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Abstract

Chop molding composites and 2D carbon/carbon composites were manufactured by hot press molding method. Phe-
nol resin of novolac type was used for matrix precursor and PAN-based carbon, PAN-based graphite and pitch-based
carbon fiber were used for reinforcement and boron oxide was used for oxidation retardant. All of the composites were
treated by 2000°C and 2400°C graphitization process, respectively. After graphitization process, amount of a boron res-
idue in carbon/carbon composites is much according to irregularity of used raw materials. Under the presence of boron
in carbon/carbon composites, catalytic effect of boron was a little at 2000°C graphitization temperature. However, it
was quite at 2400°C graphitization. 

Keywords : Carbon fiber, Carbon/carbon composites, Boron, Graphitization, Oxidation resistance.

1. � �

��/�� ����� ���� �� ���� ���, ��

�� � ��� ��� ��� 2500oC ��� ������

��� ��� ���� ��� ��� ���� ��� ��

�� ���� ��� �� 	�[1-6].

��� ��/�� ���� �� ��� �
 ���� �

���, �� ����� �� ��� 500oC ��� ���

�� ��� �� ��� ��� 
�� 
����� ���

��� ����� ��� ��� ��� ���� ����

	�[7].

��� ��� �� �
 ��� ���� ��� ���

���, ��, ������ �
 �� ��� ��� ���

��� ���� ���� �� �����. ��� ��� �

�� �� ���� �� ��� �� �� ��� ��� �

�� �� ���.

��� ��� �� �� ��� �� ���� ���. 


���� �����(graphitizing)� �����(non-graphiti-

zing) ��� �� � ������ �� ���
 �� ��

� ��� ��� ��� ��� �� 	���. ���� �

�� ���� 
�� ����� ��� ���� 	���

��. ��� Jenkins�
 ����� �� ��� �(char)�

�� ������ ���� ���� ����� � � ��

�� ��� ���	�[8].


���� PAN� �� ��� pitch� �� ��� ��


�
 ��� ����, ����� ��� �� ��� �

� ��� ��� ��� �� ��� ��� ��. Jones�

Thrower� PAN� �� ��� pitch� �� ��� �� 


�� ��� 
� ��� �
 
�� ���[9].

PAN� �� ��� �
 1300oC�� ���� ��� �

��� ������� ��� �� ��
 ��� ��� �

�� ��� �� ��
 ����� ��� ��� ���,

� ��� ��� ��� �� ������ ���� ��

��� ��� 	���� ���� ��� 
���. ��

2500oC�� ���� ��� 3����� ��� 
�� �

� �� ���� 	�� 	� �� ��� �� ��, ��

�� ���� ��� ���� �
 ��� ��� ���

��
 	� 		 ��� �
 �� ��� �	�[9].

Pitch� �� ��� �
� PAN� �� ���� �� �

�� � ��� �� � ��� �� ��� ��� 	� �

�, �� �� ��
 ����� ��� ��� 	�. � �

�� ��� 
���� 
��� ��
 PAN� �� ���

� �� �� �� ��� �� 
� �� �� ��� ��

� �	 ��� ��� �� ��[9].

�� ��� ��� ����� � ���� �� �� �

�
 ��� ��� �� � ��� �����. ��� ��

� �
 �
� �� ��� 
� ��� �����, �� �

�� ���� �� ��� �� ��� ��� ����. �

�� ��� ��� �� �
� ��� ��� ��� ��

����� �� ��� �� ��� �� �� �� ���

�	�� ��[9].

�� ��� �� ��/�� ���� �� ���� ��

Carbon
Science
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�� ��� ���� ��� �� ��� ���� �� �

� 	��, ��� �� �� ��� 2�10−4 ��� ���

�� � ���� ������� ��/�� ���� �� �

��� �����[9].

�� ��� � �� ����� �� �� ���� ��

���� ��� �� 
�� � � 	�. ���� ��� �

�� �� ��� �
 ���� ��� ��� ��� ��

�� ��� ����� �	�� ��.

