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Microstructure and Mechanical Properties of PAN Precursor-Based
Carbon Fibers Prepared via Hot-Water and Steam-Drawing Processes

%, %kt

Seungmin Yu®*, Hyun-Jae Cho™*, Sung-Kwang Kim**, Yong-Sik Chung**, Byoung-Suhk Kim

ABSTRACT: This study investigates the effects of different drawing processes on the microstructure and mechanical
properties of carbon fibers derived from the PAN polymer. Precursor fibers were produced either by hot water
drawing (HWD, draw ratio 8.25) or by applying additional steam drawing (SD, 2.5 bar) after intermediate HWD,
resulting in a total draw ratio of 11.5. All samples subsequently underwent identical stabilization, carbonization, and
graphitization to yield the graphitized fibers (HWD-CF/GF and SD-CF/GF). 2D-XRD analysis showed that the steam-
drawn precursor (SD-PF) exhibited superior (100) plane alignment, and after graphitization, SD-GF retained a higher
(002) orientation index (O.I. = 0.88) and a 40% larger L, than HWD-GE Raman spectroscopy further indicated
improved crystallinity and stacking order (lower I/I;, higher I,,/I;), leading to enhanced density and modulus.
Notably, although SD-CF initially showed slightly lower performance, it underwent significant structural development
during graphitization. These results highlight the critical role of precursor drawing history and demonstrate that steam
drawing is an effective strategy for improving the modulus of PAN-based carbon fibers.
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Mz WS UEE Ll L/lolA o 9458 542 1ar). ojeieh 72 ware Age] U W S E P4
o= ojojFom, A= EIF FAEH AU FAE S 53] €3} dA o Al = SD-CF| =4 o] thas Weten,
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[

o wo| A&ut B 2 wjkEsE dxje) A 19
59 Aol Kot A wE sl A=)
I 23 Az g ol A= (002)d o Aol gt
B3y vfjgFo] ZE) 1, o] in-plane Wk AAY =7](L,)
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2.1 AJSt o »y2

PAN 254 Al Y8 A% whaFA 2l acrylonitrile
(>99%, AN), itaconic acid (>99%, IA)= A4 3}3} (Samchun
Chemicals Co. Ltd., Republic of Korea)ol|x] Z1¢I5}o] Al-8-5}
K a1, JHA] A &2 2,2’-azobisisobutylonirile (>99.0%, AIBN),
Ab&E ol =A| &2 1-Dodecanethiol (>98.0%, DDM), -&ufj 2
dimethyl sulfoxide (99.9%, DMSO)= z}z} tj#s}s}
(Daejung Chemical Co. Ltd., Republic of Korea)of| 4] 5-¢15}
%ch PAN S8A= gz 8oz dojxian, dojzl
2314 9] HHFEAFE Mn~10° kg/mol, HE= 49.2 Pass 0]
tH15].

2.2 ElAMSO| X

WARBE: £ Q170 A8 PAN A7A] A9 54
AH(Wet-spinning) HF4] © 2 A 2 =] Q). 54 WAL 34
-$3118 (Coagulation bath), —r/\ﬂ:,Ul-(Washmg zone), 4=
Al (Hot-water Drawing, HWD), ¥l ] Xl(Steam Drawing,
SD) F7to 2 TAE] glom, A B AA| AT &
A HRA} A|AELE- 0] 85190 T) B L A] £11.8-2 55%2] DMSO
goloE THRAL, 44159 LEE OO §A3hHA
Abole B st Pabe 28 3ke] holedg 7H e
7} 0.05 mm A7 2] holeS 7[A|= = LA
A 4152 HWD-PF- 01418 2 §-sho] <ol 21 211)

QAEZEA] AAE A A2, A4 u AR 95°Ce] o
g Abgsto] maAL AL o] Hrehe] AUS w6t
o 5 W Al SD-PR= 27] @4 41S 3] Alzo)
W] W Seze] AAHIE AT H, F1H02 25 bare)
E3} 27|15 o] 83t A" ¢IAl(steam drawing)S 3§+
o= 2% QAE 1l Hfolth F Hfe] 25 Al
= 7h7F 85w, 115U ofefe] Al()e] ofa) A4t 2.

