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SYNOPSIS 

Modification of polyacrylonitrile (PAN) fibers with potassium permanganate has reduced 
the time required for stabilization and also improved the mechanical properties of the 
resulting carbon fibers. In this study, the effect of modification on the physical properties, 
microstructure, and elemental composition of fibers during the carbonization process was 
examined for the first time. The resulting carbon fibers developed from modified PAN 
fibers had a higher density, a greater stacking size ( L c )  , and a higher preferred orientation 
than those developed from unmodified PAN fibers. The carbon fibers developed from the 
modified PAN fibers also showed an improvement in tensile strength from 20 to 40%. 
These fibers showed a radial structure in the fracture surface and were somewhat different 
structurally in the cross section than were the carbon fibers developed from the original 
PAN fibers. A model for the structure of both carbon fibers is presented. The relationship 
between the formation of closed pores from open pores and the variety of cumulative pore 
area during the heat-treatment stage is also discussed. 

INTRODUCTION 

Carbon fibers have been known as filaments for 
lamps for nearly a century, since Edison first used 
them.' Modern carbon fibers were first developed by 
Shindo' in 1961 when he pyrolysed polyacrylonitrile 
(PAN) fiber. Following this discovery by Shindo, 
the development of commercial carbon fibers was 
reported by Watt and co-~orkers .~  Typically, the 
PAN fibers are stabilized in air at  200-300°C and 
carbonized in an inert gas up to 1000°C. This process 
produces Type A carbon fibers with a low modulus 
and a low tensile strength. PAN fibers can also be 
carbonized at  up to 1400°C t o  produce Type I1 car- 
bon fibers, exhibiting high tensile strength and me- 
dium modulus. Graphitization, which occurs in heat 
treatment at  temperatures higher than 250OOC to 
make Type I carbon fibers, can also be used to in- 
crease the modulus. This process, however, often 
decreases the tensile strength. A flow chart repre- 
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senting the manufacture of carbon fibers from PAN 
fibers presented the following4: 

PAN + stabilization -P carbonization -P 

fibers 200-300°C > l O O O " C  
in air 

stabilized 
4 

Type A 
+ 

fibers carbon fibers 

carbonization + graphitization 
> 1400°C > 250OOC 

carbon fibers carbon fibers 

+ 
Type I 

+ 
Type I1 

Carbon fibers are now extensively used in resin 
composite systems and even metals to yield com- 
posite materials of high specific stiffness, strength, 
and light weight. The materials are now important 
industrially and have gained a wide range of appli- 
cation from game and sports articles to the aerospace 
industry. Because of their various technological ap- 
plications in the industrial and engineering fields, 
the development of high-strain and high-modulus 
carbon fibers has become necessary. The trends in 
research and development of PAN-based carbon fi- 
bers may be classified as follows5: 
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1. Increase the allowable design strain and im- 
pact resistance to produce high-strength and 
high-strain fibers. 

2. Increase the high modulus, especially in space 
applications. 

3. Produce a high modulus with high strength, 
in the same fiber, which is especially impor- 
tant in aerospace application. 

The best method for obtaining high-strain carbon 
fiber is to improve fiber strength. It has been estab- 
lished that the treatment of a PAN fiber under a 
tension load improves the fiber Mathur et 
a1.8 and Bahl et al.9"0 have pretreated a PAN fiber 
with CuCl to make high-performance carbon fibers. 
Cagliostro has modified a PAN fiber with benzoic 
acid to improve carbon fiber strength. 

Two previous ~ t u d i e s ' ~ , ' ~  presented the results of 
our process for modifying the PAN fibers with po- 
tassium permanganate to produce high-performance 
carbon fibers. We have discussed the reasons why a 
PAN fiber modified with potassium permanganate 
can reduce stabilization time and improve the me- 
chanical properties of the carbon fiber.14 In another 
study,15 we investigated the morphology and micro- 
structure of a stabilized fiber, using optical and elec- 
tron microscopes. We presented a model for the 
structure of the stabilized fibers. We have done an 
additional study on the effect of modification on the 
stabilization process and the dynamic mechanical 
properties of PAN fibers.I6 Earlier, we also reported 
on the variation of crystal size in PAN fibers during 
stabilization. We provided a model of the ladder 
polymer in stabilized fibers transformed from ac- 
rylonitrile (AN) units of PAN fiber.I7 

The present report is concerned with the variation 
of physical properties and microstructural changes 
in two different kinds of stabilized fibers: One was 
developed from PAN fibers and the other developed 
from modified PAN fibers. The progression of the 
carbonization process used for both kinds of fibers 
was analyzed through measurements of mechanical 
properties, density, elemental composition, micro- 
structure parameters, and pore-size distribution. 
This study provides a sound basis for understanding 
how the modification of PAN fibers can produce a 
higher-quality and higher tensile strength carbon 
fibers than was previously possible. 

