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Abstract

Statistical (random) copolymers of acrylonitrile (AN) and methyl acrylate (MA) have been synthesized by free radical homogeneous

(solution) and heterogeneous (suspension) methods. Selected compositions can be fabricated by environment friendly, solvent-free melt

spinning and are of interest as precursors for carbon fibers. The dynamic and steady state melt viscosities of these copolymers were studied as

a function of molecular weight and copolymer composition. Melt processability at 200–220 8C depends on the copolymer composition, and

also on the molecular weight, which was controlled by chain transfer agent concentration and reaction temperature. Copolymers of controlled

molecular weight containing 10 or more mol% of methyl acrylate show good melt processability, which can be further enhanced by

stabilizers. This thermoplastic behavior is supported by a significant increase in temperature by the cyclization exotherm. Thermal analysis

(differential scanning calorimetry, dynamic mechanical analysis) further illustrates that the comonomers retarded the cyclization, which

permits thermoplastic processing. q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyacrylonitrile-based textile fibers are well known and,

indeed, currently account for a nearly $6 billion pound per

year worldwide effort [1]. A small fraction (,30 million

pounds) of these materials is used as a precursor to carbon

fibers. The latter are widely used to produce high

performance polymer matrix composites, characterized by

high strength, stiffness, and lightweight [2,3]. It is well

known that the free radically produced polyacrylonitrile

displays a Tg of around 105 8C and a melting point of around

300 8C [2]. The complex reaction of Intra- and inter-

molecular cyclization, which is referred to as ‘stabilization’

in the carbon fiber community, occurs at 220 8C or higher

and prevents thermoplastic fabrication by economical and

environmentally attractive melt spinning processes. Com-

mercial copolymers contain just a few mol% of comono-

mers, such as methyl acrylate (Scheme 1) and do not

significantly disrupt the ‘long-range order’ or paracrystalli-

nity (which is present in these atactic polymers) [2,4].

It was postulated that suitable comonomers could also be

used to reduce the long-range order, simply by increasing their

concentration. It has been demonstrated that solvent-free melt

spinning can be conducted successfully [5–7]. The literature,

while implying a great deal of interest in such behavior, has

been very limited with respect to providing detailed

information, even in the patent literature [8–16] and certainly

not in many publications [17–30]. This study has investigated

the role of polymerization processes, chemical composition

and molecular weight on the melt viscosity and capability of

melt fabrication/spinning of these copolymers. The results

discussed in this paper have been based upon various syn-

thetic strategies, as well as characterization by spectroscopy,

chromatography, thermal analysis, melt viscosity measure-

ments, and preliminary melt spinning experiments [6].

2. Experimental

2.1. Materials

The monomers, AN, MA, initiators AIBN (2,20-azo-bis-

isobutyronitrile) and BPO (benzoyl peroxide) and chain
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transfer agent dodecyl mercaptan (abbreviated as mercap-

tan) were obtained from Aldrich. The solvent, N,N-

dimethylformamide (DMF) was obtained from EM

Sciences and was used as received. The monomers were

passed over activated alumina prior to use to remove

inhibitor. Suspension aids were principally hydrolyzed

polyvinyl alcohols (Mw 85,000 and 31,000, degree of

hydrolysis about 87%), obtained from Aldrich and are

referred to, respectively, as PVA1 and PVA2. Polyvinyl-

pyrrolidone, PVP, (Mw 55,000) was also obtained from

Aldrich. The inorganic salts, calcium sulphate dihydrate,

calcium phosphate, magnesium sulphate (anhydrous),

potassium persulphate (KSP) and sodium bisulphite (SBS)

were all purchased from Aldrich.

2.2. Copolymerization

Free radical copolymerizations were conducted under

both homogeneous (solution) or heterogeneous (suspension)

conditions. The latter were initiated by either an organic

soluble (AIBN) or by water-soluble oxidation/reduction

(redox) initiator. The abbreviations 85/15 and 90/10 for the

copolymers made with AN and MA, refers to the molar%

feed concentration of AN and MA, respectively.

