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SYNOPSIS 

Since the itaconic acid (IA) comonomer is the potential initiator of cyclization, therefore 
the introduction of IA comonomer into polyacrylonitrile (PAN) precursor can depress the 
onset of exotherm (or cyclized temperature) and peak temperature. However, the more the 
IA content, the lower the conversion of acrylonitrile (AN) in the polymerization reaction. 
Although 2-ethylhexyl acrylate (2-EHA) comonomer in PAN precursor may prevent the 
cyclization propagation of nitrile groups during oxidation, PAN precursor with a few percent 
of 2-EHA comonomer has a more preferred orientation. As the content of 2-EHA comonomer 
further increases, the orientation of the resulting carbon fiber decreases correspondingly. 

In this study, PAN precursor, with the composition of 98 mol % AN, 1.5 mol % 2-EHA, 
and 0.5 mol % IA, and its resulting carbon fiber have the best mechanical properties. From 
the results, it is shown that there is a good relationship between the tenacity and modulus 
of PAN precursor and those of its resulting carbon fiber. 

INTRODUCTION 

Carbon fibers can be made from many materials; 
however, only three materials have gained industrial 
importance: rayon, pitch, and polyacrylonitrile 
(PAN). Rayon is injured by a relatively high carbon 
loss during carbonization; pitch-based carbon fibers 
give relatively poor tensile property, unless they are 
prepared from extremely purified mesophase pitch. 
At present, PAN appears to be the most widely used 
precursor for making high-performance carbon 
fiber. 1-3 

The quality of the ultimate carbon fibers depends 
largely on the quality of the precursor fibers: Most 
PAN-based precursor fibers are made from 
copolymer5-' with acrylonitrile (AN) content of 
greater than 95 wt %. The introduction of a few 
percent of comonomer greatly enhances the internal 
mobility of polymer segments (or decreases the glass 
transition temperature, !i'g9*10), depresses the onset 
of cyclized temperature during oxidation, 11-15 and 

improves the spinnability.16 As the contents of co- 
monomers in AN copolymers increased, the crys- 
tallinity became lower and the crystallite size became 
 mall.^^.'^ The tensile strength and modulus values 
of the resulting carbon fibers are functions of the 
crystalline content l9 and orientationz0 of the original 
PAN fiber. 

Our studies showed that the introduction of 2- 
ethylhexyl acrylate ( 2-EHA) comonomer could 
cause the increase of crystal orientation of PAN 
precursor and improved mechanical properties, and 
the cyclized temperature of PAN precursor could be 
depressed by introducing itaconic acid (IA) co- 
monomer. Until now, few papers have been con- 
cerned with the effect of comonomers in PAN fiber 
on the properties of PAN precursor and its resulting 
carbon fiber. Therefore, we have attempted to study 
how the properties of PAN precursor and its re- 
sulting carbon fiber are affected by different contents 
of comonomers. 
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The PAN homopolymer and copolymers used in this 
study were polymerized in the mixed solvent of ace- 
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Table I The Composition and Molecular Weight of PAN Precursors 

Feed Composition Elemental Intrinsic 
Sample Viscosity AN : 2-EHA : IA Analysis 
Number (dL/g) Mw x 106 Dispersity (mol %) C%, N%, H% 

- PO 1.67 3.70 1.82 100 
P1 1.71 3.72 1.81 98 : 1.5 : 0.5 67.04, 23.91, 6.11 
P2 1.68 3.68 1.78 96 : 3.5 : 0.5 67.61, 22.09, 6.22 
P3 1.61 3.31 1.86 93 : 6.5 : 0.5 67.39, 21.48, 6.62 

tone and dimethyl sulfoxide at  60°C with a, a'-azobis 
(isobutyronitrile) as initiator under an inert at- 
mosphere of nitrogen. The resulting polymerization 
solution was directly spun to form PAN precursor 
fiber using spinneret ( 1500 holes, 0.06 mm/hole, L/ 
d = 1) through 10% DMSO coagulation bath at 5"C, 
then stretched in boiling water and dried. PAN pre- 
cursor was stabilized at 250°C for 30 min, then at  
270°C for 1 h in air, under 0.15 g/denier tension. 
The oxidized PAN fiber was carbonized to 1200°C 
under a high-purity nitrogen atmosphere. 

