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KEVLAR PULP-THERMOPLASTIC ELASTOMER COMPOSITES:
MORPHOLOGY AND MECHANICAL PROPERTIES

SAUVAROP BUALEK-LIMCHAROEN,? TEERAVUT NAKINPONG,* TAWEECHAI
AMORNSAKCHAI* AND WIRIYA MEESIRI®

“ Department of Chemistry, Faculty of Stience, Mahidol University, Rama é Road, Bangkok 10400
¥ Directorate of Armament, Royal Thai Air Force, Donmuang, Bangkok 10210

(Received May 10, 1997)

ABSTRACT

Reinforcement of Styrene (Ethylene Butylene) Styrene thermoplastic elastomer (SEBS) with Keviar
pulp was investigated. Surface treatment of the fibre was carried out by alkali hydrolysis in order to
increase the number of reactive groups. Maleic anhydride-grafted-SEBS was used as a compatibiliser.
The composites were prepared by a one step process in an internal mixer. Mechanical properties of the
composites were assessed using a tensile testing machine. The results suggested that as the loading of
Kevlar pulp increased, tensile modulus increased but tensile strength and elongation at break decreased
The fracture surface of the composites observed under Scanning Electron Microscope (SEM) revealed
fibre pull-out in the composite without compatibiliser and wore fibre breakage were observed in the
samples containing compatibiliser. Quantitative analysis of the adsorbed elastomer on the fibre surface
using gravimetric, diffuse reflectance FTIR (DRIFT) techuiques and observation of SEM micrographs of
extracted pulp showed that in the presence of compatibiliser, a large amount of elastomer was adsorbed.
However, SEBS-g-MA showed no remarkable effect on the tensile properties of the composites and this
might be due 1o uneven adsorption of rubker particles.

INTRODUCTION

The excellent thermal and mechanical properties of poly (¢-phenylene terephthalamide)
(aramid) fibre make it a good candidate as reinforcement fibre in polymer composites. The
main problem due to poor adhesion between the fibre and a polymer matrix, however, does
exist and continues to pose a challenge to researchers. Vaughan! applied various commercial
coupling agents and obtained some improvement on adhesion. Other efforts to modify the
fibre by dispersion of fibre in an ionomer matrix seemed to be very effective?3. Marom et al.!
proposed a surface treatment technique using bromine water which led to surface roughening
and resulted in improvement of interlaminar shear strength. Andreopoulos® used various
compounds to promote adhesion of Kevlar fibre and pulp with unsaturated polyester. Treatment
of fibre with methacryloyl chloride resulted in considerably high tensile strength compared to
that of composites incorporating untreated fibre. Wang er al.® prepared plasma treated aramid
fibre-polyethylene composites. The reactive groups such as -COOH, -OH, -NH, were generated
on the aramid fibre surface using oxygen plasma. These groups were used to chemically
anchor Ziegler-Natta catalyst to the fibre surface, which was then followed by ethylene
polymerisation on the surface. This type of composites exhibit higher tensile strength both
in parallel and transverse to the fibre direction. Yu er 4l studied nylon/Kevlar composites and
found that Kevlar could be used to reinforce nylon. The effect of various surface treatment
methods, e.g. hydrolysis and hydrolysis followed by chemical grafting with acid chloride, were
also studied. [t was found that the mechanical properties of the composite could be improved
by appropriate fibre treatment.
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Recently, short-fibre reinforced elastomers have increasingly attracted more attentions
by several researchers 812 Reinforcements for such system mainly involved using conventional
fibres like poly (ethylene terephthalate) (PET) and nylon. Consequently, the use of Kevlar fibre
as a reinforcement in thermoplastics have become an interesting application of this high
performance fibre.

