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Abstract : The graft copolymerization of acrolein onto Kevlar 49 fiber surface was carried
out by using sodium methylsulfinylcarbanion in DMSO as an initiator through anionic
polymerization under a variety of reaction conditions. The effects of reaction conditions on
the grafting and on the tensile strength of the fiber have been investigated. The graft yield
significantly increased with increasing NaH concentration, grafting time and monomer con-
centration. The graft yield varied from 2.0 to 43% with reaction conditions. The tensile
strength loss of the fiber predominantly depended on NaH concentration. The tensile strength
retained was over 92% when the concentration of NaH was below 0.04mol/L/0.5g Kevlar
fiber. On increasing the NaH concentration, the number of active sites increased, however,
the number of grafted acrolein per active site decreased. In thermomechanical and dynamic
mechanical analyses, the relaxation peak of grafted-Kevlar fiber/SAN composite film moved
to higher temperatures, compared with the original-Kevlar fiber/SAN composite film.

Keywords : sodium  methylsulfinylcarbanion, acrolein, anionic graft copolymerization,
composite film.
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INTRODUCTION

Kevlar 49 (poly(p-phenylene terephthala-
mide) : PPTA) fiber has already been noted for
its good thermal stability, high tensile strength
and modulus and chemical resistance. There-
fore, the importance of Kevlar 49 fiber in the
development of high strength light weight com-
posites for aircraft and other advanced applica-
tions has been recognized. The mechanical prop-
erties of the fiber-reinforced composite depend
critically on the behavior of the interface. The
chemical stability(inertness) of the reinforce-
ment fiber result in weak interfacial interac-
tions with matrix polymers. So, surface modifi-
cation of fibers is studied with the aim of im-
proving the interfacial bonding between the
fiber and the resin matrix in composite materi-
als. These efforts have been made to increase
the tensile strength and fracture toughness of
composites by increasing the adhesion of the
fiber/matrix interface. Covalent bonding of
fiber surface and resin matrix is currently ac-
cepted as one valid mechanism for enhancing in-
terfacial adhesion In epoxy composites rein-
forced with glass or graphite fibers. In the case
of Kevlar fibers with no reactive functional
groups, many approaches have been suggested,
for example, pretreatment of the fibers with a
polymeric sizing or coating prior to preparation
of the epoxy composite, and chemical modifica-
tions of Kevlar fiber surface.! Many attempts
have already been made to promote adhesion by
modifying the aramid fiber surface. Vaugham?
applied a number of commercial coupling agents
and obtained some improvement. Mai et al?
compared two commercial varnishes as aramid

fiber coatings and stated that the silicone-based
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material is superior to the polyurethane coating.
Many studies deal with the mechanical behav-
ior and fiber-matrix interactions®® and enough
data are reported on the physicochemical prop-
erties and structure of aramid fibers.”-10
Promising results have been reported on the
chemical modification of PPTA fiber surfaces
by plasma treatments designed to provide func-
tional groups for covalent bonding with epoxy
resin In composites. For example, Wertheimer
and Schreiber!! investigated effects of several
types of microwave plasma, and Allred and co-
workers'? reported the results of an extensive
study of surface chemistry and bonding of plas-
ma-aminated aramid filaments. Wu and Teso-
ro'® have reported that the presence of amino
groups Incorporated on Kevlar fabrics can
result in remarkedly improved peel strength and
apparent interlaminar shear strength of epoxy
laminates, suggesting a significant role of cova-
lent bonding in improving adhesion in aramid-
epoxy composites. Keller et al.'* have attempted
to produce amine sites on Kevlar 49 fiber sur-
face by hydrolytic scission of amide groups. De-
crease In fiber strength upon treatment with
strong base or with acid and adsorption of acid
dye by hydrolyzed samples showed that
hydrolysis was not limited to the surface, and
approaches based on selective cleavage of sur-
face macromolecules do not seem promising.
Kashani et al'® reported the method of
synthesis of graft copolymers of poly(m-phenyl-
ene isophthalamide) via metalation in a solution
of sodium in liquid ammonia. Takayanagi et
al.!® found that sodium methylsulfinylcarbanion
prepared by the reaction of sodium hydride and
DMSO converts PPTA to PPTA-polyanion, and
reported the preparation of N-substituted
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PPTA’s from the reaction of PPTA and corre-
sponding halides via metalation reaction of a so-
lution of sodium methylsulfinylcarbanion in
DMSO. Takayanagi et al.l” also synthesized N-
grafted PPTAs from PPTA and propylene
oxide or acrylonitrile by this method.