Solution polymerization. A typical polymerization pro-

cedure is illustrated below for polymer 4 in Table 1. The

major reaction variables were temperature, initiator and

mercaptan concentrations (Tables 1 and 2). The reactor was

a 500 ml 3-necked flask fitted with a condenser, glass stirrer,

nitrogen inlet tube, and thermocouple probe. Firstly, the

flask was charged with 100 ml DMF and purged with dry

nitrogen for 15 min. Next, the mixture of 640 mmol AN,

113 mmol MA, 3.75 mmol AIBN (0.49 mol% based on total

monomer concentration) and 0.375 mmol mercaptan

(0.05 mol% based on total monomer concentration) was

introduced and polymerized at 65 8C for 6 h. The copolymer

was purified by precipitation from 50-fold excess of de-

ionized water. It was then filtered, washed with water and

methanol and dried under vacuum at 70 8C for 24 h,

affording a yield of 85%.

Aqueous redox initiated polymerization. A literature

procedure described above [31] was followed. The typical

procedure for an 85/15 AN/MA copolymer is described

here.

The reaction assembly used was same as above for

solution polymerization. The flask was charged with 340 ml

of de-ionized water and purged with dry nitrogen for 30 min

while heating to the reaction temperature (40 8C). The

mixture of 327 mmol AN, 57 mmol MA, 1 mmol mercaptan

(2.0 mol% of total monomer concentration) was then added

followed by 4.20 g (6 mmol) of the sodium bisulphite (SBS,

1.05 wt% with respect to total water) in 10 ml de-ionized

water. After 5 min, 4.33 g (16 mmol) of the potassium

persulphate (KSP, 1.08 wt% with respect to the total water)

dissolved in 50 ml de-ionized water was added and the

reaction was allowed to proceed for 3 h at 40 8C. The

product was then directly filtered and washed with large

amounts of de-ionized water and dried as described above;

recovered yield ¼ 88%.

Organic soluble initiator suspension polymerization. A

reported procedure [32] was used as a guideline. A typical

procedure used for all the copolymers reported here is

described for a 90/10 AN/MA copolymer.

The reaction assembly was the same as described above

for solution polymerization. The suspending agent PVA1,

0.20 g, was dissolved in 150 ml water previously purged

with dry nitrogen for 30 min, and then 400 mg calcium

sulphate and 80 mg calcium phosphate were added. The

mixture of 632 mmol AN, 70 mmol MA, 2.74 mmol AIBN

initiator (0.39 mol% based on the total monomers) and

4.2 mmol mercaptan (0.59 mol% based on the total mono-

mers) was next added. Finally, a solution of 0.1 g

magnesium sulphate in 50 ml de-ionized water was added

Scheme 1. Typical carbon fiber precursor made from acrylonitrile.

Table 1

Effect of various reaction parameters on the molecular weight of 85/15 AN/MA solution copolymers

Polymer

no.a
Reaction

temperature (8C)

Initiator

(mol%)b

CTA

(mol%)

Intrinsic viscosity

(NMP/25 8C)

Mn

(GPC data)

Mw

(GPC data)

1 80 A/0.49 0.70 0.18 11,600 18,500

2 75 A/0.49 0.33 0.33 14,300 22,000

3 80 A/0.49 0.05 0.45 21,000 34,300

4 65 A/0.49 0.05 0.65 39,000 58,300

5 60 A/0.49 0.00 0.73 39,700 59,200

6 90 B/0.55 0.05 0.36 17,400 24,900

7 75 B/0.55 0.05 0.75 34,600 59,400

8 65 B/0.55 0.00 0.86 – –

a Molar feed ratio of AN/MA is 640/113 mmol.
b A and B stand for AIBN and BPO, respectively, initiator and CTA mol% figures are with respect to total monomer concentration.

V.A. Bhanu et al. / Polymer 43 (2002) 4841–48504842



and the suspension was heated to 65 8C for 5 h. This reaction

temperature was limited by boiling points of the monomers.

At the end of the reaction, the suspension was cooled and the

product was filtered, washed with de-ionized water and

dried as above to afford a yield of 85%. Magnesium sulphate

was not mentioned in the above mentioned reference [32],

but it was found very useful in obtaining suspension

particles of fairly uniform and smaller size, which also

allows faster filtration. The 85/15 copolymer was prepared

using higher quantities of PVA1 and calcium sulphate

(Table 5) but calcium phosphate quantity was same as

above.