The present work involved the studies of Kevlar pulp reinforced styrene (ethylene
butylene) styrene (SEBS) thermoplastic elastomer. SEBS represented a model thermoplastic
elastomer matrix to be reinforced by an organic fibre. From a molecular structure point of
view, the two components are quite incompatible. Kevlar is a highly hydrogen-bonded polyamide
while SEBS containing olefinic and styrenic blocks is relatively nonpolar. In order to obtain
compatibility, chemical bonding was introduced by partially hydrolysing the amide bonds on
Kevlar fibre surface followed by the addition of SEBS-grafted-maleic anhydride (SEBS-g-MA),
a compatibiliser for this system. The formation of imide groups from the reaction of maleic
anhydride and amine end groups on the fibre surface was expected'. This should be able to
improve the adhesion of fibres and rubber matrix

EXPERIMENTAL

Materials

Styrene-(ethylene-co-butylene)-étyrene (SEBS) triblock copolymer (Kraton G1652, Mn =
83,700} and Maleated SEBS (Kraton FG1901x, Mn = 85,000) were provided by Shell Chemical
Co. Poly(p-Phenylene Terephthalamide) pulp (Kevlar 49) was provided by E.I. Du Pont .

Hydrolysis of Kevlar 49 pulp

Kevlar 49 pulp was first washed with acetone and distilled water in order to remove the
possible surface impurities such as lubricating agents and dried in vacuum oven at 50°C . Ten
grams of Kevlar pulp was dispersed in 400 ml 10 wt% aqueous NaOH solution at ambient
temperature for 20 minutes. Following the hydrolysis, Kevlar 49 pulp was throughly washed
with distilled water and toluene, dried in vacuum oven at 50°C for 48 hours and kept in
desiccator.

Spectroscopic characterisation

Ditfuse Reflectance Infrared Fourier Transform (DRIFT) spectrometer (Perkin Elmer
FTIR 2000) was used to characterise the surface of Kevlar 49 pulp. Two hundred scans at a
resolution 4 cm™! and throughout the range 4,000-600 cm were usually required to obtain a
decent spectrum.

Preparation of SEBS/Keviar 49 pulp composites

Pulp was first opened by using a Moulinex blender for half a minute, then it was put
in the internal mixer, Haake Rheocord 90, together with SEBS and compatibiliser. Samples
weight 50 grams of various Kevlar pulp/SEBS composites were blended at 165°C, rotor speed
90 rpm for 10 minutes and passed through a two-roll mill twice. The composites were
collected promptly and kept in a desiccator in order to mininize moisture adsorption.

Loading of Kevlar pulp was varied from 0 - 10% by weight. The effect of compatibiliser
was studied in a composite of 3wt% of Kevlar in SEBS. The amount of SEBS-g-MA varied
from 0 - 10% by weight was added to the composites using the same mixing condition.
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Extraction of the composites

A known weight of the composite was extracted in Soxhlet apparatus using toluene as
a solvent for 72 hours. The sample was then dried in a vacuum oven at 50°C. The amount
of the bound rubber can be calculated by gravimetric method. The extracted pulp was also
characterised by DRIFT and SEM.

Mechanical properties of the composites

Kevlar 49 pulp/SEBS composites were compression moulded at 180°C for 10 minutes
under a pressure of 15 MPa and quenched with cold water. After conditioned for at least 24
hours, tensile specimens were cut with dumbell-shape die of size 115 x 6 x 1 mm parallel and
transverse to the direction passing through the two-roll mill. Testing was carried out on an
Instron testing machine model 4301 in accordance with ASTM D638 at a cross head speed of
500 mm/min with a full scale load cell at 100 kg.

Scanning electron microscopy (SEM)

Observation of fibre surface and fracture surfaces of the composite were performed on
Hitachi $2500. A thin layer of palladium was coated by Hitachi E102 ion sputter on the
specimen to prevent charging on the surface. SEM was operated at 15 kV.

Fracture surface of the composites was prepared by freezing the composite in liquid
nitrogen for 5 minutes and then broken rapidly above the surface of liquid nitrogen.

Optical microscopy

Orientation and fibre length in the composite were observed under an optical microscope
(Nikon 70562). The sample was prepared by melt-press between slide glasses. The fibre aspect
ratio (length to diameter ratio} was evaluated from the photographs taken at various points.