In this study, the graft copolymerization of
acrolein onto Kevlar 49 fiber surface was car-
ried out by the anionic polymerization of acrole-
in onto the N-metalated Kevlar. The chemical
reaction must be controlled to avoid an exces-
sive strength loss of the fiber. Studies have been
made on the effects of reaction conditions on
the graft yield and on the tensile strength of the
fiber. The thermomechanical and dynamic me-
chanical properties of composite films contain-

ing grafted Kevlar were also investigated.

EXPERIMENTAL

Materials. Kevlar 49 filament (DuPont
Kevlar 49, 1000 denier/ 666 fils) was cleaned
by Soxhlet extraction with carbon tetrachloride
for about 24 hours. The cleaned samples were
then dried in a dry oven at 100°C for about 2
hours. Dimethyl sulfoxide(DMSO) was fraction-
ally vacuum distilled over calcium hydride and
dried over 4 A molecular sieves. Sodium hydride
(10% mineral oil in suspension) and acrolein
were used as received. SAN(95HC, AN 25%,
Lucky) are used on the matrix.

Metalation. A solution of sodium hydride(0.
008~0.16 mole/L) in DMSO(150 mL) was
added to a 250 ml three-necked separable
flask, equipped with a nitrogen gas inlet, drop-
ping funnel, and mechanical stirrer, under nitro-
gen atmosphere at 30°C. The reaction tempera-

ture rose to 70°C after 30 min, and the solution
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was maintained at 70°C for 40 min under nitro-
gen atmosphere with stirring. The sodium
methylsulfinylcarbanion( I ) in DMSO was for-
med by the following reaction of sodium hydride
with DMSO. The metalation reaction of Kevlar
fiber was carried out by adding the Kevlar 49
fiber(0.5g) to the DMSO solution of sodium
methylsulfinylcarbanion at 30°C. The metalated

Kevlar fiber(IT1) was obtained as follows.

/ /

0=§ + NaH——0=S + Ht
\
CH3 CHgiNa*

(1)
/CHs
2n 0=8S + -(NH- ¢ -NHCO- ¢ -CO),-
\

CH, Kevlar Fiber
Na*
-(N - ¢ -N-CO- ¢ -CO),.-
Na*
(m)

- ¢ - . Phenylene group

Preparation of N-grafted Kevlar Fiber.
After the metalation reaction, the N-metalated
Kevlar fiber was added to a solution of acrolein
in DMSO. The acrolein grafted Kevlar 49 fiber
were prepared by anionic polymerization of
acrolein  monomer onto the N-metalated
Kevlar fiber under a variety of reaction con-
ditions of different polymerization time, mono-
mer concentration and polymerization temper-
ature.

The homopolymers were removed by Soxhlet
extraction for 60h using dimethyl formamide
(DMF). However, the amount of homopoly-
mer formed was negligible. The grafted poly-
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mer () was polymerized from the following re-

action |
Na* 8 o

Na* .

~-(N™- ¢-N-CO- ¢ -CO)~ + m(CH,=CH-CH=0)

-(NH- ¢ -NCQO-- ¢ -CO),- + 2Na*

I
- ((IlH—O )=
(m)

Graft yield( %) was determined by the follow-

ing equation.