=

= L4 (1)

01714 D= QAAIE|S ofu|ste] vy WALlel o] & 241,
Vi 2% da2ee] SE2 gujgich s 240 A8
L Scheme 1] UElf Tt
AMZIHE: JA ZTA o] HWD-PE SD-PF= &3k
2 solAl R R A BYE AR AR A%
=) @it} oH A4 S} (Stabilization) F4-2 57| E{|7]ofA] A%
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== Hydrogen bond / dipole-dipole bond

o —=p

Hot water drawn PAN fiber (HWD-PF)

Z== o |

As-spun PAN fiber (AS-PF)

O

Hot water drawing zone (95 °C)

I Steam drawing zone (2.5 bar)

O === O

Steam drawn PAN fiber (SD-PF)

Scheme 1. Schematic illustration of the precursor fiber preparation process

A0 200°C, 220°C, 240°C, 265°C2] THA| A %
9027t A e]stict. ¢Het kR diae, ol A 7
710014 400°CHE 800°C71R]S] A2 3} (low-temperature
carbonization), 1400°C¢] 112  Et3S}(high-temperature
carbonization), 712|311 Ar 2§70l A 2600°C7}X] 2] Z-A5}H
(graphitization)E ¢x}24 o= 235ttt 12 &3l 39|
G = 7217 4 A4l BFAA G- (Hot-water-drawn Carbon
Fiber, HWD-CF)9} A8 AAl B4 A 9 (Steam-drawn
Carbon Fiber, SD-CF)Z W3} 0w, S AS7IA] ulzl &
T Afe 47 d4 d4 S A3 R (Hot-water-drawn
Graphitized Fiber, HWD-GF)9} A¥ o4 EAsAG
(Steam-drawn Graphitized Fiber, SD-GF)& 7|3} %it}.

( F}O
X fllo
B ol

ob

2.3 24

XRD 24: X-A 3" B4 (X-ray Diffraction, XRD) =74
2 tEFH XA 3H-EEA7](Multi-Purpose  X-Ray
Diffractometer, X'pert, Malvern Panalytical, Netherlands)&
o]-&3fl th& 2ol A =35ttt S EaLA} = A
&S AA ddsto] F219] viako] =5 gt 5 Kapton
& floll &2%aL, thA] Kapton BF o= Ho WEs}el
th o] % A HA|E 2% AH o] X (rotation stage)of| -2¢
a5, 29 124 360 17| A SAstech AR
9] A=A H3F HtSH(integrated diffraction)E -3
T, 24 e 20: 10-60° W90l A 2 Ralol BE519
o} o &= Cu KO\ = 1.5405 A)5 ARg3hlct. 242
2} W 7H7 2] (dy) = Bragg ¥ %) (2dsind = n\)& o] -3}
(002) 7 25k o} 2}, (100) T of 4 = 2E2Ho] 317 62 o
Asto] AtsEATE o1 7] 4 M= X412 mhgH(Cu-K,=1.5406 A),
= ZF Ao gt E 7 nd A4olTh16].

__mh
2sinB,,

Ikl 2

S Sobd ot S A9 24 7] (stack height:
L. Y crystallite width: L )&= Scherrer 4] (3)& o]-8s}o] 2}
o] EA4o gtA Atshlct.

__ K
BrricosOy

©)

(002)Ho]| tisljAl+= K = 0.89, (100)He]| tsljAl:= K = 1.84
= ARkl o714 M= XA 3 B 24 el &
A=l HEX]Z(Full Width at Half Maximum, FWHM), 6= 3]
A zfolt}[17].

2D XRD £4: AAlFA o wE 72 34 AF-9 vk

£ 2745}7] Yot 221 X-Al 34 B4 (2 Dimensional
X-ray Diffraction, 2D-XRD)2 t}&E 2 X-Al 3|A 47|
(Multi-Purpose X-Ray Diffractometer, D8 DISCOVER,
Bruker, Germany)©f] VANTEC-500 2D & %]7](2D detector)
£ Azfsto] #3Yskgich. PF 452 79 PAN9| (100) ¥
o] SR oF 17° B3, CEo} GRe] 79 ks 249 (002)
Aol st oF 25° Ftof 4] 9] 2} (azimuthal angle) 2
& ZI8gste] 2D XRD sffdlS &531%0th. S4% 2D XRD
shelo] A Bel®l 84 w]=o] EWHMS! Z gk o] g5to]