EXPERIMENTAL 

Materials 

A special grade of polyacrylonitrile (PAN) fiber tows 
(Courtelle fiber, Courtaulds Ltd., U.K.) , containing 

6% methyl acrylate and about 1% (itaconic) acid 
copolymer, was used in this study. Each single tow 
of this fiber contained 6000 filaments of 1.1 denier. 
PAN fibers were modified with hot potassium per- 
manganate solution at 85°C for 2 min, with a fixed- 
length method. The color changed from clear white 
to brown after the modification. This sample was 
washed with distilled water and dried to a constant 
weight in an oven. The manganese content in the 
prepared carbon fibers was determined by atomic 
emission spectroscopy and was found to have in- 
creased about 60 times over its original ~0ntent . I~  

Stabilization and Carbonization 

The stabilization of the PAN fibers and the modified 
PAN precursors was carried out in a constant tem- 
perature-zone furnace, with a fixed-length method, 
a t  230°C for 60 min in a purified air atmosphere. 
The stabilized fibers were named fibers A and B, 
respectively. The properties of fibers A and B will 
be discussed further in the following section. The 
stabilized fibers (fibers A and B )  were carbonized 
to 1300°C at  a rate of 240"C/h from 25 to 1300°C 
in a ceramic reaction tube and an oxygen-free ni- 
trogen atmosphere, respectively. Neither tension nor 
load were applied to the fibers during this process. 
The samples were heated in this way at different 
temperatures from 300 to 13OO0C, at 100°C inter- 
vals. 

Mechanical Properties 

The mechanical properties of the fibers were deter- 
mined according to JIS R7601-1980 testing methods 
with the Instron Universal Testing Machine at  a 
crosshead speed of 0.5 mmlmin, a load cell of 20 g, 
and 2.5 cm of testing gauge. In each specimen, at 
least 25 filaments were tested. Their average value 
is reported here. 

Wide-Angle X-Ray Diffraction 

A Rigaku X-ray diffractometer, providing Ni-filtered 
CuKa radiation, was used to measure the crystalline- 
related properties of the sample. The step-scan 
method was used to determine the d spacing and 
stacking size (Lc, stacking height of layer planes). 
The step-interval was set at 0.02". The preferred 
orientation of the carbon fibers O(OO2) was deter- 
mined by an X-ray diffractometer, with a fiber spec- 
imen attachment. The precursors were located at  
around 25" (20). [The (002) plane of carbon fibers 
is thought to have a hexagonal structure.] The 360" 
azimuthal circle was used in order to permit the fiber 
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axis to be rotated 360" around the vertical. The d 
spacing, Lc, and 0 (002) were calculated by using 
eqs. (1) (the Bragg equation), ( 2 )  (the Scherrer 
equation ) , and ( 3 ) , respectively: 

Table I1 The Elemental Contents of Stabilized 
Fibers 

Element Contents (wt %) 

nX = 2d sin0 (1) 

L(hkZ) (in nm unit) = KA/B cos0 (2 )  

O(hkZ) (in % )  = [(360 - H)/360]100 ( 3 )  

in which X = 0.154 nm, K is the apparatus constant 
( = 1.0) , and B is the half-value width in the radian 
of the X-ray diffraction intensity ( I )  vs. 20 curve. 
His the half-value width in degrees of the curve of 
( I )  vs. azimuthal angle.16 The preferred orientation, 
0(002) ,  has a value of 0 if the specimen is com- 
pletely unoriented. If the crystallites are all arranged 
perfectly parallel to one another, the preferred ori- 
entation is equal to 100. 

Density 

Densities were measured at  25°C according to the 
density gradient column method. The density col- 
umn was prepared with a mixture of n -heptane and 
carbon tetrachloride, so that a density gradient of 
about 1.2-1.6 g/cm3 extended from top to bottom. 
For the measurement of densities from 1.6 to 2.0 g/ 
cm3, a density gradient column prepared with a 
mixture of carbon tetrachloride and 1,3-dibrompro- 
pan was adopted. 

Elemental Analysis 

Elemental analysis was carried out with a Perkin- 
Elmer model 240C elemental analyser. The samples 
from the carbonization process were analyzed for 
carbon, hydrogen, and nitrogen. The oxygen content 
was determined by the difference between these 
three. 

