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Al Aol dEsZ #AZE= graphite FEf2] AH-24 A= 90%
oo gart Shulo] Ik’ Graphite: B4 544 & shbEA]
SP* AgS 3 v gapso] 22099 §7F FHTER o]FolA gl
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zjo] wiiof o]HiAd o] BAS 7Rtk g4dE (elastic modulus)2
A ko] o) =18 ZHT) U] 2 ¥ E kS YERlET) o]
+ graphite WU A} 7E AT covalent A0 = o] Fo]

Sh= WP graphite HWHTR] A3o] n— A}l 213k van der Waals
gto g o]Folx] Q7] witolt). W3k o] 18| graphite HHE
& A5 lel| golakAl m1d 4= Sk 919} 2 oA R QI
graphite™o| A58} FalsiA| EhE 49 405 Waks vt =
2 o1 ©dE (tensile modulus) ¥ W/ |AEE 4 ATEE LiE}
A St Gl sl 8954 9ar vk RES W 1
A} B2 A9 Aty o7 vharifo] AyAlE FREAR
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oA 'had= 19500 Hat 1960 Fofl F=2] W. Watt,
]3] A, Shindo 7)1 "]=¢] R. Bacon®ll 2Jae] 7pake| gl
H|5 7)ol AER QA7 ' AR ARSEISARE A=
PANo| B8] 5= Az ARSE]TL QLo (A APd2] 90%
ol AHAY] pitch Hgt A2 ARSE AL vk B A= TS
23tk 2allEl 71APSe] whslrael] SR AVdER=t] oA
7173437 'AueAd-5-(vapor grown carbon nanofiber, VGCNF)
2 A QoM

1.1 PANA EIAMF

PAN2 oflzefli= o578 A2 1940 dtell 7oA /=] 9l
TL PANS E69] dzjobgi o Qla) Adld 0w Fe3t 1At
7} E]9lom o] PANAY dAglel dist A7 Es] zlsi=w
A B ATAE AdgskEle] gtk PANS- UREF S = 90% ©f
9] acrylonitrile ©FFA|2} methyl acrylate, methyl methacylate,
methacrylic acid, vinylacetate, itaconic acid ~72]37 sodium methallyl
sulphonate 72 Tl FekegAo} 3538 Falo] FAJu=d]® o
o] FAFES ~10,0000K58 39 g/mol7HA] 51 999 wke
7HxIe}, G HIAL gel WAF Z1R|3L S5 AR} 2 TRk A AL
7]%50] PANe] 2 8o] 7Fsst o2 deiA QIek'® rah gel WAL
£ B3] A dAlell dA w15 (micro—void) ©] A2 1444
5 Axd 7 vk deiA] Qlvh -8 Aol ke
FRo] FalErrt 57| wite] 7kaAl) 3 AAEE slokARt
WAL 7hssic) oleldo] kst WhH o= Az PAN A7 A
= Fd3H200~300 C, Atslx7)), ©sH(EEI Y] 2dstollA
;700 °C ©18p" 2] 3 3915H(2,000~3,000 C, =2 1810l A])
9} 22 A S ARA k. Pgst GA 3 ol 38w
Aol F5T} BAS 2Hste] Ak vl (disorienta—
tion) & FAslehs 212 1, 1K 'AIRE Alxshet) E
Q4% defA] gk Pgst 3798 Folo] HA Ak AR T
20| AR} o)X o] T 1 A (|sh o it
G oz Pt PYs) v B Zristellx 9] wlsh= 24}
7k HEgo] dojuba] AR aEat Afele] 7hrt o] Foizict. 'sh
Fo] AA|Ael BElge ok 50~60%0 |tk BEA 2AslA] S}
Al AA 2]l SA3k(graphitization, > 2,000 C) & s3] B H4
3 727} PAEo] IEHIES] ARt Al

1.2 PitchH| Et&MF

Pitch7| ©23+= PANAl ©2d-frel 22 A = A pitch
EHE] AFAIE Do ArkElE Aol PAN aEAkel= g pitch
o] FRARA7E BAAS] %220 graphite 9} FAISHEE A A] o]
UX] A7) A2 o] Sl &, PANA €4 Alxs7d+) vl
slo] Hrp vk ghslewol 22 gsharte 2w gels BAS 71
BARe] Al 7Fssich T8, pitch ZelAA AR BB
Ng, Ho, Z18]31 thE 7HEE29] Hl&o] PAN Adfel nlste] Ho} gt
sk F 2 BARAERS FEE 95 Sl Pitch AR2 A5
W) A ZEAX AR ArkEe iR AR 75% %
Q1 ¥k PAN A48 A9+ 50~60% JEE W &S 9
Aoz A ekt