2.3. Characterization

1H NMR spectra were obtained with a Varian UNITY

400 MHz spectrometer using DMSO-d6 as solvent (5%, w/v

polymer solutions). Intrinsic viscosity (IV) measurements

were performed in NMP at 25 8C using a Cannon

Ubbelohde viscometer. Infrared spectra were recorded on

copolymer films using a FTIR instrument (Nicolet impact

400). Thermogravimetric analysis (TGA) was performed

using a Seiko 400 instrument. The TGA utilized pro-

grammed heating in an attempt to closely simulate heating

conditions that are used during conversion of the polymer

precursor in to a carbon fiber [2,3]. Thus, the copolymer was

initially heated in air to 220 8C at 10 8C/min, then held at

that temperature for 3 h in air. It was next heated at 10 8C/

min up to 550 8C and held at that temperature for 3 h in a

nitrogen atmosphere. The mass remaining at the end was

considered to be the ‘char yield’ for that polymer.

Differential scanning calorimetry (DSC) was performed

using a Perkin Elmer model 7 instrument, in nitrogen

atmosphere at a heating rate of 10 8C/min. Absolute

molecular weight measurements from gel permeation

chromatography (GPC) were conducted at 60 8C with a

Water 2690 Separation Module equipped with a differential

refractometer detector and an on-line differential visco-

metric detector (Viscoteck T60A) coupled in parallel. NMP

containing 0.02 M P2O5 was used as a solvent [33]. The

melt viscosity was measured using a RMS 800 Dynamic

Spectrometer. Sample preparation consisted of compression

molding circular disks of 25.0 mm diameter and 1 mm

thickness at 200 8C. A dynamic frequency sweep was

employed to determine the melt viscosities using parallel

plates at 0.1% strain and 220 8C. The dynamic runs were

expected to provide a quick indication of the melt

processability of these precursors. The steady shear melt

viscosity experiments were conducted at 220 8C in air at

steady shear frequency of 0.1 s21 over a time period of

30 min. Dynamic mechanical analysis (DMA) was per-

formed on compression molded films at 2150 to 200 8C

using a DMS 210 Seiko instrument. The samples had a span

length of 10 mm and a cross-sectional area of 0.5 mm2. The

measurements were conducted from 2150 to 200 8C at a

rate of 2 8C/min and vibrated in the tension mode at a

frequency of 1 Hz under nitrogen.

3. Results and discussion

3.1. Copolymer synthesis

The AN/MA copolymers were prepared using three

different methods namely, solution, aqueous redox and

organic soluble initiated aqueous suspension. This allowed

careful comparison of copolymer microstructure and its

implication to melt processability. Detailed analysis of the

reactivity ratios for the AN/MA solution copolymerization

has been conducted using in situ infrared and a non-linear

analysis method [34]. Reactivity ratio values were rAN:

1.29 ^ 0.2 and rMA: 0.96 ^ 0.2, at the 95% confidence

level. The copolymers obtained were characterized by 1H

NMR and IR spectra. A typical proton NMR spectrum is

shown in Fig. 1. The ratio of integrations of the ester methyl

protons and the methylene protons of both comonomers

(shown as A and B, respectively, in Fig. 1) was used to

calculate the compositions. The high conversion copolymer

Table 2

Effect of reaction parameters on intrinsic viscosity and molecular weight of various AN/MA solution copolymers

Polymer

no.

AN/MA

feed ratio

AN/MA molar

feed ratio (mmol)

Reaction

temperature (8C)

Initiator

(mol%)a

CTA

(mol%)

Intrinsic viscosity

(NMP/25 8C)

Mn

(GPC)

Mw

(GPC)

