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Abstract

It is well known that the fabrication process of carbon/carbon composites is very complex. Above all, the carboniza-
tion process have major effect on the morphology development of carbon matrix. Carbon/carbon composites of 4-direc-
tional fiber preform were fabricated using the coal tar based pitch as a matrix precursor in this study. According to
carbonization pressure of 1 bar, 100 bar, 600 bar, and 900 bar, morphological changes of cokes and matrix of compos-
ites were discussed. As the carbonization pressure increased to 600 bar, the flow pattern morphology of bulk mesophse
was well developed. On the contrary, mosaic pattern morphology was found in case of 900 bar of carbonization pres-
sure. It is confirmed that the carbonization pressure have profound effect on the degree of graphitization and crystal size
of carbon matrix. Even in the highly densified carbon/carbon composites, large voids were still found in the matrix
pocket region.
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1. B �

ê²/ê² ��Ò(carbon/carbon composite; C/C)º ê²V

æö ê²RF& �;B Òò�V r^ö w�� <º �'ß

W" ê²RF& ¾æÚº �ÚÂ Vê' ßWj ÿ�ö ²F

� Òò�
.

V¢B j�W ª*VöBº 2500oC �ç~ NêöBê ç

NöB <º ¸f j;êf j;Wj �&� Fæ~�, Ö>

� � *êêf Ôf �cc �ÿb� �ÏÏ &�W� &Ë

�ÚÂ Òò�
[1, 2].

¢>'b� ¸f ;Wj ��º Òòº �Wj <º� j�

ê²/ê² ��Òº ¸f ;W" Òò Ú¦ö �Ò~º �^

V� 
ö ~� �Wj �þ æî� ®b�, pseudo-plastic 2

Z�ÿ" Ú £®Wj ��� ®
[3, 4].

��� Ö>� ��' ßW r^ö � Òòº ¸f � wK

� ·Ï~º &_� ��öB wÏW� �&zB
. ê²/ê²

��Ò~ B� �;f 
Ö �Ç~
. ¢f� ê²/ê² ��

Òö ÒÏ>º ê²RF *Ò"f Òò Úö ê² RF~ V

~�' V�ö V¢ ¢OËW(unidirectional; UD), 2 OËW

(two-directional; 2D), 3 OËW(three-directional; 3D) �Ò�


OËW(multi-directional; nD)� ¾.
.

RF~ V~�' V� >& Ã&�ö V¢ bW� �OW

(anisotropic)öB �OW(isotropic)j ¾æÞ
. ß®, vþ O

Ë� z»b� �;RF& ìº UDf 2D~ ãÖº ;Ò

(delamination) *ç� ¢Ú¾V �Ú �6� ®
[5-7]. ��

¾ vþ OËb� �;B 3Df nD� ãÖöº ;Ò *ç�

¢Ú¾V ÚJÚ 6� ®
[8].


ÞÓÊ� ÒÏ>º ê² *�Ú(precursor)º � &²W�

Cê æ� u~¾ �ãzW� ¾¦>æ � ¸f ê²>N

(carbon yield)j <º bî� ÒÏ>�, Vç �ª�& &Ë�

zê�¾ *�6" ?f êz>² &Êê ÒÏB
.

�&²W� u~º �{ êz� ¸f ê²>N" �N �¾

Ò¢ Û~� w� ��¢ �W~V r^ö �&ê~ ê²/ê

² ��Ò¢ B�� ãÖö ô� ÒÏB
.

u~~ >�'� ��/êz �;ö ~� �&êz(densi-

fication)º .Vöº ê²>Nö ~�~æò ê³'� �&ê

z êöº ���~ Fæ�' Wîö ~��
[9].

;WB ê² 
ÞÓÊ~ �^��º ê²/ê² ��Ò~ b

Wö � 'Ëj �~�, u~~ ãÖö êz {K~ Î"º �

« ��Ò~ &êf Òò~ ßWj Ö;~º 7º� º²&

B
[10~12].