Isotropic (5*3) ¥} mesophase?] 5 714 pitch= 22+ A4
E(100 GPa) 3} a8HJE-(900 GPa o) 9] ’AAdw5 AlZsh=d
ARGt PitchAl 2= 5 a7 (~1,050 GPa) o] 3g %t

—

2
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B8 (965 GPa, K—1100™, Cytec Co., USA )& 783 &= glt}.
o= PANA| &2 9& 5 e 7P 5 B35 (588 GPa,
M60, Toray, Co., Japan) BT} A4s] =t} 3114k pitchA] ©-4245
o] QIFEE PANS 7IMEo = 7= ’havilfrel wish e sick,
Bk pitchAl ©2AE PANA| ©2dfel vistel 4714 47 &
delA stk Pitch7l &A= pitch A7 A2 88784,
Pgstlsh, ') 9l 53] o) U] 37gE Falo] AlxEtt. 5
HMd pitcht= 40 CT2F 120 C Aolelld 218k (softening point) = 7}
kY Mesophase pitch= €13Fd0] 300 C ¥ 844 pitch®
AR Qe U] WEE AR FAE A el ol
9] BAERE aibd o2 150~1,000 g/mole|™, Ht AR 450
g/mole]t}. Mesophase pitch®] WA= Aub o Z oF 350 CollA
8= pitchA] B2 35-2] 27 oF 10 pmA = = slo= &
A4 ek PANA2} mE A2 pitch7] A4 A% oF 200~
300 C A=elA Fg3) e AR Fg3) 374 ol 'k
9] 235 A8kl 7S Fask IxkE dEA Sk

=1

2. PANA| Btad7 A

o

2.1PAN EIAMS 24

PANA % pitchAl B:295-2] 71414, 8214 42 & 1o el
Uit 78S A6 pitchel PAN 25E1E Ax7t 7FssH
i) o5 IEME AR AdtiE R e ST U QT

H 1. Properties of Various High—performance PAN and Pitch Based
Carbon Fibers*

Tensile | Tensile |Strain to Density Thermal Electrical
Fiber | Strength | Modulus | Failure ( g/cmga Conductivity] ~ Conductivity
(GPa) | (GPa) (%) (W/mK) (S/m)
Hexcel Magnamite™ PAN—based
AS4 4.27 208 | 187 | 179 - 6.5x10"
ASAC 4.34 231 1.88 1.78 - -
M4 4.79 276 1.74 1.78 - -
M8 5.58 304 1.84 1.79 - -
PV42/850| 5.76 292 1.97 1.79 - -
Cytec Thornel™ PAN-based
T300 | 375 231 14 | 176 8 556X 10"
T650/35 | 4.28 255 17 | 177 14 6.67x10'
Toray Torayca " PAN—based
T300 3.53 230 15 1.76 - -
T700SC | 490 230 2.1 1.80 - -
T1000GB | 6.37 294 2.2 1.80 - -
M35JB 4.70 343 14 1.75 - -
M50JB 412 475 0.9 1.88 - -
M55] 402 540 0.8 191 - -
M60JB 3.82 588 0.7 1.93 - -
M30SC 5.49 294 19 1.73 - -
Cytec Thornel™ pitch—based
P-25 1.38 159 0.9 1.90 22 7.69%10°
P-558 | 190 | 379 | 05 | 190 120 1.18x10°
P-100S | 241 758 0.3 2.16 520 400%10°
P-120S | 241 827 03 | 217 640 455%10°
K-800X | 2.34 896 - 220 900-1,000|667x10°-8.33% 10°
K-1100 | 310 965 - 220 1900-1,100| 7.69x10°-9.09%10°
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5 Zhen} P maby, QU me} I ES Bl ARl 7
=7io] ZsiAl QAL itk S1e] o4 'S 1,050 GPa
o)L ¥Rk AES yfsh e Holghk ©F 100 GPa
HER 7k g, AR Bard 7R e % A
A8 'hadale oF 20 GPal] = e] 5 347 (graphite
whiskers) ©]cE* SFAIRE 491 A 0 PArE| 3L Gl PANA gk
2] 7P & QL] 32 7 GPaollw v|A#] Eahs Al ow 4
A ek A s s w710l Aols ZloR Holr 'R
o] A PRI 218t vlelet A7t 1eE 1 ek The AgellA
= 2RI RS Slel 2 /AL Qs 71zl disl] 7 kesik
2.2 PANH| EtAMQUI0l BHAIE EtALIRHO| FTP
EA e R EE Bl A Fol] B Ed el vtz
= single—wall (SWNT), double—wall OWNT), few—wall FWNT),
and multi—wall MWNT) g PefB 2 Wio] 2ok 2.8 340
© = arc—discharge, laser ablation, gas—phase catalytic growth

