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$EVWUDFW

5DPDQ VSHFWURVFRS\ KDV EHHQ XVHG WR LQYHVWLJDWH WKH VWUXFWXUH RI FRDO WDU SLWFK KHDW�WUHDWHG XS WR �����& E\ XVLQJ
����� QP $U LRQ ODVHU OLQH� )RXU FULWLFDO WHPSHUDWXUH UDQJHV ZHUH IRXQG RQ S\URO\]LQJ FRDO WDU SLWFK� ZKLFK FRUUHVSRQG
WR IRXU GLVWLQFW SURFHVVHV IURP GLVRUGHUHG FDUERQV WR WKH ZHOO�RUGHUHG JUDSKLWH VWUXFWXUH� 7KH UDQJH RI KHDW WUHDW WHP�
SHUDWXUH �+77� EHORZ �����& FRUUHVSRQGV WR JDV HYROXWLRQ GXULQJ WKH S\URO\VLV RI FRDO WDU SLWFK� $ERYH WKH +77 DUH
FRUUHODWHG WR UHDUUDQJHPHQWV RI HQODUJHG PROHFXOHV� JURZWK RI WKH PROHFXOHV DORQJ WKH GLUHFWLRQ RI SODQH� ILQDOO\ VWDFN�
LQJ LQ WKH QRUPDO GLUHFWLRQ RI WKH SODQH� LQ WKH UHVSHFWLYH +77 UDQJHV RI ���������� DERYH ���� DQG ����������&�

.H\ZRUGV � &RDO WDU SLWFK� 5DPDQ VFDWWHULQJ� &DUERQL]DWLRQ� *UDSKLWL]DWLRQ

1. B �

CF¾ Cê �~ zC ê²¶öf Ã~, ºÂ, �ª�, �

~ �~ ;BO»j �ö �
 �®î~ z�öò� �Ï>�

®b�, ;B ¦Öb� áÚæº 7îF¾ u~º ¸f êz

>N" �N FÿW, &&Ï �~ Ö>� ßWb� �� ê²

Òò~ 7º� *�Ú Òò� ÒÏ>� ®
[1, 2]. u~º »

�OË� z�bj " �Ïb� ~º 
·� ª¶ï ª�~

ª¶ ÷�Ú b�b� ��Úrb�, �ç êz";j �ö z

�Êz �
. ��� u~ �f ¸f FÿWb� �� ¢;;

�¢ <º ê²Òò¢ W;� r, W;ËK� ÎÚææ� �

çêz";j �� z�Ê¢ j�� ÒÏ~�, u~¢ :�z

� �Ï~� 1300oC ;êöB êz, 3000oC ¦"öB w�z

~� �� w�Ò �b� ÒÏ>� ®
. �f ?� u~¢ :

�z� �Ï~º ãÖ, �N FÿW" ¸f êz>N �Ò�

Ôf &Ïf 
Ï'� �öB 
Ö FÏ� 6b� ��>Úæ

� ®
. ��¾, 
·� �ª¶ êz>²~ �Ç� b�b�

��Úê u~¢ BB~ ª¶ �b� ªÒ, ßWz, ï&~º

©f 
Ö ÚJÚ 6b� æ'>� ®
. 