2 Al(4)0f thste] vldF Al4=(Orientation Index, O.L)&
Al4FsFATH18,19].

Z

o (4)
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OL=1-

Raman 24{: 2f7HEH4] (Raman spectroscopy, LabRam
GR UV/Vis/NIR, Horiba, Japan)2 514 nm || & o]-g3}
o BaAf-o S Fx ool 3 E At D WHE(~1350
cm ™)@} G W= (~1580 cm™) Q] 7w H] (Iy/1)= F+2 W 2
9 Bao] AE RS el AR ALS
59100, 2D W= (~2700 cm)e] EA 2 AT 2 ] %
(Ip/Ig)e 32 = -2 g A5 Uehfe Az &
&= ]l
AT AU EHEE B4 oAl T of uhE sshd i
A9 A H A ES S5 s A=
ZFA]E 7] (Linear Density and Tensile Tester, FAVIMAT+)

o] g5t T AT Z HAISHATE I = &
Al 210 cN9] 2 =AM (Load Cell)2 &-83}91 01, Ao]A
o] (gauge length)= 25 mm, HIAE £ 5= 2 mm/min® 2
o] ZA5 ATk AEG 204 ZAO| B3t GO <l
| SRS Pahelc,
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gradient column) & 2 =35} et HF A E& 2 ol
B3t 5, H& H-5 9]%|(equilibrium flotation position)E
Jeom 7t Hgel WES 38Y 24ele] Bagke ToIth

3.2 1t

Fig. 12 ®FA} 2% 4| (As-spun Precursor Fiber, AS-
PF), &= 14l 4| (HWD-PE), 28 A4l H+14] (SD-PF)
o] 2D-XRD %9}7} 270 2345 et o]t PAN A7
Aol (100)H 34 (oF 26 = 17° )2 whe} 92k ke
XA A BA=E S Ao R, va x| 23} P
£ Bl ARS Wakel tieh @A Ak vk S AT
Aoz Hrke 4= UtH20]. AS-PFE] 79, (100) 34 112
7 A izl A4 vl FUgt s UEtH, o=
A W LE2A AR HiRF T W AT e
AlARgEEE BEE, A4l 345 7% HWD-PEQ} SD-PFoj| A]
= (100)¥ 314 =7t Aw BFAERE gl F31
s 9 AL RolErh 53] SD-PES] A, (100
o) 4= £37h HWD-PRUTHE o £ A9sl 9%
wo glof, 28 A4l FAL B3 PAN Alzol 4%
oz nrk e 98-S o 4 otk ol 2A4ly] 8257}
%) % 91418k HWD-PFo]| B3], 27129l A8 elalo =
Z AAM] 11.574%] AAI3E SD-PFollA] A-f-5 W& 11
B Ak ekl Wk B0 2 Z/49SS ofn
shek. fokshe, A S o A2 (100)% wiaFA-S AS-
PF < HWD-PF < SD-PF &0 & 3}4}e] 9] 0 1], PAN AL
2 7o g uf 28 o4l FAo| Al Alze] ugE
2 Zojslsls o BRHL BRI 4 Aok

Fig 2= d42|S 471 % AR 84 G (HWD-CE SD-
CF)¢} S A3Hd-R-(HWD-GE SD-GF)ej tfjsf], 1231 (002)
A (F 20 = 25° F1)9] 2D-XRD ®}9|7} A7 AWE vl
gk Zojt). ©a} 9l S8t a5, 20 = 17°0 4 1]== ¢l
O] A1, T A E B (002)H 3|d 17t EREA B

AS-PI
——— HWD-PF
SD-PI

Intensity (a.u.)