Pore-Size Distribution 

Mercury porosimetry of all samples was carried out 
with a Micromeritics mercury porosimeter pore-size 

Table I Properties of Stabilized Fibers Used 

Developed Strength Modulus Density AI" 
Sample from (GPa) (GPa) (g/cm3) (%) 

Fiber A PAN fiber 0.28 1.34 1.342 49.6 
Fiber B Modified 0.34 1.45 1.340 44.5 

PAN fiber 
~ ~ ~ 

* Aromatization index (AI) was tested by a wide-angle X-ray diffrac- 
t~rneter.'~ 

Sample C N H 0 

Fiber A 60.1 21.4 4.0 14.5 
Fiber B 60.4 21.6 4.1 13.9 

analyzer Model I1 9220, working up to 60,000 psi, 
equivalent to a pore size ranging from 3.0 to 100,000 
nm diameter. 

Scanning Electron Microscope ( S E M )  

The fracture surfaces of carbon fibers were examined 
with a scanning electron microscope, Hitachi model 
S-520, at  25 KV accelerating potential. The speci- 
mens were coated with Au to get a better image. 

RESULTS AND DISCUSSION 

Properties of Samples 

Two different stabilized fibers were used. Fiber A 
was developed from PAN fiber, and fiber B, from 
modified PAN fiber. The properties and elemental 
contents of the fibers before carbonization are given 
in Tables I and 11. 

Tables I and I1 show that fiber A has a lower 
strength, a higher aromatization index ( AI) value, 
and a greater oxygen content than does fiber B. 
When PAN fiber is heated at above 180°C in the 
presence of oxygen, C s N  bonds will be converted 
into C=N bonds, the ladder polymer will be formed, 
and the cohesive energy between the relative chains 
will drop appre~iably.'~.'~ This drop accounts for the 
decrease in tensile strength of the stabilized fibers. 
The percentage conversion of C-N to the C=N 
group depends on the extent of stabilization. A 
higher percentage conversion ( a  higher A1 value), 
indicates that stabilized fibers have more ladder 
polymer. Therefore, the strength is lower for fiber 
A than for fiber B. 

The analysis of the elemental contents of the sta- 
bilized fibers is shown in Table 11. The oxygen con- 
tent for fiber A is higher than that for fiber B. It 
was found that oxygen is introduced in the form of 
OH and C=O groups and bonded to the carbon 
backbone of the ladder polymers.*' Watt found 
that most of the oxygen of C=O is released as water 
vapor during carbonization. The carbonization pro- 
cess produces a cross-linking between adjacent 
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chains. Bahl and Manocha'l indicated that this 
cross-linking obtained by carbonizing the stabilized 
fiber accounts for the increase in the strength of 
carbon fibers. 

The densities of stabilized fibers are due to the 
structural rearrangements associated with the cy- 
clization reactions and the incorporation of oxygen. 
Fiber A shows high-density values, which suggests 
a high rate of stabilization in this fiber. Because fiber 
A has more ladder polymers, a higher oxygen con- 
tent, and a higher density than does fiber B, it may 
seem reasonable to assume that the strength of the 
resulting carbon fibers developed from fiber A is 
greater than that developed from fiber B. However, 
the properties of the resulting carbon fibers proved 
to be exactly the opposite of those expected. The 
reasons for these findings are discussed in the next 
sections. 

Elemental Analysis of Fibers during Carbonization 
Stage 

There is a large weight loss during carbonization, 
producing a large volume of volatile gases and some 
tarry substances. Volatile compounds such as HCN, 
Hz, NH3, COz, CO, and CHI are formed. Several 
authors studied the volatile products evolved during 
carbonization and have tried to deduce the chemical 
processes that ~ ~ ~ ~ r r e d . ~ ~ ~ ~ ~ ~ ~  In most cases, gas evo- 
lution was observed and the gases were analyzed as 
a function of the carbonization temperature, either 
by gas chromatography or by mass spectroscopy. In 
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Figure 1 
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Figure 2 
fibers: (0) fiber A; (0) fiber B. 

Effect of temperature on hydrogen content in 

this study, the elemental contents and elemental 
compositions of stabilized fibers during carboniza- 
tion are analyzed by elemental analysis. The results 
are shown in Figures 1-4. During carbonization, the 
carbon content increases while the oxygen, hydro- 
gen, and nitrogen content decreases. 

Figure 1 gives the results of the nitrogen content 
analysis. The nitrogen content for both samples de- 
creases when the carbonization temperature is 
raised. In the early stage of carbonization, the ni- 
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Figure 3 
perature: (0) fiber A; (0) fiber B. 

