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Abstract

The pack-cementation process is the method which is formed SiC coating layer to improve weak oxidation properties
of CFRCs (carbon fiber-reinforced carbons). This method develops the anti-oxidation coating layer having no dimen-
sional changes and good wetting properties. In this study to improve the oxidative resistance of the prepared 4D
CFRCs, the surface of CFRCs is coated by SiC using pack cementation method. The mechanical properties of SiC-
coated 4D CFRCs are measured by the 3-point bending test, and their ablation properties are investigated by the arc
torch plasma test. From the results, it is found that both mechanical and ablation properties of SiC-coated 4D CFRCs
are much better than bare CFRCs.
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~� O»f 1000oC ;êöB ��*~ Özö Ö>� Î"
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þöBº (")�7öB �Ö>º PANê ê²RF¢ Ò
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&
. �r x, y, u»f 24 K~ RF bundlej, z»f 48 K R
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î
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u~¢ matrix precursor� �Ï~� &{�� 5 êz(pres-
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[20]. Table 1" 2ö �;RFf matrix
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. ��� ";j >�~� �Þ

~ &ê¢ 1.8 g/cm3 ;ê& >ê� B�~&�, B�B �Þ
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î
.

Pack cementation �;j *� b�ªöj &j~V *�B

ÖF Table 3ö ¾æÞ bî
j �Wö V¢B ¾ ;ïz~

�B Ball millö I� 12�*ÿn b�� êö �VB~ oven

öB ��~&
. �Ò� ¾B B�B �&ê CFRC �Þj

w� crucibleö b�ªö" �þ I� �N*V�ö *~�V


. �Ò� Arª*V ~öB ''~ �Þ
j 1650, 1750"

1850oCræ &�~&b�, ' NêöB 4�*ÿn >w�V
.

Table 4ö b�ªö~ �W" >wNê¢ ¾æÚîb�, Fig.

1ö �ÞB�¢ B*'b� >Ò~&
.

���� �þ 5 ªC

SiC� z+B CFRCº BFB Vê' bWj rj�V *

�B '� LLOYDÒ~ òË�þV(Model LR30K)¢ ÒÏ~

� 36 £¾»(three-point bending method)b� �þ~&
.

�r ÒÏ� �Þf ASTM D 790ö ~��B 4 mm× 10 mm

× 80 mm�îb�, ÊR~ ^�º 64 mm��, 
� Êb�º

1.7 mm/min�î
. 

Table 1. Characteristics of carbon fiber for fabrication of 4D C/C composites

Fiber type Filament Diameter (µm) Tensile strength
(MPa)

Tensile modulus
(GPa)

Ultimate elongation
(%)

Specific heat
(Cal/goC)

Density
(g/cm3)

TZ-307 3000 6.85 3.4 235 1.3 17 1.80

Table 2. Characteristics of matrix precursor for fabrication of 4D C/C composites

Pitch
type

Q.I.
(wt%)

B.I.
(wt%)

S.P.
(oC) C (%) H (%) N (%) s (%) C/H Carbon yield 

(%)

Coal tar Pitch 6.31 29.30 114.70 92.61 4.44 1.20 0.49 1.738 39.52

Q.I.: Quinoline insoluble, B.I.: Benzene insoluble, S.P.: Softening point 

Table 3. Characteristics of pack powder mixture for the SiC coating of 4D C/C composites

Formula Density Purity F. W. Particle size Provider

Silicon Carbide (Hexagonal type) SiC 3.217 − 40.10 200-450 mesh Aldrich 
Silicon Si 2.330 99% 28.09 -325 mesh Aldrich 
Silicon dioxide SiO2 2.600 Extra pure 60.09 − Junsei
Aluminum oxide Al2O3 3.970 99.99% 101.96 1 µm LECO
Boron (crystalline) B 2.350 95% 10.81 -325 mesh Aldrich 

Table 4. The components of pack powder mixtures and the reac-
tion condition

Sample 
Cord

Contents of pack powder mixure 
(wt%)

Reaction 
time
(hr)

Reaction 
temp.
(oC)SiC Si Al2O3 SiO2 B

S16-4 57 30 10 3 4 1650
S16-6 57 30 10 3 6 1650
S17-2 57 30 10 3 2 1650
S17-4 57 30 10 3 4 1650
S17-6 57 30 10 3 6 1750
S18-4 57 30 10 3 4 1850
S18-6 57 30 10 3 6 1850
A18-6 57 30 10 3 6 1850
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Table 5ö �þ��j ;Ò~� ¾æÚî
.
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þö ÒÏB

CFRC~ £¾;êº 87.13 MPa, £¾ ;WNf 13.62 GPa �

î
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� �² çßB ©j r > ®
. ��¾ ¢>'b� ²ÖB
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� �
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>ê ®
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;êf ê�~ 7OKö ~�B ôf 'Ëj Aº
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.