�", .�& 7ö 5 ¦ÂV~ B*, ¢Ê6 ��V~ ê�,

Ö>� 7�jV �~ BB" �þ ¢ò ª7ªCö ~� V

.��f wÏ� �B~² ê¯>� ®
. ¢ò ª7ªCf ª

¶ Ú ö¶�~ V~¾ z�Ö� ;� �j "6~² >'~

æ� ª¶�� ªCö �² wÏ>� ®b�, �ò~ j2Z,

j7/ G; 5 in-situ, in-vivo ç�öB ¶£² ªC� > ®

º ßû� ®
. ê²Òòº �Û öò FVb� �ª�� ê

ê² ��~ ö²¢ OÂ~� ê² �FN� ¸f �Ú� B


. V¢B ö²ç~ ßû� ì�, ¢>'� ö² ªC»b�

º áÚæº ;�ï� �;>Ú ®
. 6� �� Òòö 'Ï

W� ¸f FT-IRê ê²Òò~ ãÖº *¶ Â�ö ~� �>

& 
 ªC O»b�º Î"'�æ á~
. �©ö j� ¢ò

ª7ªC~ ãÖº, ê²Òò ��ö "6~² >w~æ� X-

ray ²., *¶*�ã �" �þ ê²Òò~ Î��æö &�

FK� ï&>�~ ~¾� ��>Úæ� ®
. 6� ¢ò ª

7ªCf 7�*�ãj �Ï~� .�^ 7j �ò~ ß;¦

ªö �Ò~º O»j ÒÏ~� �*ª�Ë� 1 µm ;ê~ �

²¦ª~ G;� &Ë~�, optical skin depth& £ ~600ç(Ar-

ion laser, λ = 488 nm~ ãÖ) ;ê� Ôj ��;�ö �® "

6� >wj ¾æÚº ßû� ®
.

� ��öBº BÆÖë~ ¦Öb� �Ö>º �æ� u~

~ ê²z, w�z ¾Òö V� ¢ò ª7ªCö &�B ��

~�¶ �
. ê²/ê² ��Òò(C/C composite)Ï :�z u

~f ê²RF~ Ö>� *�Ú Òò� �Ï>º � æ� u

~~ ê²z, w�z ¾Òö V� ��' ÎîVçf �«B

®~ WËËçö �² �ò� ©b� �'B
. 

2. 
 þ

� 
þö ÒÏB öò�º ;Ö Cêz�öB B�B �z

6 110oC~ � æ� u~¢ �Ï®
. öò u~ö ��B 1

N Z¦Ö ®Ï Wª(primary quinoline insoluble)f tetrahydro-

furane(THF)j �Ï�B ÏB ªê»ö ~� B�B �z6

85oC~ THF &ÏWªj �¾Ò®
. �¾Ò O»b�º

1000oC �~~ ãÖº Ar ª*V~öB *V�¢ �Ï� ª

� 5oC~ ßN ³ê, Fæ�* 60ªb� ®
. w�z ¾Òº,

&DUERQ

6FLHQFH



5DPDQ 6SHFWURVFRSLFDO (YDOXDWLRQV RI &DUERQL]DWLRQ DQG *UDSKLWL]DWLRQ RI &RDO 7DU 3LWFK ��

1000oCöB �¾ÒB �ò¢ w� &��¢ �Ï� Ar ª*

V~öB 2000oC �~~ ãÖº 60ª, 2000oC �ç~ ãÖº

30ª* Fæ�B w�z ®
.

¢ò ª7ªCf 2Ë 514.5 nm~ Ar-ion .�&¢ �Ï®

b�(Renishow Image System 1000, U.K.), .�&ö ~� �

¾Ò Î"¢ b~V *� 2òº 5 mW¢ ÒÏ®
. S/N j

(signal/noise ratio)~ Ëçj *� 3² scanj ¯®b� back

scattering O»ö ~� �çê 2 cm−1~ ¢ò Ê¿Þ"j á

î
.

3. Ö" 5 �V

Ö;� ( )ö ³~º �Ö; w�~ ãÖ, V&>º êÿ

Î�º � (1)" ?b�, 2B~ Raman 5 IRö �W� êÿ

Î�& �Ò�
[3]. 

(1)

2E2g1 Î�º ~42 cm−1 ¦"öB £� b�¢, E2g2 Î�º �
7 ê² ö¶¢Ò~ ;� �Ú �»êÿö ~� b�¢
~1580 cm−1 (G-band) ¦"öB ¾æÞ
. Z;; ê²~ ãÖ,
1360 cm−1 (D-band) ¦"öB broad� b�f 1620 cm−1 (D'-
band) ¦"öB shoulder b�¢ ¾æÞ
[4-11]. �f ?f b
�º ê²Òò~ ��' Ö�, ¯ w�Ö; ��~ ®j*W
5 F�~ Ö;�Vö V�� ©b� �C>Úæ� ®
. ß
®, 2N '� (second-order)~ ãÖ, ~2440, ~2720 (2D), ~2950
(D+G), ~3240 (2D'), ~4320 (2D+G) cm−1~ b�º 1N '�
öB B�� b�~ overtone 5 combinationö ~� b��
�*B
[3, 10]. ¢ò ª7ªCö ~� ê²Òò~ ���C
O»b�º ¢ò b�~ *~(D-, G-, D'-mode), b� >'�
(Half Width at Half Maximum intensity, HWHM), b� j
(R=ID/IG) �j �Ï� 
·� 2¢zæ& Bn>� ®
.