RESULTS AND DISCUSSION

Hydrolysis of Kevlar surface

It is generally known that Kevlar aramid is poly (¢-phenylene terephthalamide) or PPTA.
In this study, Kevlar pulp was partially hydrolysed on the surface by using 10% NaOH for 20
minutes to create more -NH, and -COOH end groups as indicated in the following reaction.

NG WS g

NaOH

0
|

T
wHN—@—NHZ + Na™0-—C Crowme
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Fig.1. Infrared spectra of Kevlar surface (a) before and {b) after hydrolysis {without washing with water).

Fig.2. Optical micrograph of Kevlar pulp/SEBS composite pressed between slide glasses.
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Figure 1 shows infrared spectra of Kevlar pulp before and after hydrolysis using DRIFT
technique. It can be seen that a new peak appears at 884 cm. The peak is associated with
the C-H out of plane bending of aromatic ring next to -COO'Na* substituent as reported by
Chatzi"*5. The pulp was throughly washed with distilled water, followed by toluene and
dried to constant weight at 50°C under vacuum. The resulting pulp had a pale yellow colour.
At this stage the 884 cm™ peak disappeared. This can be explained by the fact that washing
the pulp with distilled water would change -COO-Na* to -COOH. It was found that the
washing step was very important. If care was not taken the resulting pulp would turn dark
yellow to brown after storage for a few days. Blending of this dark colour pulp with SEBS
elastomer gave rise to a composite with very poor tensile properties.

Optical microscopic observation

Figure 2 shows the optical micrograph of the thin layer of the composite SEBS/Kevlar
pulp. Two features of fibre can be seen, namely, long fibres and small fibrils which split from
the long one, since pulp is a highly fibrilated form of fibre. According to the compressive force
applied on the slide glasses the direction of orientation of these smali fibrils are therfore
perpendicular to the long ones. The similar orientation behaviour should also be found in the
compression moulded specimen prepared for the tensile measurement. It should be noted here
that the measurement of tensile properties of the specimens prepared in this experiment and
cut in the direction parallel and perpendicular to the direction of passing through the two-roll
mill were found to be approximately the same. This should be due to the biaxial orientation
of these two types of fibre.

The average length of fibre before and after mixing was about 1.8 mam and 0.5 mum,
respectively. Distribution of the aspect ratio of fibres after mixing evaluated from optical
micrographs is shown in Figure 3. It can be seen that most of the fibre has aspect ratio of
22-38.

Mechanical properties

Fibre reinforced composites generally exhibit anisotropic properties. Mechanical properties
in the machine direction are normally higher than those measured in the transverse direction
{cross-machine direction). Qur preliminary results showed that the mechanical properties in
the two directions were not much different. This is probably due to biaxial orientation of the
fibre and fibril as discussed above. However, the results to be followed are measured in the
machine direction.

‘Stress-strain behaviour of SEBS/Kevlar pulp composites is shown in Figure 4. SEBS
exhibits a typical characteristic of rubber with strain hardening effect at very high strain. This
effect leads to a very high ultimate tensile strength. Addition of Kevlar up to 5% did not
affect the shape of the curves to a great extent, ie. the composites still show strain hardening
effect. Beyond 5 % of Kevlar, the composites failed at strain below the point which strain
hardening effect was observed. The reinforcement effect of Kevlar can be clearly seen in ali
samples. However, the composites broke at relatively low strain when more Kevlar was added.
This is probably due to debonding of the Kevlar from SEBS as indicated by whitening of the
samples. Such debonding would leave certain imperfection on SEBS surface and cause premature
failure. The other reason for premature failure would be due to poor dispersion of Kevlar pulp
at high loading.