[}

X
&

Jie

il

)

from carbon monoxide (HiPCO), ~72]37 chemical vapor deposition
(CVD) T2 Whio] o]+ Qirk BaiheiHe 9578 7] 9
QAT 2L 715487 vl 93t A AR QL] 7154
FRAZA e o} B R BAAAIR L] E8U sAdo] A7)
ulol] EALRE 7N SEAES] AFTF AAAIR R vl &
s [EE 1 Qlrk B 29k 143 A div] vkt gk Re
9] BAJo] Rt glem ds Aol BT vt 7EsSttk ol

[oX

o BAES vlsl = o S eREE o8sle] s A

TEAEGA 2] FooME S RRE o]g3lo] tokst v
AR H B3RS AFsE s g olFoiR|a it
% PAN 182R= g Rl 2 A5 2R8-S HolFal Q=
Ao A glom, S. Kumar 5-& T8 @it 787} PAN/
BB H BEA Go) n)xE kS ATtk o] Al
E3I= GabaRl 714 S MIAP (dry —jet wet—spinning) & A}
f3o] AZE oM, PAN ARel PAN/BALR-FH 53472
7|1AA EA T R Ail= B 30 Vel Qltt RRE mE B
el e davhefHE 296 ok PAN Alfre] B4
H} 958 2Ae o 5 Itk SWNTE ka3 A= 718 =2 &

[e)
&

BE] TR A AAE Hoie Wi MWNTE ¢34

H 2. Typical Properties of CNTs, Vapor Grown Carbon Nanofiber
(VGCNF) and Commercial High—performance Fibers

Tensile | Tensile | Elongation Densty Electrical | Typical
Strength | Modulus | at Break 5 |Conductivity| Diameter
@) | e | @ | | o
SWNT 640 58 13-15 1mm
DWNT | 23-63 - 28 15 10 ~5 1
FW/MWNT 1060 - 18-20 ~20 nm
VGCNF | 3-20 | 50-775 - 19-21 60100 nm
Carbon fiber|  4-7 | 150-950 | 05-25 | 1.7-22 5'5X102~
9x10
Zylon™ 58 270 25 156 5-15 ym
Spectra™ | 31 105 25 097 0™
Keviar 49™| 36-41 | 130 28 144

*Zylon™: Poly (p—phenylene benzobisoxazole), Spectra™: Ultra high molecular

weight polyethylene, Kevlar ™: Poly (p—phenylene terephthalamide).
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QAT deAle} toughness?t 7F8 34 Z71815c) A4
AR (AR 9 e B EEHR) = eES e
718 Hol= 3 Fukalgoli} toughnesst Aashs 2102
217 Sl AL o] ATE Fofo] 'A-RHEE Eeslal §)
A= BE 7AA BAo] s AS 1T 5 S
SWNTE $Hrah= A 95571 selr 7FE 52 s 1o
F9lom MWNT, VGCNF, DWNTE 3heh= Bahd6-9] <=0
AFEA T PdS HERIHAaR D). A2E PAN A= felxdo]
2 ool g8 Gl olgko g Qe £EAES HolA Hck

fr e lo o

H 3. Structural Parameters and Properties of Control PAN and
PAN/CNT (95/5) Composite fibers™

Control PAN/ PAN/ PAN/ PAN/
PAN SWNT DWNT | MWNT | VGCNF
Modulus (GPa) 7.8%0.3 | 136%05 | 9.7£0.5 | 108£0.4 | 10.6£0.2
Strength (MPa) 244%12 | 33519 | 316%15 | 412£23 | 335%13
Strain to Failure (%) 55%05 | 94%03 | 91£0.7 | 114£1.2| 6.7£0.3
Work of Rupture MPa) | 85%£1.3 | 204208 | 17.8£1.7 | 28.3+3.3 | 14.0£1.0
Shrinkage (%, at 160 C)|  13.5 6.5 11.5 8.0 11.0
7,2(C) 100 109 105 103 103
Fax 0.52 0.62 0.53 0.60 0.57
It - 0.98 0.88 091 091
Crystal Size (nm) 3.7 5.0 4.1 5.0 4.4
Crystallinity (%) 58 54 57 55 55