� ��öBº Cê æ� u~¢ 
ÞÓÊ *�Ú� ÒÏ~

� êz {Kö V¢ �W>º ê² 
ÞÓÊ~ �^��j

&V~� �
 *~ ç&&ê¢ d�¶ ~&
.

2. 
 þ

���� Òò

ÒÏB ê²RFº �7Öë(")öB �ÖB PAN(polya-

crylonitrile)ê� ç®«f ACELAN TZ-307 �î
. � RF

~ �RF(filament) >º 12,000B��, �Ë;êº 3.53 GPa,
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RF~ çã� 6.8µm �Ò� &ê& 1.8 g/cm3�î
. Cê

æ� u~º �ï(")öB �ÖB ©b� �z6� 114.7oC�

�, Z¦Ö ®Ïª(quinoline isolubles)� 6.31%, ÊF ®Ïª

(benzene insolubles)� 29.30% �îb�, ê²/>² ö¶(C/H)

~ j& 1.738��, �(sulfur)� 0.49% �FB ©j ÒÏ~

&
.

���� RF *Ò"	QSFGPSN
 B�

ê²RF *Ò"f &¶& �n� ~�[13]¢ �Ï~� Fig.

1" ?� RF
B~ V~�' V�� 4 OËW�� ���

G';��, RF 
B~ 7� Ò�~ �Òº 4 mm, RF 


B � B~ æªf 2 mm& >ê� B�~&
.

Fig. 1öB �� W, X, Y OËb� RF& V�B ©j "

> ®b� �
� ò¾ ��º 'êº '' 120o�
. �Ò�

� ï�ö >çb� ZOË RF& V�>Ú ®V r^ö 4 O

ËW *Ò"� B
. ' OËb� V�B RF~ ¦b ªNf

W, X, Y OË� '' 11.3%, Z OËf 16.1%� *Ú *Ò"

~ RF Ïê ¦b ªNf 50%�
.

���� �&êz	EFOTJGJDBUJPO
 �;

B�B ê²RF *Ò"ö ê² 
ÞÓÊ¢ ;W�ÊV *

� ��, êz �Ò� �N�¾Ò �;j ö~º Òò~ &ê

ö ê�� rræ >�~º �;j �&êz(densification) �

;�¢ �
. ¢>'b� �&êz ÎNj ¸�V *� ��Á

êz �;f ¸f {K ~öB >¯�
.

� 
þöBº ��� &{ êz¢ �Þö V¢ 100, 600

�Ò� 900 bar~ {KöB �{ >wVf HIP(hot isostatic

press) Ë~¢ �Ï~� >¯~&
.

&{ �� 5 êz�;f ªöç~ u~¢ *Ò"" �þ

�{ >wVö I� 6{ ~öB 300oCöB 3�* ÿn ¾Ò

~� Ï[B u~& RF *Ò" Ú¦� Ï�~² F«>²

~&�, u~ö �Ò~º &ª¶ï(low molecular weight) b

îj B��V
. � ê, î² &Ê� {Kj 100 barræ ¸

� 
r 300oCöB 5�* ÿn ¾Ò~� �� ÎNj Ã&�

V
.

��B �Þf �Þö V¢ 100 bar, 600 bar, �Ò� 900 bar

� &{~� 650oCræ �¾Ò� 
r 1000oCræ êz 5

2400oCræ �N �¾Ò~&b� �Þ~ &ê& 1.9 g/cm3&

>ê� �;j >�~&
.