9 98/2 740/15 80 A/0.49 0.70 0.25 –

10 95/5 717/38 80 A/0.49 0.70 0.25 –

11 93/7 702/53 80 A/0.49 0.70 0.26 –

12 90/10 680/75 80 A/0.49 0.70 0.25 – –

13 90/10 680/75 60 A/0.49 0.05 0.82 36,400 53,700

14 90/10 680/75 70 A/0.49 0.05 0.63 23,600 37,400

15 90/10 680/75 70 A/0.49 0.10 0.55 – –

16 90/10 680/75 80 B/0.55 0.05 0.63 26,400 45,200

17 90/10 680/75 70 B/0.55 0.05 0.84 – –

18 100/0 755 70 A/0.49 0.05 0.60 – –

19 88/12 680/93 70 A/0.49 0.05 0.50 23,700 44,000

a A and B stand for AIBN and BPO, respectively, initiator and CTA mol% figures are with respect to total monomer concentration.
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compositions agreed well with the monomer feed compo-

sitions for all copolymers. A representative FTIR spectrum

(Fig. 2) indicates the presence of nitrile CN and ester CO

functionalities, further confirming the copolymer structure.

The GPC curve for a typical AN/MA solution copolymer

follows a symmetric, unimodal distribution with a modest

dispersity index of about 1.6 (Fig. 3).

Molecular weights necessary to develop mechanical

strength and to spin very fine fibers for subsequent

stabilization step were defined. Empirically, an intrinsic

viscosity (IV) value of about 0.5 dl/g in NMP at 25 8C

proved to be a general target for a 85/15 copolymer that

corresponds to the Mw of about 35,000 g/mol. Accordingly,

various combinations of reaction parameters that would

afford IV in the range of 0.3–0.6 dl/g were investigated. The

results obtained for the three copolymerization systems are

discussed below separately.

Solution copolymerization. Homogeneous synthesis of

the copolymers in amide solvents such as DMF eliminates

aqueous solubility concerns with the AN and MA mono-

mers. Only dodecyl mercaptan was used as a chain transfer

agent (CTA) in these experiments. The major reaction

variables were the type and concentration of the initiator

(AIBN or BPO), reaction temperature, CTA concentration

and chain transfer to the solvent. The IV data for the 85/15

AN/MA system are shown in Table 1. The reaction

temperature and CTA concentration both can be used as

process variables. As expected, lowering the reaction

temperature and dodecyl mercaptan (CTA) concentration

increases the IV. BPO afforded higher IV copolymers than

AIBN in the temperature range of 65–75 8C but the color of

the solution turned very dark, implying side reactions. The

IV was only slightly higher with no CTA for both initiators,

demonstrating the importance of the DMF solvent chain

transfer constant [29]. The recovered yields in all the cases

were about 85%, irrespective of the detailed reaction

conditions and the initiator type.

Copolymers with higher content of AN (.85%) are

desirable precursors for carbon fibers. Table 2 shows the

effect of various reaction parameters on the IV of

copolymers obtained for the 90/10 and higher AN

compositions. Reaction temperature and dodecyl mercaptan

concentration are again the major factors controlling the IV.

Only low viscosity copolymers for compositions containing

more than 90 mol% AN were synthesized as discussed

below.

Redox copolymerization. The redox method is a solvent-

free, water based process (Scheme 2) which utilizes mild

reaction conditions, short time, and yet afforded high

conversion [35].

Isopropanol (IPA) was investigated as a water soluble

CTA instead of dodecyl mercaptan, since it is economical

and a known chain transfer agent for PAN synthesis [36].

Unfortunately, even with very high amounts of IPA high

intrinsic viscosity values, e.g. 1.32 dl/g, were still obtained.

Synthesis of 85/15 AN/MA copolymers with the target

value of 0.5 dl/g was not attempted though it may be

possible to make it by using known combinations of redox

initiators [31]. Table 3 shows redox polymerization data for

Fig. 2. IR spectrum of typical AN/MA 90/10 copolymer film.

Fig. 3. Typical GPC molecular weight distribution data for an AN/MA

85/15 copolymer in NMP(0.025M P2O5) at 60 8C.Fig. 1. Proton NMR spectrum of a typical 85/15 AN/MA copolymer.

Scheme 2. Aqueous redox initiated polymerization of acrylonitrile.
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experiments conducted with dodecyl mercaptan as CTA, it

is evident from the data that significantly higher CTA

concentration is required to obtain 85/15 copolymers of

desired IV.