Intrinsic viscosity ( IV)  measurements of PAN 
fibers were carried out in DMF with 0.5 LiBr wt % 
at  30°C by a Sohott-Gerate AVS 300 viscometer, 
equipped with a Ubbelhode solution viscometer. The 
average molecular weight and polydispersity ( &fw / 
M,,) were determined by Waters model 440 gel-per- 
meation chromatograph (eluting solvent: DMF 
containing 0.5 LiBr wt %; column: p-BONDAGEL 
E-Linear) . The average molecular weights of various 
PAN precursors are shown in Table I. 

The contents of carbon, nitrogen, and hydrogen 
in PAN precursor were determined by the well- 
known method of elemental analysis (Table I)  using 
a Carlo Erba elemental analyzer. 

Thermograms of PAN precursors were obtained 
using a Perkin-Elmer system 7/4 differential scan- 
ning calorimeter. Samples were heated under air 
purge at  a heating rate of 20°C/min. A Rigaku X- 
ray diffractometer with CuKa radiation as the source 
was used to study the wide angle at 35 kV and 
10 mA. 

The crystallite size (Lc) was calculated from the 
following equation 21: 

Lc = K A / ( B  cos 6) 

where X is the wavelength of CuKa X-ray, B is the 
half-value width in the radian of the X-ray diffrac- 
tion intensity (I) vs. 26 curve, and K is 0.89 ( a  con- 
stant). 

The crystallinity index for PAN fiber was mea- 
sured by Bell and Dumbleton's method.22 Uchide et 
aLZ3 have introduced an "aromatization index" ( AI 
value) : 

AI = I A / ( I A  + I p )  

where IA is the intensity of the diffraction produced 
by aromatized structures a t  26 = 25", and I p  is the 
intensity a t  28 = 17". 

Orientation was determined by Rigaku X-ray dif- 
fractometer using fiber specimen attachment by 
employing the following formula24: 

H (  % )  = [ (360 - C Xi)/360] X 100% 

where H (%)  is the orientation and Xi is the half- 
width in degrees of the intensity distribution at  26 
= 17" and 25" for PAN precursor and carbon fiber, 
respectively. 
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Figure 1 DSC curves of PAN precursors with different 
comonomer composition: measured weight of sample, (PO) 
3 mg; (Pl-P3) 6 mg. 
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Table I1 DSC Characterization of PAN Precursors 

Feed Composition Onset of Peak Heat of 

Number (mol %) ( " 0  ("(2) (calk) 
Sample AN : 2-EHA : IA Exotherm Temperature Exotherm 

PO 100 : 0 : 0 261 328 -464 
P1 98 : 1.5 : 0.5 200 283 -129 
P2 96 : 3.5 : 0.5 209 288 -107 
P3 93 : 6.5 : 0.5 222 300 -92 
P4 99.5 : 0 : 0.5 230 295 -371 
P5 97 : 1.5 : 1.5 188 
P6 95 : 1.5 : 3.5 184 
P7 98.5 : 1.5 : 0 272 319 -257 
P8 98.5 : 3.5 : 0 290 316 -127 

- - 
- - 

Mechanical properties of PAN and carbon fiber 
were measured by a Microcomputer Universal Ma- 
terial Tester (Hung Ta Co., Ltd) type 8104 at  cross- 
head speed of 10 mm/min and 0.5 mm/min for PAN 
precursor and carbon fiber, respectively, with gauge 
length of 20 mm and load cell of 30 g. Pore size of 
PAN fiber and resulting carbon fiber was measured 
with Micromeritics Autopore I1 9220 using pressure 
from 0 to 55,000 psia. 

RESULTS AND DISCUSSION 

Thermal Properties of PAN Precursors 

Figure 1 shows DSC curves of PAN precursors with 
different comonomer composition. The greater the 
content of AN in PAN copolymer, the higher the 
height of the exothermic peak in the DSC curve. It 
is believed that the exothermic peak is influenced 
by the ability of nitrile groups to react, and changes 
in the actual height of the exothermic peak are re- 
lated to the number of nitrile groups able to react 
or to the ability of nitrile groups to react rapidly.25 

Pure PAN fiber (sample PO in Table 11) has a 
higher onset of exotherm at approximately 261 "C 
and a higher peak temperature a t  approximately 
328OC. The introduction of a few percent of IA co- 
monomer into PAN precursor (comparing sample 
PO and sample P 4 )  greatly lowers the onset of exo- 
therm and peak temperature. This is because IA co- 
monomer can initiate the cyclization of the CN 
group according to the following mechanismz6: 