Fig. 2f 3ö pack-cementation~ >wNêö V� £¾;ê

f £¾ ;WNj rj�V *� 
þ~ Ö"¢ ¾æÚî
.

�âöB " > ®�� 1850oCöB 4�* z+j ¯� �Þ

� CFRC�
 £¾;êº £ 80%, £¾ ;WNf £ 43% Ã

&~&
. 6� >wNê& ¸j>� ¸f ;êf ;WNj ¾

æÚîº�, �©f >wNê& ¸j>� B�>º VÚ~ ·

� Ã&~�, VÚ-�Ú >w~ >wWj Ã&�ÊV r^�


. ;ê~ Ã&�
 ;WN~ Ã&� ;ê& Ôf �Fº SiC

¢ z+~�ê ��Ò~ RFf Vî~ 7OKf �² Ãê�

Êæ á®rj ¾æÚº ©��, 6� RFf RFÒ�ö V

î� jòææ pf pore
~ �Òö V�~º ©b� 6�

B
.

Fig. 1. Flow chart for densification and coating process of 4D
C/C Composites.

Table 5. Conditions of arc plasma test

Item Condition

Primary gas Ar
Secondary gas H2
Jet time of plasma (sec) 60
Velocity of plasma (m/sec) 650 m/sec
Max. power of plasma gun (kW) 80
Distance of specimen 
& plasma gun (mm)

30

Size of specimen (mm) 40(φ) 10(t)
Flame angle (o ) 90
Max. temp. of specimen surface (oC) 3000

Fig. 2. Flexural strength of SiC coated 4D CFRC according to
the coatingtemperature.
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f >w�*� ^Úæ� Si~ �/ö� �.>�¾, 6º

CFRC� Si~ {Ö� 66 ÚJòææ� >w³ê& 6N'b
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. ��¾ Fig. 4ö ¾æÂ Ö"º �� 
þ�

�öBº jç SiC� *~F > ®b�, >w�*j ¾Ò�¾

>wNê¢ ¸�B z+j �
� �
 Ö>� SiC� z+B

CFRC¢ ò
 > ®
º ©j ~��
. >w�*ö V� £

¾;êf ;WN~ æzº >w�*� 6�*¢ ãÖ ''

91%f 56% ;ê Ã&� 8j ¾æÚî
. 

��� £¾�þ~ 2Z�ÿj �
 ¶^® rj�V *�

B Fig. 6ö >w�*ö V¢B SiC� z+� CFRC~ wK-

æ; �Fj ¾æÚî
. �âöB " > ®�� CFRCf j

v�B SiC z+B �Þ
� ;ê& ¸jr�, ;WNê ¸j

rrj {�� > ®
. ß® SiC� z+B �Þ~ ãÖöº

.V~ �W 2Z �ÿ� ¾æÂ ê, CFRCf ?f ãË~ 2

Z�ÿj ��"� ®
. �©f CFRC~ ��ö z+B �W

� ;� SiC& 2Z>� � �êº CFRC& load¢ >Ï~V

r^ö ¾æ¾º *ç�
.

Fig. 7f B>� CFRCf SiC z+� CFRC~ £¾;ê �

þj ¯� �Þ~ 2��j ¾æÞ Òêb�B &VN~ *Ú

2��(a)" 2�¦*~ RF bundle(b)j {&~� ¾æÚî


. B>� CFRC~ (a)¢ SiC z+� CFRC~ (a)f jv�

r, z+B �Þö j�B RF~ pull-out *ç� �
 v��

æ² ¾æÎj {�� > ®
. ��� *çf RF��j {

&� (b)öBê &V� > ®º�, B>� CFRC(a)~ ãÖ R

F "æö 
ÞÓÊ& ô� �Ò~æ p�, .�B ¦*& ¢

;~æ prj ��"� ®
. �f &�'b� z+B �Þ

Fig. 3. Flexural modulus of SiC coated 4D CFRC according to
the coating temperature.

Fig. 4. Flexural strength of SiC coated 4D CFRC according to
the coating time.

Fig. 5. Flexural modulus of SiC coated 4D CFRC according to
the coating time.