Tensile properties of Kevlar reinforced SEBS are shown in Figure 5. It can be seen that
as the Kevlar loading is increased the tensile strength of the composite decreases. Modulus at
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Fig.5. Shows a) Modulus at 100% (¢}, 300% (M) and Tensile strength (A) and b) Elongation at break of Untreated
Kevlar/SEBS composite. .
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Kevlar/SEBS composite.
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Fig.10. SEM micrographs of
{a) Kevlar/SEBS {3/97).
(b) Kevlar/SEBS-g-MA/SEBS (3/1/96).
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Fig.11. SEM micrographs of extracted pulp from
(a) composite without SEBS-g-MA.
(b) composite with 1 wt% SEBS-g-MA.
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100 and 300%, on the other hand, increases with increasing Kevlar loading. Elongation at
break of the composite was found to drop slightly when Kevlar loading was increased. Beyond
10% Kevlar the elongation at break drops sharply. This was found to coincide with the
observation of poorly dispersed Kevlar in SEBS.

An increase in modulus at both 100 and 300% was as expected when pulp of very high
modulus like Kevlar was incorporated into SEBS elastomer matrix. A monotonic decrease in
tensile strength with pulp loading was due to the fact that SEBS could be strain hardened at
very high strain. Incorporation of Kevlar pulp could reduce such effect and/or impart weak
points, which, at relatively low strain, may induce cracks.

Hydrolysis of Kevlar surface was found to have negligible effect on mechanical properties
of the composites, as can be seen from Figures 6a and 6b. This indicates that only slight
modification, either chemically or physically, had been done.

Effect of compatibiliser, SEBS-g-MA, on a composite containing 3% wt. Kevlar can be
seen from Figures 7a and 7b. Two sets of Keviar were studied, i.e. as received Kevlar and
surface hydrolysed Kevlar. It was found that surface hydrolysed Kevlar resulted in a composite
with approximately the same mechanical properties as that of untreated Kevlar.

In order to determine how SEBS was adsorbed on Kevlar surface the blends were subjected
to extraction with toluene. Since SEBS can be dissolved in toluene at room temperature, it
should be completely leached out after extraction for 72 hours at boiling temperature of
toluene. Solvent extraction of the composite shows that the amount of bound {unextractable)
rubber increases as SEBS-g-MA was added, as can be seen in Figure 8 from gravimetric
measurement. Curves (a) and (b} are results from untreated and treated Kevlar, respectively.
This figure clearly shows the effect of hydrolysis on the efficiency of adsorption. This suggests
that SEBS-g-MA reacted with active group on the surface of Kevlar. The amount of bound
rubber calculated base on the weight of fibre is, however, less than the amount of added SEBS-
g-MA. The rest of SEBS-g-MA (unreacted) is likely to disperse in SEBS matrix and could
weaken the composite if phase-separation occurs.

Figure 9a shows Infrared spectra (DRIFT) of pure SEBS in the range 2600-3400 cm™.
Peaks at 2923 and 2853 ecm™! correspond to asymmetric and symmetric stretchings, respectively,
of the -CH, groups from ethylene block of SEBS. Figure 9b displays Infrared spectrum of as-
received Kevlar pulp in the same region. It can be seen that there is a peak at 3320 cm? which
corresponds to intermolecular hydrogen bonding in Kevlar. The Infrared spectra of the
extracted pulp from specimens without and with SEBS-g-MA, shown in Figures 9¢ and 9d,
respectively, display both typical peaks of SEBS and Kevlar. The ratio of the peak at two
positions clearly shows the higher percentage of SEBS on the Kevlar surface as SEBS-g-MA was
added.

Solvent extraction and spectroscopic evidences clearly suggest that the compatibiliser,
SEBS-g-MA, reacted with Kevlar. The tensile strength of the blends are, however, not improved.
Ishihara er al.'®. reported that, for poly(ethylene terephthalate)-hydrogenated styrene-isoprene-
styrene triblock copolymer (PET-SIPS) composite, treatment of PET fibre improved tensile
strength in the fibre direction significantly. Tensile strength in the transverse direction was,
however, not affected.

Morphology
Fracture surfaces of cornposites with and without compatibiliser are shown in Figures
10a and 10b, respectively. Detailed investigation of the photographs reveals very much different
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fracture characteristics betweeen the two systems. Composite with compatibiliser, Figure 10b,
exhibits mostly fibre breakage, whereas composite without compatibiliser exhibits both fibre
pull out and fibre breakage (Figure 10a). Fibre pull out in the latter case seems to dominate.
This evidence confirms that the compatibiliser, SEBS-g-MA, improves the adhesion between
fibre and matrix.