Carbon content for fibers as function of tem- 
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Figure 4 
in fibers: (0) fiber A; (0) fiber B. 

Temperature dependence of oxygen content 

trogen content decreases slightly. After the period 
of the transition temperature, it decreases rapidly 
as the carbonization temperature rises. The tran- 
sition temperature is 700°C for fiber A and 800°C 
for fiber B. This decrease in nitrogen content is re- 
markably sharp during carbonization between the 
transition temperature and 13OO0C, showing that 
the lengthening and broadening of the carbon basal 
planes occurs rapidly in this temperature range. The 
transition temperature of fiber B is 100°C lower than 
that of fiber A. This finding indicates that PAN fiber 
modified with potassium permanganate will delay 
the formation of the carbon basal planes. The ni- 
trogen content of the carbon fibers from fiber A, 
below 700°C carbonization, is higher than that of 
the carbon fibers developed from fiber B. However, 
after 800°C carbonization, the carbon fibers from 
fiber B show a slightly higher nitrogen content when 
compared to those of fiber A. As a result, fiber A 
will have more carbon basal planes than will fiber 
B during carbonization. In addition, the modulus of 
carbon fibers from fiber A will be higher than that 
of carbon fibers from fiber B. 

As shown in Figure 2, the hydrogen content of 
carbon fibers from fibers A and B shows a sharp 
decrease during carbonization, and all hydrogen is 
lost after 1100°C carbonization. The hydrogen con- 
tent of carbon fibers developed from fiber A, com- 
pared to that of carbonized B fibers, has a similar 
pattern to that of the nitrogen content. The hydro- 
gen content for fiber A is higher than that for fiber 

B before 700°C carbonization. However, the hydro- 
gen content for fiber A is lower than that for fiber 
B above 800°C. The major chemical reaction prod- 
ucts at  temperatures ranging from 600" to 1000°C 
were HCN, H2 , and N2 .22 Whereas HCN is produced 
by intermolecular cross-linking, H2 evolves as a re- 
sult of dehydrogenation. The form of graphitelike 
ribbons and fibrils in the carbon fibers is due to de- 
hydrogenation and nitrogen eliminati~n.~ Thus, the 
smaller hydrogen content for fiber A during heating 
between 800 and 1000°C shows that carbon basal 
planes and fibril formations occur rapidly in this 
temperature range. 

The carbon content of carbon fibers from fibers 
A and B, as a function of the carbonization tem- 
perature, has been plotted in Figure 3. A slight in- 
crease in the carbon content during heating from 
300 to 800°C can be observed. When the tempera- 
ture is above 800"C, a higher increase in carbon 
content occurs. The carbon content for both fibers 
increases rapidly after 9OO"C, indicating that the 
chemical reactions and the formation of carbon basal 
planes and fibrils occurs very rapidly. The carbon 
content for fiber A is higher than that for fiber B 
during the carbonization stage. The carbon content 
for fiber A is 96.33 wt % and that of fiber B is 96.05 
wt ?6 at 1300°C. The higher carbon content indicates 
that more basal planes were formed for fiber A dur- 
ing carbonization. 

As shown in Figure 4, which presents the plots 
of the oxygen content versus the carbonization tem- 
perature for the fibers, the oxygen content is not 
measured directly, but is calculated by difference. 
Therefore, this measurement is affected by errors 
in the carbon, hydrogen, and nitrogen determina- 
tions. Starting at  a temperature of 400"C, the oxygen 
content decreases as the temperature increases. De- 
spite this general decreasing pattern, a slight in- 
crease in oxygen content is observed between 700 
and 900°C for fiber A and between 800 and 900°C 
for fiber B. With a further increase in carbonization 
temperature, the oxygen content continues to de- 
crease as the carbonization temperature increases 
to above 900°C. The oxygen content of carboh fibers 
developed from fiber A, as compared to those de- 
veloped from fiber B, are lower from 400 to 700°C, 
but they are higher when the Carbonization tem- 
perature is above 800°C. It is known that there is a 
considerable evolution of H20 in the early stages of 
carbonization, 300-500°C. Manocha and Bah125 
suggested that the evolution of H20 results from the 
cross-linking condensation reactions between two 
monomer units of the adjacent ladder polymeric 
molecular chains such as 
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In Table 11, the oxygen content is 14.7 and 14.0 
wt % for fiber A and fiber B during the stabilization 
stage, respectively. The oxygen content of fiber A is 
lower than that of fiber B during heating from 400 
to 7OO0C, indicating a significant cross-linking con- 
densation reaction in fiber A. This reaction produces 
a broadening of the heterocyclic structure, hence, a 
higher modulus for fiber A carbonized. 