90 4* 0 4.5 20
Azimuthal angle (°)

Fig. 1. 2D-XRD azimuthal scan profiles of precursor fibers (AS-PF,
HWD-PF, and SD-PF) prepared by each drawing process

w]o), ol elgt ATk P T Upeh b $AS TR (pre-
graphitic structure)® = o] PAN A{A|¢] CN Aglo] 11
25}7} o ol WA C-N Ao 2 wWake Ho| 7] 2l
AolcH21l. Egh 7 314 Ao M9 AR o 4%
H eS Hof T FE0] A S FdskA 2
Re= UEbdTH22]. viF A =5 ARt iRk Al S A
HEH, T3 @A o4 HWD-CF= ¢ 0.76, SD-CFi=
o 0782, ¥ Q141 4197} ke o e wabAeg n e
CH(Table 1). o= A7) bAoA 2] 1} AL w4
L7} ghe}l $o| JA Bt A5 o], SD-CFoj|A] A W
A4 729 (002)Wo] HWD-CFR T} 445 o2 n

m— WO
SDCT

== = HWIkL
S1-G3l

Intensity (a.u.)

/"\‘.;
RSN s
=) --;.‘ lfl -l-.‘ L1}
Azimuthal angle (°)

Fig. 2. 2D-XRD azimuthal scan profiles of carbon (solid) and
graphitized (dash) fibers derived from each drawing process

10 20 30 40 50 60

HWD-CF
SD-CF
3
=
3‘ m
.g 'l ' 2
g —— HWD-GF
E
W-. "\\v‘!; ;v
——SD-GF
/\
e W e
10 20 30 40 50 60
26 ()

Fig. 3. XRD patterns of carbon and graphitized fibers (HWD-CF,
SD-CF, HWD-GF, and SD-GF)
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Table 1. Structure parameters of carbon and graphitized fibers
(HWD-CF, SD-CF, HWD-GF, and SD-GF)

d d L L
SAMPLE (Xi (}SJ (m;) (m;) O.L
HWD-CF 3.626 2.030 1.259 3.601 0.76
SD-CF 3.508 2.046 1.344 3.343 0.78
HWD-GF 3.454 2.084 3.913 7.502 0.86
SD-GF 3.455 2.089 3.805 10.63 0.88
oF eSS A, S 2 7

A Al Hﬂﬁbﬂﬂ—rﬂ L 37 Asste], HWD-
GF= 0.86, SD-GF+= 0.889] 32 YElWTh 112 A8 &
E3 A& el AA L X ko] = H 7124, SD-GF7}
HWD-GFE T} o] A3] =& wjgkdL &x5t1 Qth. =, A
Y AAS B de 2] AT Y $5a wjgEol HE
SAYGOIME QY BB BEE ), ATH o2 5]
Ao A5 BYcte FFoz WP v &
AN 01 ot

Fig. 32 HWD 4! SD 34 7|9ko & #|=% HWD-CE SD-
CE, HWD—GF, SD-GF2] XRD #j|&-& Hoj&r}. g3 oA
(14007T)2] XRD sf&lof A= oF 24-25°F-of| A ¢ 7] 4]
w9l (002 3] W=7} vl wa) e G paks)
™, of 43-45°FLLof A<= (100/110)Hof| s == m]efdt 3]
A #3271 gl o] 23 A= 1400T T35} Aerke
2= oH8] 1 A2 (d-spacing)7} 231 A 27|17} &
o}, Lre A3} Abej| ¢S vtadsitl. HWD-CE SD-CFe] 1
Bl& H| a5, SD-CF9] (002)H 3] 137} HWD-CF ¢

o7 :_T‘L o)%3}al, 13 Zo| thh FolR AL E

1—5« H A A7 gk dARAM ¥ A2 S
2 m o 2 29Y 2718 A0, Ao B4
| ézé% AAFRICE. SFE, S8k 2] XRD 9| of A
£ (002 3" w37} oF 25.5-26° BLOE AAF| 0%
SHA 93 w7} 2] Z7Fa Ho| A Fob

Fo Zrh =3 43°F oA YEhE (100)d v Ak
eFobd ol wls Sl A, Al S At A oA A
Z7F AutrAd o 2 "hahalo-9 3013k 4= Itk [23]. HWD-GF
o} SD-GFe| sfjel & vws, = Al= B (002)d v|= 9

A 9F mefo] FASHA e, ol A2 SASE F3
T B AzIek 8 YL} IR S ol

©-2 olu|sict. 1 (100)H 3] u]=.9] 9, SD-GF
7} HWD-GERE A0 Lo 8 4ot Aue 3
Bl YEH, o]= SD-GFollA B i A4 o] ¢
S9ke HolZeh AT 02 G} vhA|o] 4 SD-CRr}
HWD-CFXt} of7t B 2 AA3te S B, S8t o
A 7 A= B k2 2 A SD-GFof|A]
£3) Bl g A% AFL)0] 8BS FEelA vehd A
o2 s,