�� ��� ��� �� ��� �� ��� ��� ��

� ��	�� 	���� �� ��� ���� ��� ��

��. �� ���� ��� ���� �� �� �� �� π
��� ���� 
�� Fermi level
 �	�� �� �� �

� ��� ���� ��.

��� ��� ��� �
�, Kowbel �
 ��� ���

��(longitudinal axis)�� 	�(transverse axis)�� �� �

��� ��� �� �	��[10], Jones� Thrower� �� �

� 
� �� � ��� ���� �
 ���� �
 ���

��� �� �� ���� 
��� ��� ���	�[9].

� ����� ��/�� ���� ��� ��� �� �

� ��� ��� �, ���� 
�� ��� ��� �� �

� ���� ��� ���� �� ��� � 
� ��� 


�� 
�� ���	�.

2. � �

���� ��

��/�� ���� ���� 
�� ��� ��� �� �

� ���� ��� ���� �� ��� � 
� ��� 


�� 
�� ���� �� � ��� ��� �����.

PAN� �� ��� ������� 	�� ���

ACELAN TZ-507���� � ��� filament �� 12,000�,

��
 6.8 µm, ��� 1.79 g/cm3 ���.

PAN� �� ��� Hercules��� 	�� ��� Magna-

mite AS4����, � ��� filament �� 12,000�, ���

1.8 g/cm3, �� ��� 3.8 GPa���.

Pitch� �� ��� Nippon Graphite Fiber�� pitch� �

�� ��(2D-plain woven)�� ��� 
�
��� ���

	��, ���
 YSH-60A-15S���. � ��� ��� 2.12

g/cm3���� ����� 4 GPa���.

Matrix precursor� ������� 	�� novolac� ��

��	�� ���� 76~86oC, �� �� 120~160oC, �� �

� ��� � 57~61%���.

������ Aldrich��� 	�� boron oxide	�� �

�� 99.98%, ��� 2.460 g/cm3���.

���� �� �� ����	�
 ��

PAN� �� ��� PAN� �� ��� �
� Chop

molding composites�, pitch� �� ��� �
� 2 ���

(2D) ��/�� ���� ���	�.

2.2.1. �� ���� �� �� �� � �� 
� ��

PAN� ��� �
, 
� ��� �� �� ���(Boron

Oxide)� �� �� �� ���� 3.1 wt%� ��
� ��

�, bobbin� 	� 	� ��� ��� 
� �� ��
 �

� ����, ��� ��
� ��� �� ����. � �

��� 80oC� ���� 24�� ���� �� ��� ��

� �� ���� �� ��	� �� ���	�.

��� �� �� ��
 �� ��� 60 m ��� ���

� 1�� ���� �� chop molding composites �� ��

��� � 50%� ����� �	�.

Pitch� �� ��� �
, 
� �� ���� 100 mesh�

sieve� ���� � 150 µm ��� ��� �� �	�. �

� ��� �� ���� 2D-woven fabric cloth ��� ��

� �� �� �� � 3.1 wt%� ��
 �	���. 

��� �
 Novolac type� �� ��� ���� �� �

� �
� ��� �, �� ���� ���� �� �
� 


��	�. � � 
�� �� �� �
 �� �� ���


�� �� �� �� 3.1 wt%���. 

2.2.2. Green body ��

Chop molding composites� ���� Boron� ��� � 1

�� ���� ��� PAN� �� ��� PAN� �� ��

� �� 
	��, �� ����� novolac type� �� ��

� 
���.

� �, ��� �� �� ��� � 50%� ��� green

body� ���	�� molding ��� ��� �
 profile


Fig. 1� �����.

2-D ��� ��/�� ���� ����� ���� ��

�(Plain woven) pitch� �� �� cloth� �� 8��, ��

����� novolac�� �� ��� 
���. 

� �, ��� �� �� ��� � 50%� ��� green

body� ���	�� molding ��� ��� �
 profile


chop molding composites� �
� �
� �
� �����.