Graft yield(%) =

Weight of grafted acrolein(g)
Weight of Kevlar fiber used(0.5g)

x 100

Preparation of Composite Films. The ma-
trix polymer(SAN) was dissolved in dichloro-
methane, and the cut fiber (content .5 wt%,
fiber length : 5 mm) was added to this solution
and dispersed uniformly by stirring. This rein-
forcement-matrix mixture was cast on a glass
plate. The composite film were obtained by
evaporating the solvent in a vacuum oven at
100°C. For measurement of mechanical proper-
ties, composite specimens (composite film, about
0.15 mm) were made by compressing at 200°C.
The composite film prepared in this study was
discontinuous fiber-reinforced composite of ran-
dom-in-plane fiber orientation.

Characterization. The extent of metalation
reaction was measured using a UV-visible spec-
trophotometer(Hitachi 220). FTIR spectrophoto-
meter(JASCO, IR-700) was used to obtain
absorption spectra of samples in KBr pellets.

The tensile strength were measured using an
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Instron UTM. Stress-strain curves were record-
ed with cross head speed of 100 mm/min and
chart speed of 20 mm/min. Each of the values
reported here is an average of at least 10 speci-
mens. The surface of Kevlar fiber was observed
by using a SEM(JEOL JSM-5400). Thermome-
chanical properties of composites were mea-
sured using a thermomechanical analyzer
(Seiko, TMA 120C). Rheovibron (DDV, 01FP)
was used to measure dynamic mechanical prop-

erties at 3°C/min and 11 Hz.

RESULTS AND DISCUSSION

Fig. 1 is the IR spectra of the original Kevlar
fiber(a), polyacrolein homopolymer(b), and
grafted Kevlar fiber(c). In the case of original
Kevlar fiber, hydrogen-bonded NH group ap-
pears as a wide absorption peak at 3,300 cm.
And the characteristic peaks of Kevlar fiber,
amide I at 1,650 cm™! (C=0 stretching), amide
II at 1,540 cm™ (N-H bond, C-N stretching)
and amide III at 1,310 cm™! (C-N, N-H and C-C

Transmittance{ %)
el
- - L
N
i
<

3600 2800 2000 1600 1200 800

Wavenumbers(cm™')

Fig. 1. IR spectra of (a) original Kevlar fiber, (b)
polyacrolein, and (c) polyacrolein-g-Kevlar.
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vibration) were observed .

R. C. Schulz!® found that the polyacrolein ho-
mopolymer synthesized by anionic polymeriza-
tion resulted from the addition reaction of the
carbonyl repeating unit exclusively. Therefore,
carbonyl bands are not expected in the grafted
samples. The polyacrolein homopolymer and
polyacrolein grafted Kevlar prepared in this
study have a C=C stretching at 1,680 cm™ and
a CH bond vibration at 3,100 cm™!. The grafting
of acrolein onto Kevlar fiber was identified by
these characteristic peaks around 1,680 cm™!
(vinyl group) and 3,100 cm™! (CH group).

Table 1 shows the effect of reaction condi-
tions on the graft yield(%). It can be seen that
the graft yield(%) can be controlled by the
NaH concentration, grafting time and monomer
concentrations. The graft yield(%) was varied
from 2.0 to 43% by controlling reaction condi-
tions.

The effects of monomer concentration on the
graft yield(%) are shown in Figs. 2 to 4. The
graft yield(%) increased with increasing graft-
ing time and monomer concentration. The graft
yield( %) increased markedly as the concentra-
tion of NaH increased from 0.008 to 0.027 mol/
L/0.5 g Kevlar(see Figs. 2 to 4). Figs. 5 and 6
show the effect of NaH concentration on the
grafting(%). The graft yield(%) increased
sharply with the increase in NaH concentra-
tions. This is due to the increase in the number
of active anions with NaH concentrations. With
increasing the NaH concentration up to 0.16
mol/L/0.5 g Kevlar, the graft yield(%) increas-
es to over 40%.