I I  I -  
c c c  

N S + ~  0 0 N j  N O  0 N N 
I 

H H 
0 

Therefore, the initial cyclized temperature (onset 
of exotherm) of PAN precursor can be decreased. 
When the content of 2-EHA comonomer in PAN 
precursor (comparing sample PO and P7-P8 in Ta- 
ble 11) increases, the onset of exotherm and peak 
temperature increases. This is attributed to that the 
2-EHA comonomer can prevent the cyclization 
propagation of CN groups, but itself can participate 
in cyclization. In the AN:2-EHA:IA copolymers 
(sample Pl-P3 in Table 11) , the increase of 2-EHA 
comonomer can result in the increase of initial cy- 
clized temperature and peak temperature; therefore, 
it is desirable to control the 2-EHA content as little 
as possible. As the IA comonomer content is in- 
creased (comparing samples P1 and P5-P6 in Table 
11) , the onset of the exotherm is decreased. However, 
as the content of the IA comonomer is slightly in- 
creased, the conversion of AN for the copolymeriza- 
tion markedly decreases, as shown in Table 111. This 
indicates that as the content of IA comonomer in- 
creases the reaction rate of copolymerization de- 
creases. 

Figure 2 shows the X-ray diffraction patterns of 
oxidized PAN fiber that were used to measure aro- 
matization indexes (A1 value) that correspond to 
the degree of CN cyclization. Because of its higher 

Table I11 Effect of IA Comonomer on 
the Conversion of AN 
- 

Feed Composition Reaction 
AN : 2-EHA : IA Time Conversion 

of AN (%) (mol%) (h) 

98 : 1.5 : 0.5 
97 : 1.5 : 1.5 
95 : 1.5 : 3.5 

8 
8 
8 

75 
50 
20 
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Figure 3 
comonomer composition. 

TGA curves of PAN precursors with different 
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28 (Degree) But the total weight loss of PAN precursor with 
higher AN content is less, i.e., the yield of carbon ~i~~~ 2 

bers. fiber is higher. 
diffraction patterns of oxi&ed PAN fi- 

Mechanical Properties of PAN Precursors 

Figure 4 shows X-ray diffraction PhotoSaPhs of 
various PAN Precursors. From the PhotoSaPhs, the 

initial cyclization temperature (onset of exotherm 
at approximately 261"C), pure PAN was not cy- 
clized at  all when heated to 250°C, i.e., the A1 value 
is zero (sample PO in Table IV).  Because of the 
lowest onset of exotherm at  approximately 200"C, 
sample P1 has the largest AI value. The decrease of 
initial cyclization temperature results in the increase 
of the AI value. This indicates that the larger the 
AI value, the faster is the cyclization of CN groups. 

TGA analyses of PAN precursors with different 
composition are shown in Figure 3. The higher the 
AN content in the PAN fiber, the greater and 
quicker is the weight loss at the approximately peak 
temperature of the DSC curve, i.e., the slope of the 
weight loss curve is greater. This is because most of 
the CN groups are cyclized and decomposed rapidly. 

Table IV Effect of Comonomer Composition 
on Aromatization Index 

Oxidation Onset of Aromatization 
Sample Temperature Exotherm Index 
Number ("C) ("C) (%) 

PO 250 261 0 
P1 250 200 46.0 f 0.2 

40.4 -t 0.2 P2 250 209 
37.7 k 0.3 P3 250 222 

(P2) (P3 1 

Figure 4 
precursors. 

X-ray diffraction photographs of various PAN 
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Table V The Mechanical Properties of Various PAN Precursors 

Crystallite Tensile Break 
Sample Size Lc Crystallinity Orientation Modulus Strength Elongation 
Number (-4 Index (%I (g/d) (g/d) (%I 

PO 30.4 +. 0.1 0.74 f 0.02 73.2 f 0.2 78 f 4 3.6 f 0.4 22.4 -+ 0.5 
P1 34.3 f 0.4 0.77 f 0.01 76.4 t- 0.5 120 t- 8 5.0 f 0.3 20.9 f 0.4 
P2 29.4 +. 0.3 0.76 +- 0.01 78.3 f 0.3 80 f 2 4.2 f 0.4 19.9 f 0.4 

19.1 & 0.3 P3 27.2 +. 0.2 0.69 f 0.02 81.5 f 0.6 62 f 2 3.0 f 0.1 

length of the arc should be as small as possible for 
the optimum orientation of the molecular chain 
along the fiber axis and the width of the arc gives 
an indication of the crystal size.lg 