The 95/5 and 90/10 AN/MA copolymers were also

prepared using dodecyl mercaptan as CTA (Table 4). These

copolymers prepared under similar conditions have pro-

gressively lower IV values than the 85/15 copolymer at the

same CTA concentration, e.g. 0.90 (85/15), 0.55 (90/10) and

0.46 (95/5). Same trend was confirmed from the weight

average molecular weight values (Mw) for 85/15, 90/10 and

95/5 copolymers, namely, 64,200, 38,700 and 31,900 g/mol,

respectively (Tables 3 and 4). The IV can be controlled to

some extent by varying the monomer and water concen-

trations and hence indirectly by varying initiator concen-

tration (Table 4).

Suspension polymerization. This method has a potential

to provide a almost ready to use product, like the redox

method, if the various suspending aids are used in a bare

minimum quantity. We could get such products using PVA1

as the suspending agent. The 85/15 copolymer required

much higher suspending aid for stabilizing the suspension

probably because the lower Tg of this composition tends to

coagulate the suspension at the reaction temperature (Table

5). The suspension polymerization was also found to require

higher mercaptan concentration to control molecular weight

since; again the DMF chain transfer contribution was

absent. The other suspending agents namely, PVA2 and

PVP, form very unstable suspension under similar con-

ditions, indicating that the choice of the suspending agent

also appears to be critical for controlling IV. The suspension

copolymerization with BPO initiator surprisingly afforded

unattractive yield (,10%), and hence was not pursued

further.

To summarize, reaction temperature and dodecyl mer-

captan concentration both are inversely related to IV in

homogeneous solution polymerization but the situation is

more complicated for heterogeneous polymerizations. For

aqueous redox polymerization, much higher mercaptan

concentration was required to produce copolymers of

similar IV. The copolymer composition also has an effect

on IV, e.g. lower AN correlates with high IV copolymers,

perhaps reflecting an interesting polymer solvent inter-

action. Furthermore, variation in mercaptan concentration at

this high level does not significantly influence the IV (or

indirectly the molecular weight); controlling the IV is

possible to some extent by reducing the water content. For

the suspension polymerization method, the suspending

agent, initiator and mercaptan concentration are very

important variables.

3.2. Melt processability

Melt processability of the copolymers was assessed by

rheology measurements. Fig. 4 shows the dynamic melt

viscosities of different AN/MA copolymer compositions

(prepared in solution) as a function of frequencies. The melt

viscosity of the copolymers was found to be a function of

copolymer compositions. The copolymers with MA content

10 mol% or higher appear to be melt processable, as

evidenced by low melt viscosity values corresponding to

frequency of 0.1 s21 (100,000 Pa s or less). Lower content

of MA resulted in very high melt viscosities, implying that

these copolymers are not melt processable. Also, as seen

from Fig. 4, the melt viscosity is very sensitive to variation

in composition, just a 3% increase in MA content from 7 to

10 causes a 4-fold drop in the melt viscosity values

corresponding to the frequency of 0.1 s21 (referred to as

LSV in the following discussion). The copolymer with MA

content of 10 mol% may be on the borderline for

processability. We have also assumed a LSV of

100,000 Pa s as an upper limit for melt viscosity of our

Table 3

Effect of various reaction parameters for 85/15 redox copolymerization

Polymer

no.a
Amount of

KSP (g%)

Amount of

SBS (g%)

CTA

(mol%)

Intrinsic viscosity

(NMP/25 8C)

Mn

(GPC)

Mw

(GPC)

20 1.08 1.05 2.00 0.95 26,400 64,200

21 1.08 1.05 2.56 0.90 14,300 41,300

22 0.20 0.10 1:1b 1.32 – –

a Molar feed ratio of AN/MA is 320/57; 400 ml water used in all experiments.
b Refers to molar ratio of total monomers/IPA, using procedure of Ref. [36].

Fig. 4. Melt viscosity as a function of copolymer composition at 220 8C;

AN/MA ratio(polymer number) are: 98/2(#9), 95/5(#10), 93/7(#11),

90/10(#12) and 85/15(#1).
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precursors for the processing temperature range of 200–

220 8C, based on the experience with a number of samples

and a semi-commercially available melt spinnable pre-

cursor. A similar dependence of melt viscosity on the

copolymer composition was found for the copolymers

synthesized by redox and suspension methods (Figs. 5 and

6); since the LSV values appear to be very high for 92/8 and

even the 90/10 suspension compositions, one might

speculate that this indicates the grafting of high molecular

weight suspending agent on the copolymer being formed.