#Tan ¢ peak temperature, /an and £t are PAN and CNT orientation
factors, respectively.
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Temperature (°C)
18
(8) ® Control PAN
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=
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@
[1]
a2
£
E 10 ¢
7]
] |

(V] é :t 6 é IO 1_.‘? 1‘4- I‘B 1‘6

CNT surface area (m’/g)
18! 1. (A) Shrinkage behavior of various PAN/CNT (95/5) composite
fibers: (a) control PAN, (b) PAN/SWNT, (c) PAN/DWNT, (d) PAN/MWNT,
and (e) PAN/VGCNF. (B) Shrinkage as a function of interfacial area
between PAN and CNT in various composite fibers.?
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Structure of various fibers

l\.

'[ Il

a”*}‘ 24

Textile fiber

- ——Crystal
AR '| UI o
|-'I »',_k_”"‘t")%‘f/gj; \ .
s 2 Chain cnd-—-—h || !
{(. :/r(’ﬁ% {?—-Amorphous |.J\‘, II||
.',-- i | Il ',

,/ “\\|
(U] Foreign particle
Entanglement—o—l-o—:?

High-performance fiber

—/l|l.|

Ideal fiber

8! 2. Schematic structures of various fibers. With decreasing disorder and defect density, the fiber strength increases(left to right). (Left) Typical

commodity textile fiber contains amorphous and crystalline regions as well as voids and foreign particles; tensile strength,

~0.5 GPa. (Middle)

High—performance polymer fibers contain chain ends, entanglements, voids, and defects; tensile strength, ~5 GPa. The structure of currently pro—
duced carbon nanotube fibers resembles this structure. In addition, carbon nanotube fibers often contain foreign particles in the form of catalysts.

(Right) On the basis of predicted strain to failure,”

ideal carbon nanotube fibers without defects or entanglements will have a specific tensile strength

of 70 N/tex; for a single—wall carbon nanotube fiber a diameter of 2 nm, this would translate to a tensile strength of 70 GPa.?

S BBl
xl—_Q_ 207 9] OH oﬂ/‘\z -
A AL PAN 2702] WL £
QAR mefE 4 ok Al TEE s
H i—d—)ﬂ ] oﬂ}q J—l_,_;q. thsko] zsl:Al—Q gi_‘:ﬂ] o]
wigo) 71 FEst o f{-% o otzz% 7R A
o] L HjEEA) SRS A fels
ok bR g Eashs PANM }
A @Rz PAN AU U 552 wide HofTal %%
PAN 1322k} gkt Razie] Asal-go] Ads] Zhsirk=

= S 2=
F4E 4= Qi

ol BMv} A 7|A12 B4 ,]24 NS
/\L]—LE ug]. PAN 7] AFs kg 0 7 913t Ao
OlEM ARG T FH O el whel Wkt
AJEkA)o] ZH oA o] EE] B e /\11501]/K1,]
AJET G552 PAN/SWNTOA 71 @3 digdol] &2 Al °ﬂ
A1) B QPFIE, IR, toughness) oklE PAN/MWNTOA 7t
xl— tﬂ—/\l—ﬁ&h:]. O]HPH_E E]—/\L]—“t 1:1,] tflM—V]J%oﬂ}\-] MWNT=
SWNTEC} 1 71 Ho|2 o] 7Fsshn] HaAlftelxe] =& Al
2 Ao SWNTHTE 71 MWNT7ZF G241 218 & 4= 9l
QL G- AlEoM ] /33 PAN/RAVRE. Al e wHA
o &Eehs A}l A RH G *&EX‘%OH ofelf F= Ade
th= Ze & iek Ae d3e] e 57152 8 104
RIS = Sl ARAe] Hloldar = (7he: A9 ehahieie) Bt
FIAR] s Aol o] Folxl= RE 88| Holer) e Akge] 4
TE ReiEue] 8- (curvature) o] Aol T FERS WA He),
71 o= °f%3kaL k= conjugated §HAIARE Alo]e] vt =3}
(Dyram1dahzatlon) 2RE] AYEE =& vEY §=T ofxska 9l
= 89] conjugated TAYAFE Ale]2] n— @X]E vl (misali—
gnment) WEO]EP? o]k o]z 2k 279 Frr) & A4
9] e nlal gz ARgo] Bt Aslo] e ARg-e DWNT
S} MWNTHTF SWNTolA t] Fue|=]A] vepdth
2.3 Gel SpinningEl PAN/CNT {272
s A S 7] SlEidE A 348 9 AR

o 1o

S
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H 4. Gel and Solution Spinning Conditions, and Typical Properties
of Resulting PAN Precursor Fibers