���� ªC

�Þ~ &ê æzº ASTM C373-88 O»ö V¢ >7~~

»j �Ï~� G;~&�, ��Ò~ �^�ç &Vf JEOL

Co.~ JSM-840A "Ò*¶ *�ãj �Ï~&
. �^�ç &

Vj *� �Þ~ ��j �î� ê orthophosphoric Ö 50 ml

ö 7��Ö�Ò 10 gj Ï��Î Ï�ö 150oCöB 30ª*

ö�(etching)~&
. �Ò� ê² Ö;��~ ªCj *~�

BRUKERÒ~ GAKKS X-F ².V¢ ÒÏ~&
. X-F ².

f Ni-filtered Cu Kα(λ=1.542Å)Fj �Ï~&b�, &³*{

f 40 kV&� ².'f 2θ=10~70o&
. Ï¶* �Òº &Ë

;ê& � peaköB~ 2θ8" Bragg’s lawö ~� êÖ~&
.

3. Ö" 5 �V

���� u~ z�Ê	DPLFT
~ �^�ç

ê²RF *Ò"~ �&êzö ÒÏB Cê æ�ê u~~

êz {Kö V¢ z�Ê~ �^�ç æz¢ &V~V *~�

"Ò *¶ *�ãb� ªC~&
.

Fig. 2º 1 bar, 100 bar, 600 bar, 900 bar~ &{ ~öB êz

�Î z�Ê~ �^�ç æz¢ ¾æÞ ©�
. Î� {Kö

B �WB z�ÊöB ôf V�
� �Ò�j &V� > ®


. �
 V�
f êz ";öB u~¢ �W~� ®º ª¶


 7ö &j6 FV bî
~ >B" �ª� >w(cracking)

ö >wö ~� OË� çö Ö�B æO� side chain� ÎÚ

^B B�B >Bª
ö ~�B �WB V�(bubble pore)


�
.

1 bar~ {K ~öB êzB z�Ê~ ãÖ 2000µm �ç~

� V�öB¦V 300µm ;ê~ ·f V�� ª�>Ú ®�,

&¦ª� 800~1500µm �V~ V�
� �W>Ú ®
. êz

{K� 100 bar� ãÖ � vB ;ê~ 1000µm �ç~ V�

� �Ò~� 100~700µm ;ê~ V�� �Ò�
. êz{K

� 600 bar� ãÖ 1000µm �~~ V�
� �Ò~�, êz

{K� 900 bar� ãÖ 500µm �~~ V�
� ��² ª�

>Ú �Ò�j &V� > ®î
.

� Ö"º .ç®~ &� êz {K� Ã&�ö V¢ �W

B V�~ �Vf ª�& ·jæº ãË� ¾æÒ
.

�� *çf {K� ¸j>� u~~ ��öB &j6 Wª

~ >B� ÛB>Ú >Bª~ ·� 6²� öò jî¢, ¸f

{Kö V� Ï[B u~~ 6ê Ã&� �ª� �W&Êö

~� V�
� �Ú¢ ��æ á~� ·f V�j ;W~&V

r^ö ¾æÂ ©b� 6�B
.

Fig. 1. Schematic diagram of cross-section of 4D preform.
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V¢B, êz {K� Ã&�ö V¢ RF *Ò" Ú~ n �

*ö jòæº u~ z�Ê~ ÏêNê Ã&~�, V�
~ Î

·ê �~ ;�� �Ò~V r^ö ê²/ê² ��Ò~ Vê

' bWöê 'Ëj �� ©b� .GB
.

Fig. 3f êz {Kö V� u~ z�Ê~ �^�çj �


;&~² &V~V *~� 500VN, 3000VN, �Ò� 10000

VN� &V� "Ò*¶ *�ã Òê
�
. 

500 VN~ Òêj jv� ��, êz {K� 600 bar ræ

Ã&�ö V¢ z�Ê~ �^�çf vª(flow)ç~ bulk

mesophase¢ ¾æÚîb¾, {K� 900 bar� ãÖº vªç

� &V>æ p~�. 3000VN Òêb�¦V �V& 5 µm ;

ê~ ·f rW� ;�~ spherular mesophase �çªj {�

� > ®î
.