Nevertheless, the data suggests that the relation between

the melt viscosity and copolymer composition is fairly

independent of the method of polymerization. Although the

existence of such a ‘critical comonomer concentration’

required to significantly influence a particular property of

acrylonitrile copolymers is well known [4,23,37], it is very

conspicuously manifested in this correlation. Furthermore,

it elegantly demonstrates that a practically important bulk

property (melt viscosity) is directly controlled at molecular

level by the copolymer composition. We would like to add

some more comments on this observation, in the light of

some interesting results available in the literature. It is well

known [4] that strong interactions exist between adjacent

nitrile groups in polyacrylonitrile (PAN). This renders the

amorphous, atactic PAN to display considerable crystal-

linity [4]. The same is most probably true for the

copolymers containing up to about 10 mol% MA; Bang

et al. [27] have reported similar X-ray patterns for

copolymers containing 2–8 mol% MA. Further, it is

believed that comonomer like MA, because of its flexibility,

is able to penetrate the crystal lattice as a defect [4],

producing a characteristic morphology, which is described

as amorphous with a high degree of ‘lateral bonding’ [4].

Beyond the MA content of about 10 mol%, the comonomer

is probably present in excess quantity than that required to

retain the ordered structure. Consequently, the morphology

characterized by the long-range order observed for the

copolymers containing less than this critical MA content is

completely disrupted. And this probably results in very

significant drop in the melt viscosity as observed in the

dynamic rheology experiments. Similar results have been

reported by various groups for the copolymers of AN, on the

basis of X-ray, DSC and DMA studies, and these have been

reviewed recently [4].

Further experiments show the notable dependence of a

melt processability window on the copolymer composition.

LSV values below 20,000 Pa s were obtained for 85/15

solution copolymers having IV over a range of 0.20–

0.88 dl/g. On the other hand, in case of the 90/10 solution

copolymers, LSV increases more rapidly with IV. Thus, e.g.

85/15 copolymers with IV of 0.45 and 0.65 have LSV values

of about 800 and 8000 Pa s, respectively (Fig. 7). In

contrast, 90/10 copolymer of IV 0.55 has the LSV value

of about 8000 (Fig. 8), while LSV value for 90/10

copolymer of IV 0.82 is too high to be of any interest.

Thus, the processability window is narrower for the 90/10

composition as compared to the 85/15 composition. This is

understandable because the long-range order becomes more

dominant as AN concentration in the copolymer increases

and hence such copolymers are difficult to flow. A similar

narrower window of processability most probably exists for

90/10 AN/MA copolymers made by redox and suspension

methods (Fig. 9). Furthermore, the LSV crosses the limiting

value of 100,000 Pa s in case of suspension polymer #30 of

IV 0.55.

Melt processability of the various copolymers was also

Table 4

Effect of reaction parameters for various AN/MA compositions made by redox copolymerization

Polymer

no.

AN/MA feed

ratioa (mmol)

Amount of

water (ml)

Amount of

KSP (g%)

Amount of

SBS (g%)

CTA

(mol%)

Intrinsic viscosity

(NMP/25 8C)

Mn

(GPC)

Mw

(GPC)

23 95/5 400 1.08 1.05 2.56 0.46 15,400 31,900

24 90/10 400 1.08 1.05 2.56 0.55 20,600 38,700

25 90/10 400 1.08 1.05 3.00 0.53 – –

26 90/10 400 1.50 1.50 2.56 0.53 32,200 86,400

27 90/10b 320 1.09 0.42 2.56 0.42 13,400 33,000

28 90/10b 220 1.59 0.61 2.56 0.39 12,100 78,700

a Feed ratios for 95/5 and 90/10 compositions are 359/19 and 340/38, respectively.
b AN/MA feed ratio 160/18 mmol.

Table 5

Intrinsic viscosity data for suspension copolymerization of various AN/MA copolymers

Polymer

no.