���� ���� � ��

��� ��� green body�� ����� ���� ��

��� ���� 
�� ��� ��� cokes� ��� ��

� 
���,��� 
�� ���� ��� furnace� ��

1oC/min� �� ��� 1000oC�� �� �, 1�� ���

	�.

�� ��� �� �� �� ��� 60% ���� ���

1000oC�� ��� ��� �� ��� ���� �����

�
 ��� 	�� ���, ��� ��� ����� ��

���� ��� ��� ��, ��� �� ��� 
���

��� ����� ��� �� ��� 3�� �� ��� �
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����� ����, �� ���
� ��� � �����

��� 30 bar� �
� �� 3�� �� �� ���	�.

�� � ����� ���� ��� ��� �� 80oC�

� 1��, 100oC�� 1�� 170oC�� 2�� �� ����

�����

���� ���

2�� �� � �� ��� 
� ���� ��� ��, �

�� Ar gas ����� �� �� 100oC/hr� �� 2000oC�

2400oC�� 2�� �� ���� ����	�.

3. �� � ��

���� ������
�����

��� ��� ��� �� ��� ����� ���� �

�� EPMA(Electron Probe Microanalyzer)� ���	�. �

�� ������� ���� ��� 	���� �� �



� ����� ���� �	� � ���	�. ��� �

�� CAMECA SX-51��� �� ��
 5000�	�. ��

� ��� �� �� 3��� ���� ����� �� ��

� ��� �� �	 �� ��� ���	�.

EPMA ��� �� ��� � ��� �� ���� ��

� ��� ��� ��� �� Table 1� ������ 2400oC

�� ��� ��� ��
 �� �� 24� ���	�, ��

2000oC ��� ��� ��
 �� ��� 20�� ���	�. 

�� 
�, 2000oC�� ���� ��� �
 pitch� ��

��� PAN� �� ���� �
 
�� ���� ����

� �
 �� ��� �
� 	� �� �����. ���

2400oC�� ���� ��� �
� ��� pitch� �� �

��� PAN� �� ��� �
� 	� ��� �� ���.

��� ��� �� �� �
 ��� ��/�� ����

��� ��� ���� ��� 	�����. ��� ���

2000oC� ���� 
� ��� 2400oC� ���� 
� �

�� �� ����� ����, 2000oC� ���� 
� �

�� �
� �� ��/�� ���� ��	 � �����

��� ����� �
 pitch� �� ��� �� ����

� �
 PAN� �� ���� � �
 ��� 
��� ��

��� ����. �� 2400oC� ���� 
� �����

�� ���� ��� �� pitch� �� ��� PAN� ��

���� ���� ��� ��� �� �� ��� �
 �

�� �� �
 ��� ����.

�� PAN� �� ��� �
 ��� ��� � �� ��

�� 
� �� ��� ���� ���� ��� ����

�� �
 �� �
 ��� �		� ��� ���	�, �

�� 2000oC� 2400oC� ���� 
� � �� �
 �� �


 ��� ��	 � 	��.

�� ���� 
� novolac type� �� ��� ����

����� ���� 
� � ��� ���� �� ���

���� 
� �� ��� �
 ����, ��� ��� �

��� �� �
 �
 ���� �� ��� ����.

���� �� �� �
�
 2000oC �� 2400oC�� �

��� ���� ����� ���. ��
 �� ���� �


 ��� ��� ���� ��� ����� ���� 	�

��. �� �
 
��� � �, ��/�� ���� ���

���� ��� ���� 
� �� ��� ���� � �


 �� ��� �
�� ��� �� ��	 � 	���,

2400oC� ��� ����� ��� ��� ���� 
� �

� ���� ��� ����� ��� �
�� � � ��

� ����� �� � � 	��.

���� ���� ��
����

��� �� ��� �� � ��� ��� ���� � 


���(LC)� �	�� ��� Rigaku�� D/Max II X-� �

��� ���	�. Ni-filtered CuKα(λ = 1.542 Å)�� ���

	�� �� ��
 30 kV, ���
 2θ = 5~60o, scan speed

� 4o/sec, interval
 0.5���.