3,000VNf 10,000VN~ Òêj ��, �^ �ç~ N�¢

z× ª«® �ê� > ®
. ß® {K� 100 barf 600 bar

� ãÖ lamellar 
� [ç ��¢ ��� ¾æÚº vªçj

Â]� " > ®
. 1 bar~ {KöBº ç&'b� lamellar


~ [ç ��~ B�� �. ���j " > ®
.

�Ò�, 900 bar~ ãÖ 
� Ôf {KöBfº 
� �ç

� �Ò�j {� � > ®î
.

900 bar� ãÖ~ spherular mesophase �çf u~~ êz

7ö �WB z�¾�Ê �Ú
~ �Ú(coalescence)& B�~

æ p~V r^ö ¾æÂ ©b� 6�B
.

Spherular mesophase �çöB ~¾~ �;f î~ ¾m´

j ¾ ß~² 9j ¹f ;�� {�B
.

�f ?f �^�ç~ N�� 600 barræ~ êz {Kb�

�WB z�ÊöBº ê² lamellar ��& �³'b� ï¯~

² ¾ B�>Ú z�Ê~ ßWö ®ÚB �OWj ¾æÚæò,

900 bar~ {K ~öB �WB z�ÊöBº ·f rW�~ ;

�& ëã'b� �Ò~�, ®��� ;�¢ ��� ®Ú �

OWj ¾æâ ©b� 6�B
.

� v &�'� �^�çf ê²/ê² ��Ò¢ B�®j ã

Ö Vê'� ßWö 'Ëj * ©b� .GB
. ·f rW� ;

�~ �OW ê² 
ÞÓÊ~ �^�çf rW� ;�& 
Þ

ÓÊ ÚöB~ �� WËj O�~� �-æ á� ©ö j~�

ç&'b� �W(toughness)� � ©b� 6�B
.

���� ê²�ê² ��Ò~ �^�ç

Fig. 4º ê²RF *Ò"j ¢N �&êz �;� �Â ê

�Þ Ú¦öB 
ÞÓÊò� �Ò~º 
ÞÓÊ �9(pocket)

~ �^��¢ &V� ©�
.

êz {K� 600 bar� ãÖ, Fig. 3~ u~ z�ÊöB &

VB ©" FÒ~² ê² lamellar ��& ï¯~² V�B �

�¢ ��æò, 100 bar~ ãÖº ¦ª'b� vªç~ ê²

lamellar ��& ��æò, u~ z�ÊöB &VB ©"º �

Ò ®��~² V�B ��& ô� �Ò�j " > ®
.

900 baröBº �öB &VB ·f rW� ;�~ �çf *

& &V>æ p� vªç~ ê² lamellar ��& ¦ª'b�

Fig. 2. SEM micrographs showing the four distinguished pore size of cokes after carbonization under various pressure; (a) 1 bar, (b)
100 bar, (c) 600 bar and (d) 900 bar.
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&V>º ®��� �çb� ��Ú^ ®
.

��� Ö"º &{ �� ";öB ê²RF~ ¦b ªN�

50% ;ê V�B *Ò"~ îî� Ï[ u~¢ �R�Ò r

B�>º *�wK" &{ êz7 ê²RF~ >æª OËb

�~ cc" �¦öB ·Ï>º {Kb� �� B�>º {»

wK r^ö �WB z�¾�Ê �Ú
~ �Ú 6º æ;�

¢Ú¾B spherular mesophase ��& vªç~ bulk meso-

phase ���~ *~� ¢ÚÒV r^ö ¾æÂ ©b� 6�

B
[14, 15]. ��¾ 900 bar� ãÖ& 600 bar� ãÖö j~

� �OW ��¢ �ªj {�~&
. 

Fig. 5º ¢N �&êz¢ î� �Þ~ ��ö &� �^�

çj ¾æÚ� ®
. � �âöB �� RF
B� ^² ¾æ

Â ©� X, Y OË��, RF
B~ ��j ��"� ®º ©

� Z OËb� V�B ©�
. �VöBº W OËb� V�

B RFº Êö 6ºÚ^ ®V r^ö ï� ê�ö ¾æ¾æ

pº
.

jç ¢N �&êz ";j î� &ê� RF 
B
 Ò�

ö ê²Væ& jòææ pf î� &V>î
.