5

4
;;O
g

A cH L), lﬂJ— (002)“54 HH
N& &, 28 A4l o] AR vlAlExRe vlX]
Y= AFH R HILekTh A, T3 dA oA =
SD-CF2] d,,,7} 3.508 A= HWD-CF?] 3.626 ARt} Zlo} 21

o] A3 AL & 5 k. o|e} &

Ale]l SD-CF9] L= 1.344 nm& HWD-CF(1.259 nm) .t}
AA, 28 AA AR7E R Al O O SR A5 A
= B%ES Hoient i g o 249 A7) L2 4
O

HWD-CF7} 3.601 nm, SD-CF7} 3.343 nmZ 3|8
HWD-CFel|A] 27k o] 2 Zh& Upehict. o] uajat zho]
&3} A o= T AR 7t L, gro] 2 Zol7t gAY =
g o2k A = A AA] Al WA el mhE 27]

T4 2Zpo|7F LR 2 Lof HitA 2 (d002)°ﬂ Elacihapel
= AR gt St DA = F Alm B AR
F27} 2A wgdsto] HWD-GFQF SD-GFQ] d,, 7} 22t
3.454 A, 3.455 Az 744 5] L& 4Z(F 3.45 Ay7tA| 7t
43t ol 2600C 4% S 8 F A BF S
7t 2HA 0] AA| FobA o9l 517k(3.354 A)ol| 5t
dom, 28 dAle] 7 avks S A AMdol= Algt
o)L om|gict. L, 9A] HWD-GF 3.913 nm, SD-GF
3.805 nm= o7} ZA| ket Wb Lo A= 5318 2}
o7} Yreh, SD-GF7F 10.63 nm=z, HWD-GF(7.502 nm)}
o} oF 40% o]AF & z}o|E UL o] AE HAl A
o] Wl el AHY Yol Foluld FFL vIHSS
HojZl dlX Ang, AL o] 538k AlS widko] &
S5t A o A L, Aol A 7] of8h &S Al Ak
] Hj3FE <IA] HWD-GF 0.86, SD-GF 0.88% SD A] &7}
FA, F G B SASE 0l B vidEs g
3-11:} forstd, A8 Al dfe A} Foll= 4
146 die] o 2 Le) ot o] & (0027 e] wigE
Ak ot Lot 211AE] SHoAE 2 ol &
B3}, ol ATA| L] A W AAlo] Zst 33
F2 e g ) 4] slofshl, Lo 9 5
3 e dxje] Lol o3 & AHjES Ak

Fig. 4(a, b)= 22 ©@obd(a)2t SAsHd#(b)¢f =het
AHEZS HojZrt, HWD-CE SD-CF 25 DHlE (9F 1350
em™)eF GEHE(F 1580 cm™)7} F-5lo] 2| v, DY =9}
Gi= o] A w3 A7) vl&(p/l)= S8 24 W 23
= 5 S-S AFHeR vud o ik HWD-CF
9] AL I/I; = 1.07=2 18t} 25 & 712 ®Ho|d, SD-CF=
I,/I; = 0.992 HWD-CFXt} tha 3o At 28 Lelll
o} o] A" <Al 47 vt BAoA Ajo] tha 7
A5 ghao] sp? F20] WA ETL EoHSS oJulsu, oF
A XRDoJ|A B L 571 B dyg, 4 3 LA g
H HWD-GE SD-GFoJ A= = A8 25 GEEY} o

Nl

Hir

o

™ 9 O rﬂozjg*
40 f*
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(a) I:;""\I f,-{ HWD-CF (b) G ;Ii\.'llzl-lll

SI-CF

Ilg ~ 057 Lo/l - 0.64

3 \ |
z \ 107

e P i

009 N Iyl ~048 J| Lo'la ~ 0.52

e R

1000 1500 2000 2500 3ooa 3500
Raman Shift (cm™)

Intenstiv (a.u.)
-~
Intensity (a.u.)

S00 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)
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(b) prepared from HWD and SD precursors
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