Figures 11a and 11b are SEM micrographs taken from extracted fibre from the composites
without and with compatibiliser, respectively. No adsorption of rubber can be seen in the first
case whereas a few rubber particles adsorbed on fibre surface in the latter one. These particles
of rubber might cause voids between the fibre surface and the rubber matrix, which led to poor
contact at the interface, and hence no improvement of mechanical properties could be obtained
even though larger amount of bound rubber on the fibre surface was found.

CONCLUSIONS
The above results can lead to the following conclusions:

1. Creation of reactive groups on Kevlar pulp by surface hydrolysis in this work does
not lead to deterioration of its mechanical properties.

2. Moduli at 100 and 300% of the composites increase, tensile strength slightly decreases,
and there is no significant change of elongation at break, as the loading of Kevlar is increased
upto 5 wt%. However, beyond 10%wt of Kevlar loading, the dispersion is poor, and as a result
tensile strength and the elongation at break drop sharply.

3. From gravimetric measurement and DRIFT technique, it is found that higher amount
of SEBS adhered at the surface of Kevlar pulp as SEBS-g-MA is added.

4. In the presence of compatibiliser, SEM micrograph of fracture surface of the composite
shows fibre breakage and the micrograph of extracted pulp shows adsorption of rubber particles
on pulp surface, which are evidences of improvement of fibre-matrix adsorption.

5. Tensile strength of the composite containing SEBS-g-MA is, however, not improved.
This might be due to uneven adsorption of rubber particles which probably cause some voids
at the interface giving rise to the weak points.
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Aramid Fibres-Thermoplastic Elastomer (SEBS)
Composites: Effect of Maleic Anhydride Grafted
Compatibiliser on Mechanical Properties

Teeravut Nakinpong', Budsaporn Sinpatanapan’, Wiriya Meesiri”
Taweechai Amornsakchai’, Sauvarop .Bualek-Limcharoen’

Composites of styrene {ethyiena bulylene) styrene (SEBS)
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INTRODUCTION

Polvmer composites using aranid Hibres as reinforcement
2okt excellent thermal and mechaaical properties. However,
problems Zue to poor adhesion benween the fibre and polvmer
matmix st remain to be selved. Researchers have used cirferent
wiinigues to obrain desired properties. Vaughan! applied
varipus commercial coupling agents to composite mixtures and
obtained improved adhesion. Other techniques involving
modification of fibre reinforcernent by dispersion in an ionomer
malrix seemed to be very effective.** Marom et al.* proposed

Oepanme~t of Chemistry, Facuity o1 Science, Maniaal University,
Rama 6 F-zd. 2angkok 10400, THAILAND,
* Ciraciorate of Armarment, Royai Than Air Force, 3angkok. THAILAND.
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composite without such compound. In another surface

modification techmque, Wang 7 al.” prepared plasma-treated
aramid fibre/polvethvlene composites. Oxvgen phlsma was
used to generate reactive proups such as -COO0H, -O 1 -NH,
onthe fibre surrace. The reactive wroups were used 1o
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1 ehlondezrarine

Short-fibre reinforced elastomer has attracted several
researching groups.™"' Remiforcement used in these works
involved conventional fibres like polv(ethv]gm* terepiithalate)
(PETY, and avion, It is. thes

rore, quite logical to include such

high-performance hore like aramid in this tvpe of composice,
Inthe present work. Styrene | £ v Butyi Sovre

(SEBS) represented 1 model "'-"'".'.Jp,?«&'i  glastomer to

remntorced by organic aramid fibres. Our work on composites

containing Keviar- and Conex .n\ebeen reported el ;
fn this paper, another tvpe of aramid fbre, Technora, \\:H
reported in comparison with thr: arevious resulis. On a
molecuiar level, these hibres and =EBS are quite incompatible.
The incompatibility arises from the reiativelv non-polar olerinic
and stvrenic blocks in SEBS and the highlv polar hvdrogen-
bonded amide zroups in aramud tibres. To improve com-
patibilitv, parhat hvdrolvsis or fibre surface, followed by the
addition of maleic anhvdride grafted SEBS !
compatibiliser for his yvstem, wgfe carried out.
should introduce chemicai bonding due to the reacnon or maleic
anhvdride and amine groups on the fibre surface, simular to that
reported by Modicet af.™? The resulted composites were expected
to exhibit improved adhesion between the components and thus
provide better mechanical properties.