The Density, Pore Area, and Preferred 
Orientation 

Figure 5 shows the variation in densities of stabilized 
fibers during carbonization. Density increases very 
rapidly below carbonization temperatures of 1000 
and 900°C for fibers A and B, respectively. This 
finding indicates that the aromatization and cross- 
linking of the heterocyclic rings, as well as the 
lengthening and broadening of carbon basal planes, 
led to the repacking of the structure in carbon fibers. 
However, the density increase was followed by a 
sharp drop at  llOO°C for fiber A and at 1000°C for 
fiber B. A similar phenomenon has been found by 
Gibson26 and by Abhiraman et alF7 Gibson observed 
that a decrease in density for carbon fibers was pro- 
duced at  carbonization temperatures from 1000 to 
20OO0C. Abhiraman et al. found that an increase in 
the measured density of carbon fibers occurred below 
12OO0C, but the density dropped sharply with con- 
tinued heating. The reason for the drop in apparent 
density could be the conversion of open pores to 
closed pores. Consolidation around the pores occurs 
during the high carbonization temperature. 

Figure 5 
samples: (0) fiber A; (0 )  fiber B. 

Change in density during carbonization of 

In our early work, a proposed model of a stabilized 
fiber was b ~ i 1 t . l ~  The stabilized fiber was composed 
of lamellar-platelike structure (LPLS) along the fi- 
ber axis, as shown in Figure 6. Fibers A and B have 
the same structure. The spacing is from 100 A to 
several hundred A between two LPLS. The large 
spacing between two LPLS is one kind of open pore. 
The lamellar plates could be packed together during 
the carbonization stage, narrowing the pores. The 
dimensions of the large open pores decrease when 
the carbonization temperature is raised during the 
carbonization stage. 

Carbon material contains a complex network of 
pores of varied shapes and  size^.^^^^^ The shapes in- 
clude cylinders, rectangular cross sections, and many 
irregular shapes and constrictions. Because the sizes 
and shapes are thin, needlelike, and irregular, the 
small-angle X-ray technique is limited and cannot 
distinguish between open and closed pores. There- 
fore, gas and liquid adsorptions of different-sized 
molecules can offer more information about the va- 
riety of surface properties and pore-size distribution. 

The pore area of the samples during carbonization 
were determined by a mercury porosimeter. The 
progression of the changes in cumulative pore area 
is plotted as a function of the carbonization tem- 
perature in Figure 7. The cumulative pore area of 
fiber A increased rapidly to a value of 710 m2/g at  
900°C, and 449 m2/g at 700°C, suggesting that the 
fibers were releasing H20, HCN, N2, Hz, CO, and 
C02 and that the reactions led to some narrow, nee- 
dlelike open pores in the fibers. The cumulative pore 
area dropped sharply at  1000°C. 

When fiber A was carbonized at 1000°C, a higher 
density (Fig. 5) and a lower cumulative pore area 
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Figure 6 Brightfield image of the inclined section of a 
stabilized fiber showing the lamellar-platelike structure 
(LPLS). 

were obtained (Fig. 7) .  Both findings are consistent 
with the lengthening and broadening of the carbon 
basal planes. As a result, the basal planes become 
closely packed and the structure around the pores 
is rearranged. 

For fiber B, the cumulative pore area decreased 
sharply during heating from 700 to 1000°C. The cu- 
mulative pore area of fiber B decreased below 500"C, 
that is, a t  a temperature 200°C lower than that of 
fiber A. Fiber B had a lower cumulative pore area 

than did fiber A during the carbonization stage, in- 
dicating that the structure of fiber B was more com- 
pact than that of fiber A. Johnson and Tyson3' 
measured changes in the void diameter by using an 
X-ray small-angle scattering. They found that an 
increase in diameter from 0.9 to 2.9 nm occurred 
with a heating temperature from 1000 to 2400"C, 
respectively. 

The reason the conversion temperature for fiber 
B was 200°C lower than that of fiber A (Fig. 7)  is 
not apparent a t  this point. A study of the catalytic 
graphitization of carbon in 22 kinds of metal powder 
was made by Oya and Otani.31 They found that Mn 
metal produced large graphitic crystal flakes at an 
early stage of the catalytic graphitization process. 
Our findings are consistent with theirs, for Mn 
metal. 