� �âöB Z» RF
Bj &V~� 100 bar ~öBº R

F
B~ ��f X, Y»� V~�'b� ��º �* Î·&

� î�Î Z� >æò, 600 barf 900 bar� .>� RF
B

~ ��f Ò';�öB ��-² æz>� ®
. ��� *

çf Ï[ u~ ³ö *Ò"� ÆÎ ®j r ·Ï~º {K�

¸jæ� �RF(filament)
� &÷>Ú RF
B~ ¯�V

¦b& *Ú
� ��~ Î·ê ��-² æ�&V r^ö ¾

æÂ ©b� 6�>î
.

100 barf 600 bar ç�öB Z OË RF
B~ ��öº V

�
� ô� �Ò~æò 900 bar ~öBº ��� V�
� *

Fig. 3. SEM micrographs of carbon morphologies derived from coal tar pitch, by way of pressuer-carbonization; (a) 1 bar, (b) 100bar,
(c) 600 bar and (d) 900 bar.
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&® 6²~� ®
. 100 bar� &{ êzB �Þf ç&'b

� RF
B Ò�~ îf j" ·æò, X, Y, Z OËb� R

F
B~ VËö ~� �Z �*öº ¢¦ 
ÞÓÊ& jòæ

� 6� ç�® � V�ê �þ ;W>Ú ®rj &V� > ®

î
. �©f êz {K� Ï[ u~öB B�>º VÚ {K

�
 ·b� �
 VÚ& >B>�B 
ÞÓÊ �9ö jò^

®º Ï[ u~¢ *Ò" <b� &ÚîV r^ö ¾æÂ *

çb� 6�>î
.

��¾, 
ÞÓÊ �9Ú~ V�f êz {K� Ã&�ö V

¢ 6²�j {�� > ®î
. 

Fig. 6f Fig. 5 �Þj ö��Î ©b� Z OËb� VËB

RF 
B Úö ®º �RF
" "æ~ 
ÞÓÊ¢ &V�

"Ò*¶*�ã Òê
�
.

�&êz¢ �® ~&V r^ö jçê ê² RFf 
ÞÓ

ÊÒ�öº �*� �Ò~�, êz {K� Ã&�ö V¢ 


ÞÓÊ Ú~ V�ê *Ú�º ãËj &V� > ®î
. �R

F¢ ~��� ®º ê² 
ÞÓÊ~ �^�çf &{ êz

";öB ·ÏB {K� 100 barf 600 bar� ãÖ lamellar [

çb� ��Ú^ ®b¾, 900 bar� ãÖöº �f �Ò ®�

�'� �OW ;�~ �çj ��� ®rj {�~&
.

Fig. 7f �&ê ê²/ê² ��Ò~ �^�çj "Ò*¶

*�ãb� &V� �â�
. �â (a)º �� 5 &{ êz �

Fig. 4. SEM micrographs of matrix morphologies of 4D com-
posite after first densification by means of pressure-carboniza-
tion; (a) 100 bar, (b) 600 bar and (c) 900 bar.

Fig. 5. SEM micrographs of 4D carbon preform after first densi-
fication under various pressure; (a) 100 bar (b) 600 bar and (c)
900 bar.
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�j 100 baröB >¯� �Þb� &êº 1.88 g/cm3 �Ò�

�â (b)f (c)º 600 barf 900 baröB B�B �Þb�� &

êº 1.90 g/cm3�î
.

�â (a)öB �� �&ê ��Òò� ãÖöê êz{K�

100 bar ;ê� Ôf ãÖöº ê² 
ÞÓÊ �9öº jç

ê jòææ pº � V�
� �Ò~� ®rj &V� > ®

î
. ��¾ RF
BÒ�º jv' ¾ jò^ ®rj " >

®
.