EXPERIMENTAL
Materials

The materials used in this sfudy are summarized in Tabie
1. Properties of the fibres are shown in Table 2.7 Molecular
structures of the three aramid ribres are given below.
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Table 1 Materials used for this study.

Materials
(Commercial designation)

Specification Manufacturer

Styrene (Ethylene Butylene) Styrene
Thermoplastic Elastomer
(SEBS, Kraton G 1632)

SEBS grafted with maleic anhydride

29% styrene
Mw S-block = 7,200
Mw EB-block = 37,500

Shell Chernical Co.

29% stvrene Shell Chemical Co.
{SEBS-g-MA, Kraton FG 1901x) 1.84 wi% MA
Poly-p-phenylene terephthalamide Keviar) pulp DuPont Co.
Poly-m-phenviene isophthalamide (Conex) short tibre Teijin Ltd.
Poly-p-phenviene-3,4"-oxvdiphenyvlene short tibre Teijin Ltd.
terephthalamide (Technora)
Tabie 2 Properties of aramid fibres.!>
Properties Kevlar Conex Technora
Modulus (GPa) 24-25 3-10 20-21
Tensile strength {GPa) 18-21 03-06 30-32
Elongation at break (%) 3-4 35-45 5-7
Specific gravity 1+ 1.38 1.39
Fibre diameter {um} 13 15 12
Fibre length (mm) 2 3 3
0 c
i i
Kevlar - )= O -
L NH W, M c C]
- 0 0
Conex r ¢ ¢
— e NH — _
L ) !
o
ll
Technora — @NH—- @c] LNHO \@NH c c] -
n

Hydrolysis of Aramid Fibre

The as-received aramid fibre was washed with distilled
water, followed bv acetone, and dried in a vacuum oven at 50°C
for 24 h. Hvdrolvsis was carried out bv dispersing about 10
grams of fibre i 400 ml of 10% sodium hvdroxide aqueous
solution at ambient temperature for 20 min. After hvdrolvsis,
the tibre was thoroughly washed with distilled water, followed
bv toluene, and dned in a vacuum oven at 30°C for 48 h. The
dried fibre was stored in a desiccator prior to use.

FTIR Characterisation

An FTIR spectrometer with a DRIFT attachment (Diffuse
Reflectance Infrared Fourier Transtorm spectrometer, Perkin
Elmer PE 2000) was used to probe the surface of tibre before
and after hvdrolysis. Each spectrum was obtained from 200
scams at 4 cm! resolution.
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Preparation of Composites

Various compositions of aramid fibre/SEBS composite
were prepared. The dried fibre was first pre-cpened in a
Moulinex blender for a few seconds, followed by blending for
0.5 min in an interral mixer (Haake Rheocord 90) swith a rotor
speed of 90 rpm at 173°C. The compatibiliser was then added
and blended tor ancther 0.5 min, and tinallv, SEBS was blended
in for 9 min. The 30-gram batch composite was passed through
a two-roll mill twice to ebtain fibre orientation. The composite
sheet was kept in a desiccator at room temperature for 24 h.

The effect of mixing condition on tensile properties of
Kevlar-5EBS composites was investigated by Nakinpong.'® The
rotor speed at 90 rpm was found to give composites with the
best tensile properties and mixing temperature within the range
trom 165 t0185°C showed no effect on tensiie properties.

Mahidol J Vol 5 No2 (1998)



Extraction of Composites

Extraction of composite specimen was carried out using
¢ Soxhlet apparatus and toluene as a solvent. After extraction
for 72 h, the sampte was dried in a vacuum oven at 30°C for

21 1. The bound rubber on the extracted fibre was determined
ov DRIFT.