Gel WAL £ WAL
PAN Molecular Weight (g/mole) >250,000 ~100,000
Processing Gelation Coagulation
Draw Ratio ~50 ~10
Tensile Strength(GPa) ~1.0 ~0.5
Tensile Modulus (GPa) ~25 ~10
Crystallinity (%) ~70 ~50
Molecular Orientation ~0.9 ~0.6

9] Yalo] TP A T4 Aol Al J:rx}
i 8 2(91%) o] Rojr|o] wigo] vre- wialTEE }
2tk KevlarTM 787 Spectra M9} & AR 1A N _L_HH
@] A 5 VERIGHAR 29] 3D, olgst i A o
AAe] S BB gel WAL 7S ARESto] Al 4= itk
Gel ®AR= ultrahigh molecular weight polyethylene (UHMWPE)
2] BAlel] AREEQI)E ARSI poly (vinyl alcohol) (PVA)
Sk gel WRFE AREB1O] HAR} 7hsst AoR LA § Tﬂr Gel A}
O] AL kg =& AR A e wal]ee HAassk
U= Holtk PAN AR5 gel AL AHE 1‘“52 T U= A
o= deA §ler} UHMWPEY PVATHS st A= o]Fo
| btk sHAIRE, BRAIRE] 92 AT Are] 240l aA 9
W= o) AT AR =8 1 XP HEFE) vhel & 5
Q31 1zlo)7] o),
e :TLZHO] A, Sk o
= ol 7k & ke wxlEd olest AFES A
A4 ﬂ]i | A== 740]“ AT ] 2730 'k
ol EAE A% O}——Eﬂ -9 FQ3F TS dith= 21e & < Atk
A, gel AP 1S 229 ATAE A7) Agt 7
Zlzolgtal & 4 givk #Al AR S
o] o AFARHE Az QU SAUYAL TS o] 8s
Az PANZ} gel WAk PANS| 72 9 JAS vwst d3s
H 4o Jehli=d) gel WARH PANO] £-HgA} PANRL} gH

N

T2 =L ke s X8 - 9= =

5, QL= 283 2A o] ae BolEth
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fibril containing oriented nanotubes covered with polymer. Figure on the right shows individual PAN molecules exhibiting high degree of order. These
highly ordered PAN molecules, a result of the presence of carbon nanotubes produce graphitic structure at rather low carbonization temperature

(1,100 ‘C) where PAN alone is not known to graphitize.®

H 5. Mechanical Properties of the Gel Spun PAN and PAN/CNT Fibers
at Draw Ratio of 51

Control PAN PAN/CNT PAN/CNT
(0.5 wt% CNT) | (1 wt% CNT)
Diameter (um) 20.8£0.2 19.6£0.3 18.7£0.2
Tensile Modulus (GPa) 221%1.2 25.5%0.8 287£2.7
Tensile Strength(GPa) 0.80£0.18 1.06£0.14 1.07£0.14
Strain to Failure (%) 74%08 7.2%0.6 6.8£0.8
Work of Rupture (MPa) 3519 418 39+8
Dnnuml Drive Unit.

Islands Sea
component  component

N

Nl ! e %

I

18! 4. Schematics of bi—component spinning setup (left), core—shell
(right top) and islands—in—a—sea (right bottom) geometry bi—component
fibers.®

Gel AP 1ES 0183+ PAN/ERALECRE Beligo) Axdn=
2182 wide angle X—ray diffraction (WAXD)-S AR&-8F 122
Aok gel AR A7E S Aol vlweiA 2 A%, o
@879 A A 52 RS 4 5 9k waPdE F
v (HR-TEM) & ©1851¢] PAN/EAU e 7H (1 wi% Bhavk
HEE) EEAGE B35 Ay anlgke §2 e FE7)E PAN O
Al SJ3l Hoidhi= 2 = 5 USICHAR 3). mgk v wijslo] 2
¥ 17247%4/32] PAN A%o] #=3lom A7) S 10 nm oV
22 o]i= PANZ} CNT Ale]of| 25 2kgo] Eoh= A YeRdh