� ��� �� 
�(d-spacing)� 
�� ��(Lc)� Table

2� �����. 
� ��� ��� �� ��
� ��

Fig. 1. Temperature and pressure profile of molding process.

Table 1. Boron Contents Analyzed by EPMA of Different HTT

  Weight %

Pitch-based carbon fiber-20 Fiber 0.219 
Matrix 0.167

PAN-based graphite fiber-20 Fiber 0.166 
Matrix 1.014

PAN-based carbon fiber-20 Fiber 0.231 
Matrix 1.108

Pitch-based carbon fiber-24 Fiber 0.076 
Matrix 0.132

PAN-based graphite fiber-24 Fiber 0.149 
Matrix 0.265

PAN-based carbon fiber-24 Fiber 0.362 
Matrix 0.806
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2400oC�� ���� ��� ��� 2000oC�� ���� �

��� �� �
 �� ��� �� �
 ��� FWHM(full

width at half maximum) �� �����. �� � 2200oC �

� ���� ���� ��� �
���� �� 	��� �

�� 
���[12]. 2000oC�� ���� ���
 ��

2400oC�� ���� ���� �� �� �
 �� ���

���� 	��, 2000oC��� ��� �� ��� �� 


��� ���� �� ���� ���� ��� ��� 
�

� �� ��� ����.

Zaldivar� Yang� ����� ��� ���� ��� �,

��� ��� ��	� �� pitch� ��� �
 ��� �

� d-spacing �� 	�
�� PAN� �� ��� 2400oC�

��� ��� d-spacing� �
 �� ��� ���[11]. �

�� � ���� ����� ��� ��� PAN� �� �

�� �
, 2000oC ���� 2400oC� ���� 
� �� �

� �� �
 ����. PAN� �� ��� pitch� �� �

�� 2000oC� 2400oC ����� ��� Lc� ���� d-

spacing� 	�� �	�� �, PAN� �� ��� ��� �

��� ��
 ��� 
�� �����. ��� 
�� Jones

� Thrower� PAN� �� ��� pitch� �� ��� ��

�� ���� ��� ��� �, PAN� �� ��� pitch�

�� ��� �� �� �
 �� ��� � �
 �����

�
 �� �
� ���� ��	 � 	�[9]. ������

�
 ��� ��� ��� ����� PAN� �� ���

pitch� �� ���� � �
 ����� �� � ���, �

�� ������ ����� ��� ���� �� ���

�
 PAN� �� ��� �� ��� � �� 
��� ��

� 
� ���� ��� � �� �� ����[30].

2400oC� ��� ���� PAN� �� �� �� �� �


 ��� pitch� �� ��� �� � �
 ����� ��

� 	�. ��� 2000oC� ��� ����� ��� pitch�

�� ��� PAN� �� ���� � �
 ����� ��

� �� � � 	�. �� �
 ��� ��� �� �� ��


 EPMA ���� ��� ��� �
� ��� ����

� ���� ��� 	��, ��� ��� � ��� ���

�
 ��� �� ��� �� ��� ��� ���� ��

��� �� ��� pitch� �� ��� � �
 ��� �


�� � ���. ��� 2000oC� ��� ��� 
�� ��,

� �� �� ��� ��� ���� ������ pitch�

�� ��� ���� ����� ����� ��� ���

�� �
 PAN� �� ���� ��� ��� �� �� �

� ��� �� ��� 
���� �� ��� ���� �

��� � ���. ��� ��� �� 2000oC� ���� 


�� � �, � ��� �� �� �� �� �� ��	 ��

�� ��� ��. ��� PAN� �� ��� ��� �� 	

� ���� ��� 2000oC�� ��� �� ��� ��


��� �� �� ����, ��� ��� �� �� ���


�� ��� ����.

PAN� �� ��� �� ��� 2000oC ��� �� ��

��� 
� ����� �
 2000oC��� PAN� �� �

�� ��� �� ��� ��� ��� �� ��� �� �

�� ����� 	�.