AN/MA

feed ratio

AN/MA molar

feed ratio

PVA

(wt%)

CaSO4

(wt%)

CTA

(mol%)

AIBN

(mol%)

Intrinsic viscosity

(NMP/25 8C)

29 85/15 283/51 0.34 0.55 2.88 0.50 0.39

30 90/10 632/70 0.10 0.20 0.59 0.39 0.55

31 92/8 644/56 0.10 0.20 0.66 0.39 0.43

32 88/12 618/84 0.10 0.20 0.59 0.39 0.49
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studied using capillary rheometer and a lab scale extruder

[38]. From these studies it appears that thermal behavior of

the precursors can be best predicted from accelerated melt

viscosity measurements conducted at low steady shear

viscosity (about 0.1 s21) conditions. This is probably

because the accelerated test so conducted more closely

simulates the practical extruding conditions. We have

therefore assessed the melt stability by studying the steady

shear melt viscosity of different copolymers for a time of

30 min. The comparative time sweep data in Fig. 10 for the

85/15, 88/12 and 90/10 solution copolymers shows that

copolymer composition has a significant influence on the

steady state melt viscosity. The melt viscosity of 85/15

copolymer is fairly stable for 30 min (typical dwell time in

an extruder) at 220 8C but in contrast, it starts to rise within

10 min for the 90/10 composition. Interestingly, the 88/12

copolymer shows a much more stable viscosity up to

20 min, which can be extended to 30 min by adding

stabilizers like boric acid [39]. This implies that the

12 mol% MA content probably represents the critical

comonomer concentration at and above which the copoly-

mers can have good melt stability and melt processability.

Thus, fine fibers can be melt extruded with ease only from

copolymers containing ,88 mol% AN in the precursor,

which has been successfully verified in bench scale

experiments for 85/15 and 88/12 solution copolymers

[38]. Further work on the stabilization of melt-spun

precursors is in progress; these experiments are expected

to be useful in optimizing the exact composition of the

precursors for carbon fiber applications.

The stability of 88/12 copolymer as compared to the

90/10 can be explained as follows: Firstly, probability of

the exothermic cyclization reaction (stabilization) involving

the pendant nitrile groups is decreased at higher comonomer

content due to the hindrance provided by the comonomer;

similar observation was reported in the case of AN/Vinyl

acetate copolymer [4]. The shift in the peak exotherm to

higher temperature for 85/15 copolymers compared to PAN

(AN homopolymer) as observed by DSC (Fig. 11) is

consistent with this contention, and also with similar reports

on AN/vinyl acetate copolymers [4]. Secondly, the cycliza-

tion reaction can take place both intra- and inter-

molecularly in the polymeric chains. The melt viscosity

would be expected to rise significantly even after few inter-

molecular bonds are formed. The long-range order which

favors cyclization is most probably absent above the critical

comonomer content in the copolymer since the steady shear

Fig. 5. Melt viscosity at 220 8C as a function of copolymer composition for

polymers made by redox method; AN/MA ratio(polymer number) are:

95/5(#23), 90/10(#27), 85/15(#20).

Fig. 6. Melt viscosity at 220 8C as a function of copolymer composition for

polymers made by suspension method; AN/MA ratio(polymer number) are:

85/15(#29), 90/10(#30), 92/8(#31).

Fig. 7. Melt viscosity as a function of IV at 220 8C for various AN/MA

85/15 copolymers made by solution method; the IV(polymer numbers) are:

0.18(#1), 0.45(#3), 0.65(#4), 0.73(#5), 0.86(#8).

Fig. 8. Melt viscosity as a function of IV at 220 8C for 90/10 AN/MA

copolymers made by solution method; the IV(polymer numbers) are:

0.25(#12), 0.55(#15).
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viscosity remains much lower in the case of 88/12 and 85/15

copolymers as compared to the 90/10 copolymer (Fig. 10).

Hence no significant rise in melt viscosity is observed for a

88/12 copolymer as compared to the 90/10 copolymer.

Thirdly, the presence of higher comonomer content that

causes a breakdown of the ordered structure with simul-

taneous decrease the melt viscosity further reduces the

probability of the cyclization reaction, as the polymer chains

possess better mobility at lower melt viscosity. This is

supported by a peak tan d transition at lower temperature of

about 100 8C for 88/12 and 88/15 AN/MA copolymers

(Fig. 12), with respect to a reported tan d transition value in

the range of 110–115 8C for AN homopolymer. The DMA

tan d transitions does not appear to be sensitive to the

change in AN/MA copolymer composition from 88/12 to

85/15. The DMA storage modulus data in Fig. 13, however,

also indicates that both the copolymers (88/1 and 85/15)

behave more like thermoplastics, and also shows that 88/12

composition has a modestly higher modulus than the 85/15

copolymer, which is consistent with its higher AN content

and possibly higher inter-molecular interactions.