Fiber B was developed from a modified PAN fiber. 
The Mn catalyzed carbon during the carbonization 
stage, and the reaction promoted a compacting of 
the basal planes that led to the conversion of open 
to closed pores a t  a lower carbonization temperature. 
The catalytic reaction not only produced more 
packing, but also a more orderly arrangement of the 
basal planes for fiber B. Therefore, the density and 
the preferred orientation for fiber B were higher than 
that of fiber A during the final carbonization tem- 
perature. 

The first paper describing the development of 
structure in the fibers during the carbonization pro- 
cess was published by Watt et al.23 They used a tem- 

400 : . . , . . I . . I . . , . . 
400 600 800 1000 1200 1400 

Temperature ( C) 

Figure 7 
(+) fiber B. 

Change in cumulative pore area during carbonization of fibers: (0) fiber A, 
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perature of 320 to 800°C, and found that the pre- 
ferred orientation of the carbon fibers increased with 
temperature throughout the range. In our study, the 
progression of preferred orientation changes of the 
carbon fibers was plotted as a function of the car- 
bonization temperature (300 to 1300°C) , as shown 
in Figure 8. We observed a similar phenomena in 
the initial stage of carbonization. However, the pre- 
ferred orientation of the carbon fibers in our study 
increased, then, dropped sharply at 1100 and 1000°C 
for fibers A and B, respectively. 

This decrease in the preferred orientation is quite 
significant. Its pattern parallels the decreases in 
density that occurred at the same temperatures (Fig. 
5 ) .  These findings suggest that the broadening of 
the carbon basal planes could lead to the rearrange- 
ment and misorientation of structures along the fiber 
axis in this temperature range. Above the conversion 
temperature, 1100 and 1000°C for fibers A and B, 
respectively, the improvement in preferred orien- 
tation is quite significant, indicating that the carbon 
basal planes become increasingly packed together, 
yet still remain parallel to the fiber axis throughout 
the final temperature range. 

Watt et al.23 indicated that as the number of basal 
planes parallel to the fiber axis increased from 320 
to 800"C, the basal planes perpendicular to the fiber 
axis became broader above a carbonization temper- 
ature of 800°C. They also showed that a significant 
broadening of the basal planes occurred above 
1000°C. Therefore, the main reason for the conver- 
sion of open to closed pores could be the broadening 
of the basal planes during carbonization, which could 
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Figure 8 
ization temperature: (0 )  fiber A, (0 )  fiber B. 

Preferred orientation as a function of carbon- 

lead to the closing of the surface entrances from 
open structure. 

X-Ray Diff ractometer Studies 

In carbon fibers, the crystallites are arranged around 
the longitudinal axis of the fiber with the layer 
planes. The layer planes are formed by a set of tur- 
bostratic stacks of aromatic layers lying approxi- 
mately parallel to the fiber axis. The structure and 
microtexture of carbon fibers have been determined 
by TEM. In a 002 darkfield, the stacks of the basic 
structural unit (BSU) seen edge-on are imaged as 
bright  domain^.^^'^^ Oberlin and O b e ~ - l i n ~ ~  have 
measured the thickness and diameter of bright do- 
mains, which are replaced by a set of straight and 
parallel fringes having a length that is the diameter 
of the BSU. 

In our article, the microstructure parameters of 
two different stabilized fibers during the carboniza- 
tion stage were studied by X-ray diffraction tech- 
niques. An X-ray beam directed perpendicular to 
the axis produced reflections from the layer planes. 
The Scherrer equation is used to calculate the values 
of Lc (stacking height of layer planes) from the 
width of the 002 reflection. The Bragg equation was 
used to calculate the d spacing (the distance between 
the layer planes) from the 002 reflection. Therefore, 
the mean layer planes in single crystallite could be 
obtained from Lcld.  

The mean layer planes ( L c l d )  as a function of 
post-heat-treatment temperature are given in Figure 
9. The results show the strong effect of the modifi- 
cation process on the PAN fibers and on the mean 
layer planes of the final carbon fibers. The mean 
layer planes increase very rapidly during carboniza- 
tion below 900°C and below 700°C for fiber A and 
fiber B, respectively. These findings suggest signif- 
icant aromatization and cross-linking of heterocyclic 
rings, which leads to the layer planes packing in the 
fibers. However, the layer plane increase is followed 
by a sharp drop. Then, at  800 and 1100°C for fibers 
A and B, respectively, there is a significant increase 
to 1300°C. This very unusual variation in the mean 
layer planes of carbon fibers during the carboniza- 
tion process has not been studied before. However, 
we have observed this pattern in our work with both 
the batch carbonization and the continuous carbon- 
ization process.34 

As the pyrolysis temperature was increased, Watt 
et al.23 studied the basal planes of the graphite 
structure parallel and perpendicular to the fiber axis. 
They showed that the length parallel to the fiber 
axis grew much more rapidly than did the breadth 
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Figure 9 
fiber A; (+) fiber B. 