Fig. 7 shows typical stress-strain curves of
samples of the S’ series. The remarkable fea-

ture of these curves is the reduction in the
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Table 1. Effect of Reaction Conditions on the Graft
Yield(%)

Metalation
Sample ~ NaH conc.
Designation (mol/L/0.5g Time

Grafting conditions
Monomer conc. Graft Yield
(mol/L/0.5g (%)

Kevlar) (min) Kevlar)
S 0.008 4.9
S, 0.012 10 0.84 6.0
S; 0.018 7.0
S, 0.027 3.3
T, 2 2.1
T, 4 4.2
Ts 0.018 6 0.84 5.9
T, 8 6.5
Ts 10 6.9
M, 0.42 4.8
M, 0.018 10 0.84 7.0
M, 1.68 8.0
M, 3.36 11.9
M’ 1.5 9.8
M’, 3.0 12.5
M’ 0.018 10 7.5 21.7
M’, 15.0 24.7
M’ 30.0 27.9
S 0.02 22.6
S’ 0.04 10 7.5 32.5
S’ 0.08 38.2
S’ 0.16 42.7
T, 2 18.9
T', 4 24.4
T, 0.08 6 7.5 31.1
T, 8 34.8
T 10 38.2
M 1.5 16.1
M”, 3.0 25.1
M7, 0.08 10 7.5 38.2
M7, 15.0 40.3
M”s 30.0 42.6

Metalation time © 10min,
Metalation temp : 30°C.

breaking stress, breaking strain and modulus
when the concentration of NaH is increased.
When the concentration of NaH was below 0.
04 mol/L/0.5 g Kevlar fiber, over 92% of the
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Fig. 2. Effect of monomer concentration on the
graft yield(%). (NaH conc. : 0.008 mol/L/0.5¢

Kevlar).
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Fig. 3. Effect of monomer concentration on the
graft yield(%). (NaH conc.: 0.018 mol/L/05¢g

Kevlar).

tensile strength was retained. However, the ten-

sile strength loss of other fibers are about 17
and 23% for the NaH concentration of 0.08 and
0.16 mol/L/0.5 g Kevlar, respectively. It is con-

cluded that the concentration of NaH below 0.
04 mol/L/0.5 g Kevlar fiber is desirable to main-
tain over 90 % of the tensile strength of the
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Fig. 4. Effect of monomer concentration on the
graft yield(%). (NaH conc.: 0.027 mol/L/0.5g
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Fig. 5. Effect of NaH concentration on the graft
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fiber.
Table 2 shows the effect of NaH concentra-

(Monomer

conc. . 3.36 mol/L/05g

tion on the number of active sites and the num-

ber of grafted acrolein per active site at a con-

stant monomer concentration(0.84 mol/L/0.5 g

Kevlar). The number of acrolein per active site

on the fiber surfaces was calculated from
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Fig. 7. Stress-strain curves of sample S’ series.

abaorbances of NaH solution before and after
metalation using a UV-visible spectrometer at
312 nm. The number of grafted acrolein unit/
0.5 g Kevlar(the weight of grafted acrolein X 6.
02 x 10%3/molecular weight of acrolein, A), the
number of active sites/0.5g Kevlar fiber(the
number of moles of the consumed NaH X 6.02 X

1023, B) and the number of grafted acrolein
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Table 2. Effect of NaH Concentration on the Num-
ber of Active Sites and the Number of Grafted
Acrolein Unit per Active Site

NaH concentration

(mo]/L) A ) Bh) Cu
0.008 8.16x10* 9.81x10'* 83.18
0.012 1.10x 10" 1.45x10'" 74.83
0.018 1.21x10%" 1.86x10" 65.20
0.020 1.21x10%  2.30x 10" 52.61
0.040 1.75x 10"  3.53x10™ 49.58
0.080 2.05x10% 4.60x10" 4457
0.160 2.29x10% 554 x 10" 41.34

Monomer concentration : 0.94 mol/L/0.5 g Kevlar.
Grafting time and temperature | 4 min and 10°C.

* The number of grafted acrolein unit/0.5g Kevlar fiber.
* The number of active site/0.5 g Kevlar fiber.

 The number of grafted acrolein unit/active site,

unit/active site(A/B) are shown in Table 2.
The number of active sites depended on NaH
concentration and metalation time, however, the
number of grafted acrolein per active site de-
pended on the grafting time and monomer con-
centration. On increasing the NaH concentra-
tion, the number of active sites increased, how-
ever, the number of grafted acrolein per active
site decreased. Thus, it is found that the number
of grafting site and the length of grafted poly-
mer are mainly controlled by NaH concentra-
tions.

