk Fo AR ABAA SEME SIS 9 =
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4. Conclusions and Future Work

Conclusions and Future Work

o] AFME HEFAo] CNTE H7istel Al 2mpEAS
MAstaA &Rk =2 el CNT 24 g AA, 33 B3-S E3)
Phenolic Resin/CNT A& A|2Halar, 2000C ©]A+e] 1&g 7lshe
A S w8 WA EUEekalh wEEe] ONT H7bel: =78kl

2tubgo]  7FAStg 1, E3] CNT 0.10wt% H7Fgk wl Alapgo] 29%

o] HAS CNTO &3 heat circuit A= QI3 A5 dde® 7|4
wadE Adystrlels el vk vg ARl #HEm FA7F CNT H7EE Qe
¥ ATz o8 dAdd Uatvidel ddEs s Er] Slel
AR s St A4 AT x2E dEselh
XRD(X-A 3]dF&AR) 4 A3, Alde] 129 AmiAgE e v

2o} st nlwste] 20=185" ¢ (0 0 2) peak ©] $HOF o]Fdta U]
el

%1 intensity’} AA SAFAcE W3 1300C 9 1 2twpz 9lg] Abw}
Aol EAeA 4w 4257 ZHellA (1 0 1) peako] FHEAEHAEH, ol

H=FA7F 600Co] A4S 31294 AAJ %= turbostratic carbon structure]]
o3t 3| def o3t Aot} =, AtwlE st A FE7F FAEHAI CNTE

A7bst AlAL] A7} peak? intensity’t © ArtE WS AATERIF o

22



A RQSS AR T3 SEM image F9S F3H] CNT FHO=E
" AFTRE Folsk. 2tvukA]l CNTZF @ A|(nucleating  agent) 2

2-gato] FlmrA e AW WS FAs L, Al A Aol Hof

a3 A& JRAsE Aolek Zite = Sl

A}

olvl AelMi: HZ/MAZ CNTE Abgstel AmbsAe sjdsta
&t CNT ol glelx AgsAow 283 4 9= Carbon black 59 i
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Figure 1. ti7]1d AEY 24 399 Fn& 373

BEFORE ENTRY AFTER ENTRY

152 Kilograms 70 kilograms

Total initial mass of Probe: B Ablated material
335 Kilograms Ablation tomperatura = 3900° C

Figure 2. 4 ®ALX(Gallileo Probe)2] s A AEI(TPS)
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Figure 3. 3A(nucleating agent) 7} A PP

Figure 4. & #]|(nucleating agent) d7} ¥ PP
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Figure 6. Structure of Resol Type
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Figure 7. Schematic illustration of MWNT

phenolic resin
CNT
Dispersion Solvent removal —
S=soe =0y
ultrasonication removal of solvent
in stirrer

IPA CNT + phend resin + IPA CNT + phenol resin

Figure 8. llustraion of the steps in the dispersion process
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Figure 9. Mold

Figure 10. 31 &

TR i
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Figure 11. ¢4 ¥ CNT 7} A|H

SROWN GAS GENERATOR

Figure 12. Brown Gas Generator
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Figure 13. Equipment of ablation experimental
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Figure 14. lllustration of ablation experimental

Figure 15. 2t} F<Q1 A|H 9] flame J4F
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\ Xray source m Wavelenagth = 0.07 nm

’ incident beam

crystal diffracted be
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Thickness = 4000 pm

Intensity of Transmitted Xrays = 96 08 %

Figure 16. 23 7-ZX° 23] 3dd X-A A&

Figure 17. X-ray 3|2 B4 &
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Phenolic Resin
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Figure 22. 2tv} A XRD 27 (H1&HE CNTO0, 0.10wt%)

37 .-'-.__I._-i'lr



Lin (Counts)

CNT 0.30wt%

1

Lin (Courts )
1 3

YAl

2Theta - Scae
D0 n Tae ETUTR i D M GOR T Rk L0 T T RETE T T Wy £ Temg TET e T GO UG STk S0 i T AT R BT PR T AT

CNT 0.50wt%

L T e SN0 B Thn N (R BT D0 T i T TGN IO A
Srrie .

Figure 23. 2H1} A XRD ZIH(JZHE CNT 0.30, 0.50Wt%)
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ISRC 15.0kV 10.8mm x1.30k

ISRC 15.0kV 10.8mm x3.98k
Figure 32. CNT 0.1wt% A]H 2] SEM image
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Figure 33. CNT 0.5wt% A]3H2] SEM image
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Table 1. Properties of SC-1008

Properties Test Method Unit Value
Solids,@ 135C IR-063 % 60 — 64
Viscosity,Brookfield IR-111 Cps 180 - 300
pH, @ 25 IR-034 7.9-85
Specific Gravity IR-026 1.07-1.10

Table 2. Raman Spectroscopy

Focal length 640mm, all stages

Apecrture /7.5

Dispersion**Additive triple 0.23 nm/mm

Dispersion** Single 0.7 nm/mm

(direct or subtractive double)

Gratings 76 x 76 mm2 ; selection from over 50 gratings

including the patented PAC gratings

Drive mechanism Sine bar
Step Size 0.00066nm
Mechanical range 0 to 1000nm (and above)
Slits 0 to 2mm wide; 0.5,1.,2.5,5,15 mm high
subtractive intermediate 0 to 50mm wide; 0 to 15mm high
spectrograph entrance 0 to 25mm wide, 0 to 15mm high
Spectrograph port 25 - 30mm clear aperture
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Table 3. torch tip#}2] Aol W& flame 2%

flame temperature(C)

25mm 35mm 45mm 55mm 70mm 92.5mm

1328.8 1129.6 1093.6 1059.2 945.4 759.8
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