Mean layer planes (Lcld) as a function of carbonization temperature: (0 )  

normal to the axis in the temperature range of 320 
to 800°C. They also showed that the stacking height 
of the layer planes (Lc) grew from 1.3 nm at 410°C 
to 1.5 nm at 800°C. 

Our study provides more information about the 
variety in stacking height of the basal planes above 
a heat-treatment temperature of 8OOOC. This study 
shows that the Lc/d for fiber A increases slowly be- 
low 800°C. Between 800 and 9OO"C, the Lc/d for 
fiber A increases remarkably. This finding indicates 
that most of the layer planes pack to the incipient 
layer planes in the developing turbostratic carbon 
structure. This result may be caused by the broad- 
ening of the layer planes perpendicular to the fiber 
axis. 

During the heat-treatment stage from 900 to 
11OO"C, the mean layer planes suddenly decrease; 
the density, the cumulative pore area, and the pre- 
ferred orientation also decrease (see Figs. 5, 7, and 
8),  which indicates that the cross-linking and 
broadening of the layer planes are displaced. Some 
layer planes grow and rearrange around the open 
pores, resulting in the formation of closed pores. 
Because some of the crystallites grew around the 
walls of the pores, there is a decrease in the mean 
layer planes (Lc/d) , the density, and the preferred 
orientation of carbon fibers in this carbonization 
stage. 

Bennett et al.,35 using a TEM technique, have 
found that there are large misoriented crystallites 
present in some walls of the internal flaws of Type 

I PAN-based carbon fibers. They reported that the 
presence of such crystallites has a deleterious effect 
on fiber strength. We believe that those misoriented 
crystallites were initially formed during the conver- 
sion stage from open to closed pores. 

During carbonization above 1100°C for both fi- 
bers, the improvement in the growth of oriented 
crystallites with an increase in heat-treatment tem- 
perature is quite significant. There is also an abun- 
dant increase in the mean number of layer planes, 
the preferred orientation, and the density. An overall 
increase in the mean layer planes shows that the 
crystallites parallel to the fiber axis are growing and 
packing much more rapidly than are those sur- 
rounding the pores at  carbonization temperatures 
above 1000°C. 

For fiber B, developed from modified PAN fiber, 
the crystallites began to grow around the walls of 
the pores from 700 to 800°C during carbonization. 
This phenomenon leads to a decrease in cumulative 
pore area (Fig. 7). Above this range, more layer 
planes grow and pack parallel to the fiber axis. Above 
the carbonization temperature of 11OO"C, fiber B 
has a greater stacking size (Lc) and more layer 
planes (the higher value of Lc/d) in the crystallite 
than does fiber A. This finding is due to the catalysis 
of carbon by Mn that promoted the growth and the 
close packing of the oriented layer planes. Therefore, 
the density, the preferred orientation, and the mean 
layer planes for fiber B are higher than those for 
fiber A in the final carbonization stage. 
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The layer planes grow and pack around the walls 
of open pores. This process leads to the conversion 
of open pores to closed ones during the carbonization 
stage. This phenomenon needs to be reconfirmed 
with the TEM technique that was developed by 
Bennett et al.,35 in order to provide more informa- 
tion about crystallite growth around the walls of 
pores. 

The Mechanical Properties and Morphology 

The results of the influence of heat treatment on 
the modulus and tensile strength of carbon fibers 
during the carbonization stage are plotted in Figures 
10 and 11. The modulus increased slowly below 
500°C and then increased rapidly above this tem- 
perature. Below 500°C, the hydrogen content de- 
creased rapidly (Fig. 2 ) , and the carbon content in- 
creased slowly (Fig. 3).  The oxygen content de- 
creased gradually (Fig. 4), indicating that the main 
reactions were the evolution of H20, CHI, and C02 
from the two samples. These reactions promoted a 
cross-linking of heterocyclic rings, which formed 
sufficient carbon basal planes to cause a dramatic 
increase in the modulus and tensile strength. 

The modulus and tensile strength for both fibers 
A and B increased linearly with an increase in tem- 
perature above 500"C, as shown in Figures 10 and 
11. Raising the temperature above 500°C promoted 
the formation of longer and broader basal planes, 
which led to an increase in modulus and tensile 
strength. Because fiber A had more carbon content 
in the carbonization stage (Fig. 3 ) ,  the modulus for 
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Figure 10 
fibers: (0) fiber A; (0) fiber B. 