Fig. 1" 2öº �Ö; w�~ êÿ Î�f �~ j* w�

Ö; ��¢ <� ®º HOPG (highly ordered pyrolytic

graphite)~ ¢ò Ê¿Þ"j ¾æî
. sp2 Ö�~ HOPG~ ã

Ö D-bandº &G>æ pb�, w�~ Ö; ���¦Vê &

V>æ pº Î��
. �f ?f D-bandö &� �Cf Ö;

edge�ö ®ÚB *&� Î�[5], 2>ÇV(wave vector)~ F

�W~ vÞ�öö ~� ªÖ�F~ ß�6~ V�[4, 10] �

Ò� 
~OË� z�b~ b�bö ~� 'Ëb� �C~�

®
[11].

Fig. 3öº �¾Ò Nêö V� � æ� u~~ ¢ò Ê¿Þ

"j ��®
. �¾Ò Nê& Ã&�>� D-band (~1360

cm−1)~ b��" ;ê& 6²~�, G-band (~1580 cm−1)~ ã

Öº b��~ 6²f ;ê& Ã&~º ©j " > ®
. 6

�, 2000oC �çöB �¾ÒB �ò~ ãÖ, 1620 cm−1 ¦"

~ D'-band& «{~² ªÒ>º ©j " > ®
. �©f �

¾Òö ~� w� êz�(Domain)~ WËö V�� F�~ w

�Ö; 5 ¢òÖ¦ö ®ÚB 2>ÇV~ F�G� 2Z>Ú

KÞ0ö ~� 1620 cm−1 ¦"~ phonon~ ç�&êö V��

©b� �'B
.

Fig. 4öº �¾Ò Nêö V� 2N '� (second order)~

¢ò Ê¿Þ"j ¾æî
. �¾Ò Nê& Ã&�>�

~2720 cm−1 ¦"~ peak& B�~º ©j " > ®b�, �¾

Ò Nê& 1500oC �ç~ '�öBº ~3240 cm−1 ¦"~ b

�& B�~º ©j " > ®
. �©f D'-band~ overtone

(1620 cm−1Ü2, 2D')ö V�� ©b� �'B
. * �¾Ò N

ê '�öB ��º ~2950 cm−1 ¦"~ b� �� D-band 5

D'-band~ combination (~1360 cm−1 + ~1620 cm−1, D+D')ö V

�� b�� ¢>'� ê²Òò~ �¾Ò ";" jÝ� ãË

j ��� ®
.

¢ò Ê¿Þ"b�¦V ;{� ;�¢ áV *�B ÒÏ>

º O»b�º N(A)Ê¿Þ"" �N�ªÊ¿Þ", 
2b+

(Curve fitting)O» �� ÒÏ>� ®
. ��ö ÒÏB 
2b

+O»f G;B ¢òÊ¿Þ"j 2N �ªj ¯~� Z�>¢

;~�, Lorentzian O»b� êÖB Ê¿Þ"" G; Ê¿Þ

""~ N& �²& >ê� >� jF; �²�ß»j �Ï~

� b+~&
. 