PAN precursor with 1.5 mol % 2-EHA comono- 
mer and 0.5 mol % IA comonomer (sample P1 in 
Table V) has the highest Young's modulus and ten- 
sile strength among the samples studied; this is due 
to it having the highest crystallinity, the largest 
crystalline size, and smaller size of pores (Fig. 5) in 
PAN precursor. As the content of 2-EHA comono- 
mer (samples P2-P3 in Table V )  further increases, 
the tensile strength and modulus of PAN precursor 
decreases. This is because poly (2-EHA) is an amor- 
phous polymer; therefore, PAN precursor with 
higher 2-EHA content (Table VI) has a lower degree 
of crystallinity and smaller crystalline size, but has 
more preferred orientation. From the above results, 
the introduction of a few percent of 2-EHA co- 

120 - 

80 - 
- 

40 - 
- 

0 -  

0.01 0.1 1 1 0  

DIAMETER (4 ) 
Figure 5 Pore-size distributions in PAN precursors. 

monomer into PAN precursor can improve the me- 
chanical properties of PAN precursor ; therefore, 
PAN copolymer shows better mechanical properties 
than those of pure PAN precursor. 

Mechanical Properties of Resulting Carbon Fibers 

Generally, the better the orientation of precursor 
fiber, the more preferred the orientation of its re- 
sulting carbon fiber.20 Figure 6 shows X-ray diffrac- 
tion photographs of resulting carbon fibers. When 
Figure 6 is compared with Figure 4, it is interesting 
to note the change of orientation from PAN pre- 
cursor to its carbon fiber. As the content of 2-EHA 
comonomer increases, the orientation of PAN pre- 
cursor increases (samples Pl-P3 in Table V )  , but 
the orientation of its resulting carbon fiber unex- 
pectedly decreases (samples Pl-P3 in Table VII) . 
This is affected by the amorphous phase of PAN 
precursor. 

The modulus and tensile strength of the carbon 
fiber produced from sample P1 (Table VII) are bet- 
ter than that from a pure PAN precursor (sample 
PO).27 This is because the resulting carbon fiber 
produced from sample P1 has more preferred ori- 
entation, larger crystalline size, and smaller size of 
pores (Fig. 7). From comparing Table VII with Ta- 
ble V, it is believed that since PAN precursor pos- 

Table VI Effect of 2-EHA Comonomer on 
the Crystal of PAN Precursors 

Feed 
Composition Crystallite 
AN : 2-EHA Size Lc Crystallinity 

(mol %) (A) Index Orientation 

98.5 : 1.5 41.4 f 0.3 0.76 f 0.01 78.2 f 0.5 
96.5 : 3.5 37.3 f 0.4 0.75 f 0.01 82.4 f 0.6 
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(PO) 

(P2) (P3) 

Figure 6 X-ray diffraction photographs of the resulting 
carbon fibers. 

sesses good mechanical properties its resulting car- 
bon fiber also shows good mechanical properties. 
This indicates that there is a relatively good rela- 
tionship between the tensile strength and modulus 
of a precursor and those of its resulting carbon 
fiber.gs19 

CONCLUSIONS 

The introduction of 0.5 mol % itaconic acid co- 
monomer into PAN precursor can greatly depress 
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Figure 7 
carbon fibers. 

Pore-size distributions in various resulting 

the initial cyclization temperature. As the amount 
of IA comonomer is increased, the reaction rate of 
copolymerization decreases. The introduction of 1.5 
mol % 2-EHA into PAN precursor can improve both 
the orientation and mechanical properties of PAN 
precursor and its resulting carbon fiber. The results 
show that there is a good relationship between the 
modulus and tenacity of PAN precursor and those 
of its resulting carbon fiber. 

From the above results, we believe that the se- 
quence order of IA and 2-EHA comonomers in the 
polymer chain can considerably affect the thermal 
(like cyclized temperature) and mechanical prop- 
erties of PAN precursor and the size of side group 
of acrylate comonomers can affect the orientation 
of PAN precursor and its resulting carbon fiber. 
Therefore, we will continue the study of these two 
topics. 