Thus, the above data shows that melt viscosity is

significantly influenced by the copolymer composition

even at likely comparable molecular weights. Further, the

optimum IV value of the melt processable AN/MA

copolymer will unfortunately vary with the composition.

More specifically, melt processable precursors can be made

with about 12 mol% or higher MA. Finally, the steady shear

viscosity data, in conjunction with the dynamic runs data

suggests that higher comonomer content not only decreases

the melt viscosity of the copolymers, but also helps to

improve their melt stability.

3.3. Thermal analysis

The TGA was conducted under specially chosen

conditions to simulate heating conditions used for convert-

ing an acrylic precursor into a carbon fiber. The TGA data

(Fig. 13) for copolymers containing varying MA content

indicates that copolymers initially degrade at a faster rate

than PAN, but all afford a char yield similar to PAN (about

50%). Thus, the higher quantity of comonomer used to

make melt processable precursors does not affect the char

yield significantly as evident from TGA residual weights.

That the exothermic degradation is controlled by the

comonomer is more clearly evident from the DSC data

Fig. 10. Comparative time sweep data at 220 8C for various AN/MA

copolymers (polymer #): 90/10(15), 88/12(19) and 85/15(3).

Fig. 11. DSC thermograms for (1) AN homopolymer (2) AN/MA 85/15

solution copolymer #4 and (3) AN/MA 85/15 suspension copolymer #29.

Fig. 12. Dynamic mechanical behaviour (1 Hz) of two solution

copolymers(polymer #): 85/15(#3) and 88/12(#19).

Fig. 9. Melt viscosity as a function of IV at 220 8C for 90/10 AN/MA

copolymers made by redox and suspension methods; the IV(polymer

number) are: redox- 0.42(#27), 0.55(#24); suspension-0.55(#30).
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(Fig. 11). The DSC thermograms show that AN homo-

polymer exhibits a sharp exothermic cyclization peak at

268 8C while the AN/MA 85/15 copolymers beneficially

reduce the rate of this process, and hence exhibit a broader

exotherm in accordance with the literature [4,24,25].

Consequently, the peak exotherm is shifted to higher

temperature values of 318 and 324 8C for the solution and

suspension copolymers, respectively.

4. Conclusions

Melt processable AN/MA copolymers were synthesized

by solution, redox and suspension methods. The study

showed that copolymers containing about 15 mol% MA are

potential carbon fiber precursors. The role of different

variables useful in regulating the intrinsic viscosity of the

precursor copolymers has been demonstrated for both

homo- and heterogeneous polymerization methods. These

copolymers exhibit two interesting correlations. The first

relation correlates melt viscosity with composition and

shows that melt processable precursors are obtained when

MA content in the copolymers is 10 mol% or more; the

corresponding drop in melt viscosity is nearly 4-fold for

only a few mol% change in MA content. The second

relation of melt viscosity and molecular weight (in terms of

IV) at a particular composition is important from a process

design viewpoint. It indicates that a processable viscosity

window is broader for 85/15 composition and narrower for

the 90/10 composition. Both the correlations are consistent

with the generally accepted view that comonomers like MA

can get incorporated in the crystal lattice of AN up to a

critical comonomer content and disrupt the characteristic

morphology beyond the critical limit (observed at about

12 mol% MA content). Thus the copolymer composition

seems to have a decisive influence on the processability of

the precursors, which in turn is related to the long-range

order present in AN-based polymers. Hence, it appears that

it is the elusive long-range order in AN based polymers

which dictates the processability of these precursors. It will

be therefore interesting to study how effectively different

comonomers can influence the disruption of the long-range

order in predominantly AN-based copolymers. Such a study

will contribute to a broader fundamental understanding of

developing a method to convert simple linear polymers into

morphologically complex but easily melt processable useful

products.
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