D6h
4

Γ=A2u IR( )+2B2g+E1u IR( )+2E2g R( )

)LJ� �� =RQH�FHQWHU RSWLFDO PRGHV IRU JUDSKLWH� )RU WKH LQ�SODQH
PRGHV �(�X� (�J�� DQG (�J��� RQO\ RQH RI WKH GHJHQHUDWH SDLU RI
PRGHV LV VKRZQ� 7KH F�D[LV PRGHV �$�X� %�J�� %�J�� DUH QRQ�
GHJHQHUDWH� 7KH ]HUR IUHTXHQF\ DFRXVWLF PRGHV �(�X� $�X� FRUUH�
VSRQG WR SXUH WUDQVODWLRQV DQG DUH QRW VKRZQ >�@�

)LJ� �� 7KH ILUVW�RUGHU �D� DQG WKH VHFRQG�RUGHU �E� 5DPDQ
VSHFWUD RI +23*�
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Figs. 5f 6öº 400oCf 2000oCöB �¾ÒB �ò~ ¢ò

Ê¿Þ"j Lorentzian O»ö ~� b�ªÒ Ö"¢ ¾æî


. 400oCöB �¾ÒB u~~ ãÖ, 1N '�öBº

1150 cm−1, 1245 cm−1, 1355 cm−1, 1440 cm−1, 1578 cm−1 5

1603 cm−1 ¦"ö b�& ªÒ>º ©j {�� > ®î
.

1150 cm−1f 1245 cm−1 ¦"~ b�º î²z�b" º~ >

²ö V�� b�� �'>�, ~1360, ~1578 cm−1 ¦"~ b

�º ê²Òò~ ��ö V�� b�� �'B
. 1440 cm−1

¦"~ b�º ¾öV~ C-C breathing Î�, 1603 cm−1~ ã

Ö ¾öç~ �Ú C-C stretching Î�ö V�� ©b� �'

B
. 
~OË� z�b~ ãÖ 1600 cm−1 5 1300-1400 cm−1

¦"ö ~~ �Ïêÿö ~� ¢ò Z�& {�>Úæ� ®


[11]. 1600 cm−1 ¦"~ Z�º jv' B>� ~~ C=CÖ�

~ �»êÿ, 1300-1400 cm−1 ¦"~ ãÖº ~~ breathing Î

�ö V�� Z�� �C~� ®
. ¯, ôf «~~ 
~ O

Ë� z�b� �WB u~ �f �¾Ò Nê& Ã&�>�

~~ WË" �þ ~~ >»(breathing mode)ö V�� Z�

~ B�� ÚJòê
. V¢B 1600 cm−1 5 1300-1400 cm−1

¦"~ side Z� �� Ò¢æº ©b� �'B
. 2000oCö

B �¾ÒB u~~ ãÖ 1N '�öBº ê²Òò~ *;'

� b�¢ ¾æî
. ¯, ~1360 cm−1" ~1620 cm−1 ¦"~ b

�º ê²Òò~ ��' Ö�ö V�� D- 5 D'-band¢, �

Ò� ~1580 cm−1 ¦"~ b�º w���ö V�� G-band¢

¾æî
.

2N '�~ ãÖö ®ÚBê, 1N '�öB B�� b�~

overtone 5 combinationö V�� ©b� �'>º b�¢ {

)LJ� �� 7KH ILUVW�RUGHU 5DPDQ VSHFWUD RI FRDO WDU SLWFK DV D
IXQFWLRQ RI KHDW WUHDWPHQW WHPSHUDWXUHV IURP ��� WR ����R&�

)LJ� �� 7KH VHFRQG�RUGHU 5DPDQ VSHFWUD RI FRDO WDU SLWFK DV D
IXQFWLRQ RI KHDW WUHDWPHQW WHPSHUDWXUHV IURP ��� WR ����R&�

)LJ� �� 7KH /RUHQW]LDQ FXUYH ILWWLQJ UHVXOWV RI FRDO WDU SLWFK
KHDW WUHDWHG DW ���R&� ILUVW� �D� DQG VHFRQG�RUGHU �E� 5DPDQ
VSHFWUD�

)LJ� �� 7KH /RUHQW]LDQ FXUYH ILWWLQJ UHVXOWV RI FRDO WDU SLWFK
KHDW WUHDWHG DW ����R&� ILUVW� �D� DQG VHFRQG�RUGHU �E� 5DPDQ
VSHFWUD�



5DPDQ 6SHFWURVFRSLFDO (YDOXDWLRQV RI &DUERQL]DWLRQ DQG *UDSKLWL]DWLRQ RI &RDO 7DU 3LWFK ��

�� > ®î
. ¯, �¾Ò Nê 400oC~ ãÖ, 2554 cm−1

(~1245 cm−1
Ü2), 2710 cm−1 (~1355 cm−1

Ü2), 2822 cm−1

(~1245 cm−1+~1578 cm−1), 2940 cm−1 (~1355 cm−1+~1578

cm−1) �Ò� 3185 cm−1 (~1603 cm−1Ü2) ¦"ö b�& ªÒ

>º ©j {�� > ®î
. º~z�bö ~� b�º �¾

Ò Nê& ¸jî>� Ò¢æº ©j " > ®î
. �¾Ò N

ê& 1500oC �ç~ ãÖö ®ÚBº º~ &ª¶ z�bö

~� b�¢ &V� > ìî
.

Fig. 7f u~~ �¾Ò Nêö V� D-f G-band~ *~¢

¾æî
. �¾Ò Nê& 1000oC �~~ ãÖ D-, G-band b

� *~& �"2 ãb� �ÿ®b�, 1000-2000oC~ Nêº

*öBº D-, G-band Îv &"2 ãb� �ÿ®
. �¾Ò N

ê& 2000oC �ç~ ãÖ D-band~ b� *~º �"2 ãb

�, G-bandº &"2 ãb� �ÿ� ©j " > ®
. 1000oC

�~~ �¾Ò Nê '�öBº, ê²��~ �«ö²~ ê�

OÂ, ß® î>², îÖ², îî² >w �~ ê²z .V�

ê~ 'Ëb� �'B
. �¾Ò Nê 1000oCöB 2000oC Ò

�~ ãÖº ê²zö ~� ª¶��~ ÒV� 5 2000oC �

ç~ ãÖº w�z~ 'Ëb� �'B
. 6� 2500oC �ç

~ ãÖö ®ÚB G-band~ *~ æz& 'f ©f 3Nö'

w���~ B�ö V�� ©b� �'B
. �f ?f *ç

f z�¾�Ê u~ê ê²RF~ �� ªCöBê BÒ� >

®
[9]. �¾Ò Nê 2500oCræº Â[��(turbostratic

structure)~ ßWj ¾æÚæò, 2500oC �ç~ NêöBº w

�Ö;~ j*Wö "7~º ©b� �'B
.

Fig. 8öº G-band~ >'�j ¾æî
. ß® 1000oCræ

º G-band~ >'�� Ã&®b¾ �¾Ò Nê& ¸jî>�

>'�f 6²~º ãËj �&
. ß®, 2000oC �ç~ Nê

öBº G-band~ >'�� �~ ¢;� 8b� n;>º ©

j " > ®
. ��� *çf w�z ¾Òö ~� 3Nö' w

���~ ÒV�ö V�� ©b� �'B
.

¢ò Ê¿Þ"j �Ï� '« ê²Òò~ w�zê ï&O

»b�º G-Z�ö &� D-Z�~ 'ª ç&;êj, R(ID/IG)

)LJ� �� 7KH '�EDQG �D� DQG *�EDQG SRVLWLRQ �E� RI WKH FRDO WDU
SLWFK DV D IXQFWLRQ RI KHDW WUHDWPHQW WHPSHUDWXUH IURP ��� WR
����R&�

)LJ� �� 3ORW RI WKH *�EDQG +:+0 RI WKH 5DPDQ OLQHV IRU FRDO
WDU SLWFK DV D IXQFWLRQ RI KHDW WUHDWPHQW WHPSHUDWXUH IURP ��� WR
����R&�

Fig. 9. Plot of the intensity ratio of the disorder-induced line at
1360 cm−1 (D-band) to the Raman-allowed line at 1580 cm−1

(G-band) vs. heat treatment temperature (HTT) of the coal tar
pitch. On the right scale, the intensity ratio R is related to the
crystallite size La using the results.
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8� 7º*~² �Ï>� ®
. ��¾ R 8f �V2Ë"

G;��ö �² 'Ëj Aº ãË� ®b�, R 8" X-ray¢

�Ï�B áf Ö;¶~ �V La 8j ç7 jv~º ©f ô

f "~¢ º�
. Fig. 9öº u~~ �¾Ò Nêö V� D-

f G-band~ ç&;êj, R8j ¾æî
. ç&;êj, R~

ãÖº w�zê& ¸f '�öBº X-ray� �� Laf >j

f &ê& ®º ©b� rJæ� ®
[5]. Knight f White �

f '« ê²Òò~ R8ö ~� La 8j �� ãþ�j � (2)

f ?� Bn~� ®
[12].