Fig. 8 shows scanning electron micrographs
of original Kevlar 49 fiber (a) and grafted
Kevlar fiber (b). A comparison of the surface
of original Kevlar fiber with that of grafted
Kevlar fiber shows that the grafted Kevlar fiber
is much rougher, whereas the original Kevlar
fiber is very smooth. The rougher grafted
polyacrolein layer of Kevlar fiber surface may
be responsible for the improvement of interfa-
cial adhesion between the fiber and the matrix
resin.

Fig. 11 shows the TMA displacement-temper-
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(a)

15kyY XS5.008

Fig. 8. Scanning electron micrographs of Kevlar fi-
bers. (a : original Kevlar fiber and b : grafted-
Kevlar fiber{Sample M,)).
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Fig. 9. The relationship between displacement and
temperature for SAN, original Kevlar(K)/SAN,
and grafted-Kevlar(GK, sample M,)/SAN compos-
ite.
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ature curves of SAN, original-Kevlar(K)/SAN
and grafted-Kevlar(GK)/SAN films. The GK/
SAN composite film was found to have a higher
glass transition temperature than K/SAN com-
posite film. The glass transition tempefature
can be influenced by the interaction between
the fiber and the resin. By the TMA analysis, it
was found that the grafted Kevlar fiber has
higher interaction with SAN resin than original
Kevlar fiber.

On the other hand, a significant information on
the interaction between the grafted-Kevlar
fiber and the matrix polymer SAN can be ob-
tained from Rheovibron analysis. To compare
the interaction of GK/SAN composite film with
pure SAN film and K/SAN composite film, the
dynamic mechanical properties of these films,
were also measured(see Figs. 10 and 11). The
storage modulus of the GK/SAN composite film
showed higher values than did the K/SAN com-
posite film. However, the storage modulus of K/
SAN composite film showed higher value than
that of pure SAN film. The tand peak tempera-
ture and the declined temperature of storage
modulus of GK/SAN composite film showed the
highest value among these three samples. These
high values of storage modulus and relaxation
temperature of GK/SAN composite film indi-
cate the presence of strong interaction between
the grafted Kevlar fiber and SAN. The strong
Interaction 1s In part due to the rough surface
of grafted Kevlar fiber. However, the
compatibility between polyacrolein and SAN
was not studied in this study. So the distinct ori-
gin of the strong interaction of grafted Kevlar
fiber with SAN 1s not clear at the present mo-

ment. More detailed studies should be made.
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CONCLUSION

The graft copolymerization of acrolein onto
Kevlar 49 fiber surface was carried out by the
anionic polymerization onto N-metalated Kevlar

fiber formed via the metalation reaction in a so-
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lution of sodium methylsulfinylcarbanion in
DMSO. The effects of reaction conditions on the
graft yield and on the tensile strength of the
fiber have been investigated. The
thermomechanical and dynamic mechanical
properties of composite film containing grafted
Kevlar were also Investigated. The results ob-
tained were as follows :

1. The graft yield significantly increased with
mcereasing NaH concentration, grafting time
and monomer concentration. The graft yield
could be varied from 2.0 to 43% by controlling
the reaction conditions.

2. The tensile strength loss of the fiber de-
pends predominantly on NaH concentration.
Over 92% of the tensile strength was retained
when the concentration of NaH was below 0.04
mol/L./0.5 g Kevlar fiber.

3. On increasing the NaH concentration, the
number of active sites increased, however, the
number of grafted acrolein per active site de-
creased.

4. Byb thermomechanical and dynamic me-
chanical analyses, the relaxation peak of graft-
ed Kevlar fiber/SAN composite film move to a
higher temperature, compared to the original
Kevlar fiber/ SAN composite film.

28 28 AT 1999E a&F A
Fob ATAIell o3 ol gl em old »e %
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