Fig. 6. Load-Deformation curves of CFRC and SiC coated
CFRCs.
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Table 6f ' �Þ~ z+Nêö V� Óîï" �Þ~ æ

z¢ ¾æÞ ©�
. Table 6öB " > ®�� B>� CFRC

f jv�B SiC z+B CFRC~ Óîï� *&~² 6²B

©j {�� > ®îb�, z+Nê& ¸j>� Óîï� 6

²~º ãËj r > ®
. �f ?f Ò
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� �'� > ®
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" A18-6 �Þ� �R 'f Óîïj ¾æÚî
º ©f Ó

î& �æ Özn;W ��~ ßWö ~�Bê 'Ëj Aº
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 �
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Fig. 7. SEM photographs of fractured phase after flexural test.

Table 6. Results of Arc plasma torch test 

Sample 
Cord

Ablation 
weight (g)

Ablation rate 
(g/s)

Ablation 
diameter 

(mm)

Ablation 
thickness 

(mm)

Bare 4D-
CFRC

3.542 0.0590 19.98 3.82

S16-6 0.529 0.0088 13.87 3.74
S17-6 0.257 0.0043 10.67 3.32
S18-6 0.078 0.0013 4.17 1.37
A18-6 0.164 0.0027 8.90 2.48
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> ®º�, arc plasma~ 7�¦*öBº z+� � Î"& ì

b� �æ "*~ Öz¢ ÛB�Êº ��j ~º ©b� Ò

òB
. ��� *çf &NöB z+B �ÞöB z× {�

~² ��¾� ®
. ��¾ �NöB z+B �Þ~ ãÖº

Óî vþê �² *Ú
îº� �©f z+ö ~� ãê¾

{»;êf ?f Vê' bW~ Ëçö V�~º ©b� Òò

B
. 
B�ê ÓîßWf ãê¾ {»;êf jf'� ãË

Wj ��"� ®
[22]. 

��æ� &NöB z+B �Þ�
 �NöB z+B �Þ

Fig. 8. SEM photograph of surface of SiC coated 4D CFRC.

Fig. 9. Ablation surface of specimens exposure to arc plasma;
(a) bare CFRC, (b) S16-6, (c) S17-6, (d) S18-6.

Fig. 10. SEM micrographs of ablated specimens center of (a)
bare CFRC, (b) SiC-coated CFRC.
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� ãê¾ {»;êf ?f bÒ' Wî~ �² ËçB
º

©j r > ®
. ��� Ò
f ��;ê �þÖ"f Ú¶ ;
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~ ��j SEM &V� Fig.

8öBê {�� > ®
. Fig. 8ö ¾æÞ SiC� z+� CFRC

~ ��öº Î� z+NêöB SiC& �� z+>Ú ®b�,

z+Nê& ¸j>� �Þ~ ��ö ��, �&� Ö;
� ;

W>Ú ®î
.

Óî�þj ~�Â ê~ �Þ
j Òê R'~� Fig. 9ö

��'b� ¾æÚî�, Table 6öB ¾æ¾º Ò

j {�

® {�� > ®
. Óî�þ ê~ B>� CFRCf SiC z+

B CFRC~ 6 
� v��ê æzº z+B CFRCº Óî¦

* ��~ ��f æz& ìæò B>� CFRC~ ãÖº ç

7'b� ®i� %æ pº ¦ªöBê �*�ö ~~� Öz

>w� ê¯>îV r^ö ��~ RF& òÂ>ÚB ���


j#æ& p~
º ©j &V� > ®î
. 

Fig. 10º Óî�þ ê~ 2¢®î z"j Af �Þ~ 7�

¦(çã £ 1~2 cm)�B B>� CFRCf SiC z+B CFRC

Îv& SiC~ ßzNê�
 ¸f Nê�B �¦'� &�j

AjB �~² 2�^ ®º ©j r > ®
. ��¾ B�B
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. ¯ SiC z+b� �~
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Fig. 11f SiC z+B CFRC~ Óî�þ êö 2¢®î z

"~ ãê�(a)" z"~ "æ¦*(b)¢ ¾æÞ Òê�
. (a)
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;W" �þ �³, �{~ z"ö ~� �#b� Fÿ~� w

�B ;çb� CFRCf~ ê�j «{® ��"� ®
. 6�

Ú¦ p?� z+B SiC~ ¢¦ Ï[B ÎÛ� RF~ bundle

Ò�öB &V>î
. �� z" �#b� £* ½ÚÂ ¦*

(b)öBº SiC[~ ßzf glassy SiO2 [ Ú¦öB B��

SiO(g)~ Vzö ~�B 
ï~ V�
� ;W>îrj ¾æ

Ú� ®º ©b� 6�B
. �Þ j� 2¢®î Æ~ z"b
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j &V� > ®

Fig. 11. SEM micrographs of ablated surface of SiC-coated 4D
CFRC (a) boundary, (b) outside.