Change in modulus during carbonization of 
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Figure 11 
ization of fibers: (0) fiber A; (0) fiber B. 

Change in tensile strength during carbon- 

fiber A was slightly higher than that for fiber B. 
However, the carbonized B fiber shows an improve- 
ment in tensile strength of 20-40% over that of the 
carbonized A fiber. 

Why do carbonized B fibers have a higher density, 
a greater stacking size (Lc )  , more layer planes in 
the crystallite (Lc/d) , a higher preferred orientation, 
and a higher tensile strength than do carbonized A 
fibers? These parameter differences suggest strongly 
that the modification of PAN fibers results in im- 
provements in the final properties of carbon fibers. 
A possible reason for this process at the molecular 
level may be that the Mn contained only in fiber B 
is highly reactive with the carbon because it has an 
uncompleted d -electron The Mn forms 
strong chemical bonds with carbon, resulting in a 
metal carbide. In addition to the powerful bonds be- 
tween Mn and carbon, another possible process is 
suspected to be responsible for the tensile strength 
of the carbonized B fibers. Mn metal has been found 
to catalyze the formation of graphitic and turbo- 
stratic carbons during the heat-treatment stage in 
experiments conducted by Oya and Otani.31 

When variation in mean layer planes (Fig. 9) was 
compared to the relationship between modulus and 
temperature (Fig. l o ) ,  we found that ( 1 ) the mean 
layer planes in fiber A increased at  400-900°C and 
then suddenly decreased at  900-llOO°C. From 900 
to llOO°C, fiber A lost 8.15 wt % in nitrogen content 
(Fig. 1 ) and increased 53.5 Gpa in modulus; ( 2 )  the 
mean layer planes in fiber B increased from 400 to 
700°C and then suddenly decreased at  700-800°C. 
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From 700 to 8OO"C, fiber B lost 0.25 wt % in nitrogen 
content and increased 51.6 GPa in modulus. 

The mean number of layer planes dropped in the 
transformational stage (Fig. 9) ,  indicating that the 
number of basal planes misoriented, relative to the 
fiber axis, was greater than those oriented to the 
axis. Because nitrogen loss for fiber A was greater 
than that for fiber B, the lengthening and broad- 
ening of the basal planes in fiber A was quite sig- 
nificant. In fiber B, however, the rearrangement of 
microstructure occurs at  a lower temperature and 
with less loss of nitrogen, indicating that the rear- 
rangement of the microstructure in the two fibers 
differs during the final carbonization stage. This dif- 
ference in basal plane orientation is reflected in dif- 
ferent morphologies of the fracture surface in the 
final carbon fibers. 

A scanning electron microscopy ( SEM) was used 
to study the fracture surfaces of the carbonized fibers 
A and B. A typical fracture surface of carbonized 
fiber A is shown in Figure 12 (a) .  The microstructure 
is similar to that of the partially stabilized Courtelle 
carbon fibers.36 The fracture surfaces of carbonized 
fiber A have a wraparound basal plane structure in 
the outer zone and a radial structure in the core. 
The fracture surface of carbonized fiber B is shown 
in Figure 12 ( b )  ; the radial structure is visible only 
by cross section. 

The mode of carbonization of fibers A and B is 
shown in Figure 13. When fiber A was heated in air 
for a long time during the stabilization stage, the 
dimension of the outer zone increased. The stabi- 
lization stage for fiber B had no effect on the mor- 
phology of the fracture surface for the resulting car- 
bon fibers. The cross section of the resulting carbon 
fibers from fiber B always had a radial structure. 

Figure 12 SEM images of fracture surface of the carbon 
fibers developed from ( a )  modified PAN fiber and ( b )  
unmodified fiber. 

a b 

Figure 13 
developed from ( a )  fiber A and from (b)  fiber B. 

Models of cross sections of the carbon fibers 

CONCLUSIONS 

The modification of PAN fibers during the carbon- 
ization process was studied. During carbonization 
above 11OO"C, the carbon fibers developed from 
modified PAN fibers have a higher density, a higher 
preferred orientation, and more mean layer planes 
in crystallite. Because of the Mn-metal-catalyzed 
formation of graphite during the carbonization stage, 
the formation temperature of closed pores from open 
pores in modified fibers was 200°C lower than that 
for unmodified fibers. The carbonized-modified PAN 
fibers showed a radial structure on fracture surfaces. 
The carbon fibers developed from modified PAN fi- 
bers showed an improvement in tensile strength of 
20-40%. 
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