�â (b)öBº (a)öB�
 ·f V�
� 
ÞÓÊ �9

Ú¦f RF
BÒ�ö jòê 
ÞÓÊ¢ V¢ *æÚ ¾æ

Îj &V~&
. ��¾ (c)öBº &¦ª~ � V�
� j

ò^ ®� jçê j" ·f V�
� 
ÞÓÊ& �Ò~º

'�ö V¢ ��" �þ ;W>Ú ®
.

RF
B" ê² 
ÞÓÊ& ��º ê�j &V� " r

(a), (b) �Ò� (c) Îv ¾ ¿Ú®Ú ê� ç�& ±b�, V

��¾ ��f RFf 
ÞÓÊ~ ê�öB �W� >æ p�

ê�b�¦V ÎÚê ê² 
ÞÓÊ Ú¦öB �Ò�j {�

~&
.

��� *çf Kotlensky~ pore-filling mechanism G�ö

B J«F > ®
. ¯ Ï[ u~& � �*(V� 6º ��)

j jÖ� Â ê &�ö ~� êzF r �W>º ê²îf �

*~ ã�¦V �'>Ú �*~ 7� ¦ªöº 
� V��

Fig. 6. SEM micrographs of cross-section of composites after
first densification by means of pressure-carbonization; (a) 100
bar, (b) 600 bar and (c) 900 bar.

Fig. 7P SEM micrographs of 4D carbon preform after several
densification under various pressure; (a) 100 bar, (b) 600 bar
and (c) 900 bar.
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;W>� � V�f �Ö ;�� �� ÎNj ¸¢ > ®
. 

Fig. 7öB &VB � V�
f Òò~ Vê' bWj &~

�Êº ©f b���, �NÁ�³~ �FÚö &� ÓîNj

Ã&�Ò > ®º º�� F ©b� 6�B
. �©� �WË

ê²/ê² ��Ò¢ B�� ãÖ �� 5 &{êz �;öB

¸f {K� 'Ï>Ú¢ ~º �F7 ~¾�
.

Fig. 8f �« 2400oCræ �¾ÒB ê²/ê² ��Ò Væ

~ w�z ;ê¢ X-F ².V� ªC� ©�
. &{êz "

;~ {K� ¸j>� ê²~ (002)�~ Ö;�
 Ò�~ [

*�Ò(interlayer spacing)¢ ¾æÚ"º d0028� 6²~
&

900 baröBº 
� Ã&�j �&
. �B �^�çj "Ò*

¶ *�ãb� &V� �âöB .G� > ®�� 600 bar�

&{ êz� �Þ~ w�zê& &Ë Ö>~� d0028� 3.3659

Åö ��&
. �r~ c» OËb�~ Ö;~ �Vº 221.25

Å� 
� ��öB�
 &Ë � Ö;� �WNj {�~&
.

4. Ö �

Cê æ� u~¢ ê²
ÞÓÊ *�Ú� ê²/ê² ��Ò

¢ B�� ãÖ &{ êz {K� 
ÞÓÊ~ �^�çö �

~º 'Ëj �V� � Ö", 
r" ?f Ö�j áj > ®

î
.

1. 
ÞÓÊ *�Ú� u~º �¾Òö ~� Ï[ ç�öB

z�Ê� æz� r ·Ï~º {Kö V¢ B� 
� �^�

�¢ <º
. 400oC¢ *ê�B u~º z�¾�Ê¢ ;W~

� �Ò� � ��& B�~� bulk mesophase¢ ò
Ú vª

ç ��� B
. � ";öB 1 bar¦V 100 bar, 600 barræ

{K� ¸j>� vªç ��º z× ¾ B�~æò 900 bar

� &{ êz� ãÖöº .Vö �WB z�¾�Ê �Ú
�
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