Fig. 12. SEM micrographs of ablated boundary surface of SiC-
coated 4D CFRC.
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Fig. 13f z" ¦*öB ¾æ¾º CFRC~ Óî z�î¾

j rj�V *�B &V� SEM Òêb�B (a)f ?� RF
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F~ Özf .�� B��
º J. C. Han �� Bn� z�

î¾b� Óî& ��Úê
º ©� &V>î
[23]. 

Fig. 14º SiC z+B CFRC~ Óîz"ö ç7'b� 'Ë

j Aæ pº ¦*¢ ¾æÞ Òêb� Óî�þ 7~ �Nb

� �~� *Ú'b� SiO2 ÚÖz[� ¾ ;W>îb�, Ú
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� ô� ò
Ú^ ®º ©

j &V� > ®
. ��� V�
f z"b�¦V fÚî>

� ·�, �� ª�¢ ¾æÚ� ®
. 6� z"öB fÒ Î

Úê ¦ªöBê �ÏÏö ~� �¿~ ;Wj &V� > ®

î
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B>� CFRC~ z"ö 'Ëj Aæ pº �#¦ª� Óî

�; 7ö B�� �Nb� �~� ��öB Öz>w� B�

~º ©j Fig. 15(a)öB &V� > ®
. ÒêöB ��æº

©¾" Özö �£� zÞÓÊ& ÖF'b� Öz>Ú RF


� Åj ®îb�, RF~ bundle Ò�öB 

¦ �¿


� B�~&
. �©f Óîf ?f &_� ��öB ÎN'

� z+f �æ z"¦*ö ��~º ©� jî¢ �*�ö

~�B 'Ëj Aº Î� ¦ªj z+~�¢ �
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æÚº ©�
. Fig. 15(b)º z+B �Þ~ z" ãê�~ "

æb� "ê~² �WB SiO2~ ÚÖz z+[� z"~ ¸f

Nêf ;� F³b� �~� Ï[>ÚB ÆÒº *çj ��

"� ®
. �©f Óîö ~�B B�� �Nf SiC¢ B*

'b� glassy� SiO2j ;W~� "æ~ ÖzÛBÎ"¢ �

Fig. 13. SEM micrographs of ablated surface of SiC-coated 4D
CFRC (a) Center, (b) vicinity.

Fig. 14. SEM micrographs of ablated surface of SiC-coated 4D
CFRC (a) near boundary, (b) outside.
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&z�Î
º ©j ~��
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Fig. 16f SiC z+B CFRC~ z"~ ¦" (vicinity)j &

V� SEM Òêb� RF~ bundle Ò�ö ;WB 
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®î
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� ãö ;WB SiC Ö;~ "*ö SiO2 ÖzÛB[� ;W>

î�, � FÒî [~ Ú¦öB SiO(g)& B�~� >B>î


º ©j &V� > ®
.

4. Ö �

� ��öBº �OW� Ö>� 4-OËW CFRC¢ B�~

�, �NöB Özn;Wj ¦�~V *�B pack-cementation

O»b� SiC ÚÖz z+[j ;W~&
. �-² B�B SiC

� z+B CFRC¢ 36 £¾;ê �þ" arc plasma torch �

þj Û~� 
r" ?f Ö�j áî
.

SiC z+B CFRCº £¾;ê �þöB B>� CFRC�


;ê& �² Ã&~&
. z+�*ö V� ;ê~ æzöBº

z+�*� Ã&�>� ;êf ;WN� Ã&~&b�, 1750
oCöB 6�* z+� �Þ~ ãÖº �� 91%ræ Ã&~&


. z+Nê~ ãÖê z+Nê& ¸j>� ;êf ;WN�

çß~º ©j &V� > ®î
.

j� 2¢®î Æ~ �þöB B>� CFRC~ ÓîNf

0.0590 g/sec�îæò, z+Nê& 1,850oC� S18-6 �Þ~ ã

Öº ÓîN� 0.0013 g/sec� &Ë Ô~
. ¯ SiC� z+B

CFRC~ ãÖº ÚÓîW� �² Ã&>îº�, �º SiC z

+b� �~� ��ãê& Ã&~� ;� z"ö &�W� ¸

jrb�, ÚÖzW~ Ã&� z""æ~ Öz>w� ÛB>

îV r^b� ÒòB
.

ê V

� ��º ��"�Ò�~ ����"B(981-1106-025-2)~

æöö ~�B >¯>îb�, �ö 6Ò�ãî
.

Fig. 15. SEM micrographs of ablated specimens center of (a):
outside of bare CFRC, (b): near boundary of SiC-coated CFRC.

Fig. 16. SEM micrographs of ablated surface of SiC-coated 4D
CFRC.
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