Mechanical Properties ot Composites

The composite sheet was compression moulided at
185*C for 10 mun under a pressure of 13 MPa, into 4 1-mm thick
sheet, foilowed bv condibioning at room temperature for at least
24 h. Tensile specimen was die cut at the size of 115x6 mm with
the long dimension paraliel to the machine direction (direction
passing through the two-roll mill). Testing was performed on
an [nstron testing machine model 4301, in accordance with
ASTM D638 at a cross head speed of 300 mm/min with a full
scale load cell at 100ke.

RESULTS AND DISCUSSION
Hydrolysis of Aramid Fibre Surface

Aranmud fibres were partially hyvdrolvsed to create more
-NH.and -COOH end groups on the surface. Figure la. b and
< show DRIFT spectra of untreated and treated Keviar, Technora
and Conen ribres. respectively. The peak at 880-384 cm s due
0 C-H out-of-plane bending of the aromatic ring adjacent to -
COO ™o~ as reported by Chatzr!” After washing with distiled
water, wiluwved by toluene, and dried, the peak disappeared,
arparently due o the change from -COG Na~ to -COCH.
Without hig washing step, =odium hvdronde would turther
avdrolvie o amide bonds on the hbre surrace, resulting i a
Jark prown colour and reduced tensile properties of the
\:U['HPK)SI(C‘

Mechanical Properties of Composites
1. As-received fibres

Tensile propernes ot the aramid tibre/SEBS composites
are shown im Figure 20 [t is evident that for ol composites
Moduius at 1004 (M100) increases linearly with increasing the
amount of fHbre loading and there is virtually no effect of fibre
wvpes on MIO0. An increase in M100 with fibre loading is due
"o Incorporation of high modulus fibre in sott matrix. The fact
that all tvpe of hibres resuited in the same M100 wwould suggest
that there is a saturation in M100 of the composites, regardless
the mechanical properties and geometrv ot the reinforcing fibre.
Similar etfect of tibre loading are seen for Modulus at 300%
(M300). ln this case, however, Kevlar composites exhibit
sigruficantly higher M300 than Conex and Technora composites.
Again, no difference was found between M300 of Conex and
Technora composites. [t appears that at this high strain (300%)
stress transfer to Kevlar is greater than that to Conex and
Technora. This would suggest that reinforcing element in puip
geometrv is better than short cvlindrical fibre.

Tensile strength of the composites are shown in Figure
2 (). It can be seen that, for Keviar composites, addition ot
ribre upto 3% slightly decreases the tensile strength of the
composites. At higher fibre loading tensile strength drops
sharplv. This was found to coincide with the observation of
poorly dispersed fibre in the matrix. For Conex and Technora
composites, it can be seen that tensile strength linearly decreases
with increasing tibre content. This can be understood as a
debonding of fibre-matrix interface at very high strain which

Mahidol J Viol 5 No2 (1998}
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Fig. 1 Infrared spectra of untreated (as-recelved) and treated (surface

nydrolysed) aramid fibres (a) Keviar (b} Technara {c} Canex
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Tensile properties of untreated aramid {ibres SEBS compasite with various fibre loading (# : Kevlar, —: Conex, & : Technora)

(8} Modulus at 100%, {b) Modulus at 300%, {c} Tensile strength, and (d) Elongation at break.

could be seen as specimen swhitening. The specimens will
therefore be sweaken.

Elongation at break of all tvpes of composites is virtually
unchanged by increasing of fibre loading up to 5%. However,
above 5% libre content, elongation at break drops sharplv. This
15 due to severe weakening of the interface debonding and poor
ulispersion of fibre at the high fibre content.