La = 44/R (ç) (2)

�âö ¾æÂ :f ?� �¾Ò Nêö V� u~��~ æ
z¢ 4B '�b� �ª~� �'� > ®
. 1000oC �~~
Nê '�öBº &ª¶ï bî~ ê� OÂö V�� '�b
� 1000oC~ ãÖ Ö;¶ (La) �Vº £ 30Å ;ê� B� ;
ê& 
Ö �£� ç�� ©j r > ®
. 1000oCöB 2000oC
~ Nê '�öBº La~ WË�
º ê²zö ~� ª¶��
~ ÒV�ö V�� '�b� 2000oCöB~ La~ �Vº £
65Å ;ê� B�~&b¾, 2000oC �ç~ Nê'�öBº w
�zö ~� /Ï� La~ WË'�b� �'B
. ß® 2500oC
�ç~ Nê'�f 3Nö '[ ��W~ B�ö ~� w��
�ö~ 7"b� �'B
.

4. Ö �

�ç~ 
þ Ö"�¦V 
r" ?f Ö�j áî
.

*;'� �w�zW ê²Òò� � æ� u~~ ê²z, w

�z ";f, 
r" ?� �² 4B~ ß; Nê '�b� �

ª>Úæº ©j ¢ò ª7ªCj Û~� r > ®î
.

1. 1000oC �~~ ãÖº &ª¶ï bî~ ê� OÂ �ê, 

2. 1000oC-2000oC~ ãÖ ê²zö ~� ª¶ ÒV� �ê, 

3. 2000oC �ç~ ãÖ Ö;¶(La)~ WË �ê, 

4. 2500oC �ç~ ãÖº 3Nö '[ ��W~ B� �ê.


·� �ª¶ êz>²~ �Ç� b�b� ��Úê u~

�~ ê²z, w�z �ÿf ÂBbî~ �WWªö �² ~

�~æ� ÏB ªêO» �ö ~� ª¶ï ª�ö V� ê²

z, w�z ��ê �� pf ��&çb� �'�
.

^�^ò

[1] Þöæ , “¶Áfè��”, p.17, ðQ�g��Ã, ��,
1986.

[2] òÀô, “¶Áf9~�3��”, p.49, Co3Þ, ��,
1990.

>�@ 'UHVVHOKDXV� 0� 6�� “*UDSKLWH )LEHUV DQG )LODPHQWV” � YRO�
�� HG� E\ 0� &DUGRQD� S���� 6SULQJHU�9HUODJ� %HUOLQ� �����

>�@ 1HPDQLFK� 5� -�� 6ROLQ� 6� $� 3K\V� 5HY� ����� %��� ����

>�@ 7XLQVWUD� )�� .RHQLJ� -� /� -� &KHP� 3K\V� ����� ��� �����

>�@ 9LGDQR� 5� 3�� )LVFKEDFK� '� %�� :LOOLV� /� -�� /RHKU� /� -�

6ROLG 6WDWH &RPP� ����� ��� ����

>�@ (QGR� 0�� .LP� &�� +LUDRND� 7�� .DUDNL� 7�� 1LVKLPXUD� .��

0DWWKHZV� 0� -�� %URZQ� 6� '� 0�� 'UHVVHOKDXV� 0� 6� -�

0DWHU� 5HV� ����� ��� �����

>�@ .LP� &�� +DNDPDGD� .�� (QGR� 0� &DUERQ ����� ��� �����

>�@ (QGR� 0�� .LP� &�� .DUDNL� 7�� .DVDL� 7�� 0DWWKHZV� 0� -��
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