��� ��� �� ���� ��
 ��
� �� ��

PAN� ���� pitch� ��� ��� ���. �� �� �

��, ��� ��� �� ��� �� ��� ��� ���

� ���� ��� ����� �
 ��� � �
 
��

	��� ���� ���.

���� � �� ��
����

Table 2. d-spacing and Crystal Size Analyzed by XRD of Dif-
ferent HTT Specimen

d (nm) LC

Pitch-based carbon fiber-20 0.3437 102.70
PAN-based graphite fiber-20 0.3470 71.47
PAN-based carbon fiber-20 0.3464 60.58
Pitch-based carbon fiber-24 0.3418 110.82
PAN-based graphite fiber-24 0.3405 71.53
PAN-based carbon fiber-24 0.3399 109.97

Fig. 2. X-ray diffraction profile of specimens. (a) HTT at
2000oC, (b) HTT at 2400oC.



Oxidation Resistance and Graphitization of Boron Oxide Implanted Carbon/Carbon Composites 131

��� ��� �� ���� �� 
�� ���� ���

TA Instrument�� Model 51 Thermo Gravimetric Analyzer

(TGA)� ���	�. ��� �� �� ��� �	� ���


���� �� ��� ��� �� 99.9%� �� ��� �

�	� �� ���� ���	�. ��� ��� ��� �

� ��� 100 cc/min ���. � ��
 70 mg� ��� �

� ��� ���	�. TGA ����� 5oC/min�� �� �

����� 1000oC�� ���	� 

2000oC� 2400oC�� ���� ���� �� �� �� �

�� Table 3� �����. ��
�� ��� �����

2400oC�� ���� ���� 2000oC�� ���� ���

� �� �� �� �� ��� �� �
 ���� �		�

�� �� � ���. ��� ��� ��� ��� ����

��� ��� �	�� ��� ��� �� ���� ���

Fig. 3. X-ray diffraction profile of specimens. (a) PAN-based
carbon fiber, (b) PAN-based graphite fiber, (c) Pitch-based car-
bon fiber.

Table 3. Initial Oxidation Temperature of Each Samples
oC

PAN-based carbon fiber-20 610
PAN-based graphite fiber-20 635
Pitch-based carbon fiber-20 638
PAN-based carbon fiber-24 755 
PAN-based graphite fiber-24 689 
Pitch-based carbon fiber-24 758 

Fig. 4. TGA profile of specimens. (a) HTT at 2000oC, (b) HTT
at 2400oC.
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����.

�� 2000oC�� ���� ��� ���� ���� PAN

� ���� pitch� ��� �� ����� � �
 ���

��� �� �� � � 	��, ��� ��� 2400oC� �

��� 
� ������� �
�� ��	 � 	��.

2400oC��� PAN� ���� ����� ��� ���

�
 ��� �� pitch� ���� �� ���� ��� �

�
 �� ����, 2000oC��� ��� ��
 �� ��

��� ���� ���� pitch� ����� ��� �� 


�
� PAN� ���� �� ����� �� ��� 
��

�� ��� �� �� ���� ��� ��� � ����

��� ��� 	���.

��� ��� �� TGA �� 
���� ����� PAN

�� pitch� ��� �� � 
�� ������ ����

	�. 

4. � �

1. ��� ��� ���� PAN� �� ��� PAN� �

� ��� pitch �� ��� �� �� �
 �� ��� �


�	�. ��� ��/�� ���� ��� ��
� � �

�� �
�
 
� �� ��� ���� ���� ���

���� � �	��� �� � � 	��.

2. ��� 
�� ���� �����. ��� 2000oC��

� ��� �� ��� 
��� ���� �� ���� �


����. 2400oC��� ���� �� ��� �� ��

	�� ��� �� ��� �� ���� �
 ��. �� �

�� ��� ��� ��� ��� ���� 
� �� ��

� ���� ��� ��� ���� �� ��.

3. ��� ��/�� ���� ���� ������� �

�� ���� ����� �� �� ������ ����

��.
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Fig. 5. TGA profile of specimens. (a) PAN-based carbon fiber,
(b) PAN-based graphite fiber, (c) Pitch-based carbon fiber.