Table VII The Mechanical Properties of Resulting Carbon Fibers 

Crystallite Tensile Break 
Orientation Modulus Strength Elongation Sample Size Lc 

Number (A) (%) (g/d) (g/d) (%I 

0.7 +. 0.1 PO 10.2 +. 0.1 75.5 k 0.2 850 rt 14 5.8 f 0.4 
1.2 k 0.2 P1 10.8 +. 0.2 76.3 +- 0.3 1539 t- 81 

P3 10.8 +. 0.2 72.4 f 0.5 1048 rt 66 10.3 f 1.5 0.9 & 0.1 
P3 9.4 5 0.1 69.3 f 0.2 764 rt 20 5.2 f 0.5 0.5 +- 0.1 

15.3 f 2 



COMONOMER EFFECT ON POLYACRYLONITRILE 685 

We gratefully acknowledge the financial support of this 
research by Catalyst Research Center, China Technical 
Consultants, Inc. Also, we would like to thank Professor 
Tse-Hao KO (Department of Material Science, Feng Chia 
University), Dr. Chin-Ling Liu, Mr. Su-Chi Hung, Miss 
Der-Lin Ho (CRC/CTCI), and Professor Chuh-Yung 
Chen (Department of Chemical Engineering, Cheng Kung 
University) for their valuable discussion and support. 

REFERENCES 

1. W. Watt, Carbon, 10 ,  121 (1972). 
2. 0. P. Bahl and L. M. Manocha, Carbon, 12, 417 

3. 0. P. Bahl and R. B. Mathur, Fibre Sci. Technol., 12 ,  

4. 0. P. Bahl, R. B. Mathur, and K. D. Kundra, Fibre 

5. S. Otani, K. Okuda, and H. S. Matsuda, Carbon Fibre, 

6. U. S. Pat. 4,107,408 (1978). 
7. U. S. Pat. 4,079,122 (1978). 
8. G. Henrici-OlivB and S. Oliv6, Polym. BUZZ., 6, 229 

9. G. Henrici-OlivB and S. OlivB, Adv. Polym. Sci., 5 1 ,  

10. W. H. Howard, J. Appl. Polym. Sci., 15,303 (1961). 
11. M. M. Coleman and G. T. Sivy, Carbon, 19 ,  123 

12. G. T. Sivy and M. M. Coleman, Carbon, 19 ,  127 

(1974). 

31 (1979). 

Sci. Technol., 15,147 (1981). 

Kindai Henshu, Tokyo, Japan, 1983, p. 107. 

( 1982). 

1-60 ( 1983). 

(1981). 

(1981). 

13. M. M. Coleman and G. T. Sivy, Carbon, 19,  133 
(1981). 

14. G. T. Sivy and M. M. Coleman, Carbon, 19 ,  137 
(1981). 

15. M. M. Coleman, G. T. Sivy, P. C. Paniter, R. W. Sny- 
der, and B. Gordon 111, Carbon, 2 1 ,  255 (1983). 

16. H. Aotani and A. Ichimura, Sen-I Gakkaishi, 33 ,  72 
(1977). 

17. C. Nakayama, K. Kamide, &-I. Manabe, and T. Sa- 
kamoto, Sen-I Gakkaishi, 33 ,  23 ( 1977). 

18. A. K. Kulshreshtha, V. N. Garg, and Y. N. Sharma, 
J. AppZ. Polym. Sci., 3 1 ,  1413 (1986). 

19. S. S. Chari, 0. P. Bahl, and R. B. Mathur, Fibre Sci. 
Technol., 15,153 (1981). 

20. Roger Bocon and M. M. Tang, Carbon, 2,221 (1964). 
21. B. D. Cullity, Elements of X-ray Diffraction, Addison- 

Wesley, Reading, MA, 1978, Chap. 3. 
22. J. P. Bell and J. H. Dumbleton, Text. Res. J., 41,196 

(1971). 
23. T. Uchida, I. Shinoyama, Y. Ito, and K. Nukuda, in 

Proceedings of the 10th Biennial Conference on Carbon, 
Bethlehem, PA, 1971, p. 31. 

24. T.-H. KO, H.-Y. Ting, and C.-H. Lin, J. Appl. Polym. 
Sci., 35,631 (1988). 

25. U. S. Pat. 3,814,577 (1974). 
26. N. Grassie and R. Mcguchan, Eur. Polym. J., 8, 257 

27. R. M. Gill, Carbon Fibre in Composite Material, The 
(1972). 

Plastics Institute, London, England, 1972, Chap. 4. 

Received December 18, 1989 
Accepted November 30, 1990 