Gel WK Ad-59) Q1541 B 50 eIt 1 wt%o) ¥4
LeiHe] 7ol oJaie] A2l §MdE0] 6.6 GPa F Fd(22.1
GPacllx] 28.7 GPa) H3om H34lr2o] o] #2191 ' &5 ARlat
7] 213l CNTE] vidkeg aefs)] & uf, o]22| 0= oj5H s
HOF AR §E glol ¥ 55 & 7 ATk o3RS v
FH &3t o3t RAkE ) 9o gatpeRE &5k 93 PAN 1L
AR EgHs L Sths 21s HofF= Aotk 8 304 K

DEXAED Jls A 21 92 3 20109 49

T2l 5. SEM micrographs of gel—spun bi—component fiber. (a) low
magnification image showing separation of islands fibers(PAN/CNT,
99/1) from islands—in—a—sea fiber after removing sea component
(PMMA), and (b) high magnification image of circled region from left
image showing separation of individual island fibers.®

12! 6. Scanning electron micrographs of carbonized (a) PAN and (b)
PAN/ CNT (99/1). The fibrils in (b) are carbon nanotubes covered with
graphitized PAN. These fibrils act as reinforcing entities in the carbon
fiber.®
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O WAL WIHL: o5 1= A A2 um ©13h B Alzehs
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g} AAle] 71%R B 5 9l ke Age) HElE RejF glrk
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Hlo] 1 AN e 47] 913 ARgE 1 gl a8l 5 3
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18! 7. High resolution transmission electron micrographs and schematic representation(a—c) of carbonized PAN/CNT(99/1). For comparison,
micrograph of carbonized PAN is also given (d). Figures (c) shows the presence of graphitic structure in the PAN/CNT based carbon fiber. Figure (d)
shows that under these carbonization conditions the graphitic structure is not developed in PAN fiber.*

(A) PAN

—— (i) 30 MPa
—— (i) 20 MPa
—— {iii) 11 MPa
—— (iv) 7 MPa

Normailzed Raman Intensity (a.u.)
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(B) PAN/CNT (1 Wt%)
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2! 8. Raman spectra for the carbonized (A) PAN and (B) PAN/CNT (1 wt% CNT) fibers as a function of applied stress during stabilization and
carbonization. Graphitic peak is observed in PAN/CNT fibers at about 1580 cm ™' (Figure B), however under comparable carbonization conditions,
graphitic peak is not observed in PAN (Figure A). The intensity of graphitic peak in (B) increases with increased applied stress during carbonization,

showing importance of stress during carbonization.”
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H 6. Tensile Properties of Carbonized Islands and Large Diameter
PAN and PAN/CNT (1 wt%) Fibers®

Diameter| Tensile Strength| Tensile Modulus |Strain to Failure|

(um) (GPa) (GPa) (%)
Sands PAN 0.8 32107 337£38 0.85%0.13
PAN/CNT | 1.1 45109 46341 0.96%0.23
Large-1° PAN 6.7 20104 302+32 0.68£0.04
PAN/CNT | 5.6 32104 450%49 0.72£0.05
Large—2 PAN 138 20102 265%23 0.63£0.08
PAN/CNT | 124 25102 342%16 0.75£0.04

Torayca™ | Reported 7 35 230 1.5
T300° Tested 40104 204£5 1.83+0.17

%Precursor fiber diameter ~2 pm, *Precursor fiber diameter ~20 pm.
“Commercial carbon fiber from Toray, Co. (Japan) —carbonization temperature
is known to be in the range of 1,300~1,400 C.
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12l 9. (a) Tensile strength and (b) tensile modulus of the carbonized
PAN and PAN/CNT (99/1) fibers as a function of cross—sectional area.*
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& 7. Structural Parameters of Carbonized Islands Fibers®

Carbonized Carbonized islands PAN/CNT
Islands PAN Peak 1 Peak 2
foo) 0.73 0.97 0.81
72(degrees) 37.3 6.3 32.9
d—Spacing oz (nm) 0.357 0.356
L(Oog)b (nm) 1.3 1.3
Lyo®(nm) 1.8 2.1

3Full width at half maximum from azimuthal scans of (002) plane. °Crystal
size from equatorial scan. “Crystal size from meridional scan.
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2! 10. WAXD 2D patterns and azimuthal scans of (a) stabilized (at
260=25.7°) and (b) carbonized (at 26=25.5°) islands PAN/CNT (1 wt%)
fibers.®
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