The results reported above were obtained from
measurements of the specimens cut parallel to the machine
direction (direction passing through the two-roll mill). In the
case of Kevlar puip-SEBS composite, tensile properties measured
in the directions parallel and perpendicular to the machine
directon were found to be approximately the same due to the
biaxial orientation of the main fibre and the spitted small fibril
as reported elsewhere.!? The effect of fibre orientation was
observed, however, in the case of composites with Conex and
Technora short fibres. The properties of specimen measured in
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the direction perpendicular to the machine direction were about
10% less than those in the machine direction.

2. Surface-hydrolysed fibres

Surface hvdrolvsis of aramid fibre was carried out to
increase the number of reactive endgfroups. These end groups
could then react with SEBS-g-MA cOompatibiliser and modify
surface properties of the fibres closer towards that of SEBS
matrix,

Tensile properties of the composites containing 3% of
treated Hbres and compatibiliser are shown in Figura 3. It can
be seen that compatibiliser content only slightly affects the
properties of Kevlar and Technora composites. However, for
Conex composites, it is clearly seen that the compatibiliser

greatly improves the tensile strength of the composite: Tensile

strength was found to increase with increasing compatibiliser
content and approaching that of Kevlar composites at 5%. This

Mahidol J Vol § NoZ2 (1998)
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is the evidence of the improvement of interfacial adhesion
through the interaction of MA group and the reactive NH, end
group of Conex. No improvement of tensile strength is found
in the case of Kevlar pulp. [t might be due to fibrillation of pulp
during processing which peeled-off the treated surface.
However, no improvement of tensile strength is observed in the
case of Technora, though it is in the form of short fibre as Conex.
This might be due to poor dispersion of Technora in SEBS matrix.
This can be seen in the drop of elongation at break and large
error bar (see Fig. 3d) at 3 wi% fibre loading. Poorer dispersion
of Technora compared o Conex might be due to its larger fibre
aspect ratio (length to diameter ratic) and hence fibres are curled
and entangled to a greater extent.

Analysis of extracted fibres

-~ FTIR spectra of Kevlar fibres extracted from the

composites containing different concentration of compatibiliser,
SEBS-g-MA, are shown in Fig. 4. The peaks at 2923 and 2853

Mahidol J Voi 5 No2 (1998)

Tensile propenties of treated aramid fibresSEBS composite with various compatibiliser contents {# : Kevlar,
at 100%, {b) Modutus at 300%, (c) Tensile strength, {d) Elongation at break.

"CONCLUSIONS-

—:Conex, A : Technora) {a} Modulus

cm! correspond te anti-svmmetric and svmmetric C-H
stretching, respectivelv's, of CH. group in the ethyiene block of
SEBS. Curve 4a is the intrared spectrum of extracted Kevlar pulp
from the composite sithout compatibiliser, shotwving the tvpical
peak at 3320 cm! which correspends to N-H stretching in Kevlar.
These spectra clearly demonsirate the increasing of bound SEBS
on the fibre surface with mcreasmo amount of compatibiliser,
SEBS-g-MA. This clearly suggests the presence of the chemical
bondmg between the NH, group on aramid Hbre and the mateic
anhydride group on SEBS g-MaA. Similary, bound SEBS on
extracted Conex and Technora fibees was also observed. The
above finding suggests that chemical interaction between
compatibiliser and fibre may or may not resuit in improverment
of mecharnical properties.

Reinforcement of SEBS thermoplastic elastomer with
aramid fibres at low strain can be achieved without any
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Fig.4 ORIFT spectra of extracted Kevlar/SEBS composite containing
various SEBS-g-MA  [a) 0 wi% (b) 1 wi% {c} 3 wi% (d) 10 wi%.

compatibilisers. [t appears that geometry of the fibre has
zreater effect on mechanical properties of the composites
than the mechanical properties of the libres. At the same fibre
content, pulp was found to be mere effective in reinforcing than
shorct fibre.

Alkalire hvdrolysis of libre surface in conjuction with
reactive compatibiliser was found to be effective on certain tvpe
of aramid fibre, i.e. Conex. No improvement was achieved tor
Kevlar and Technora composites despite surface modification
had been achieved.
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Effect of Compatibilizers on Mechanical Properties and
Morphology of In-Situ Gomposite Film of Thermotropic
Liquid Crystalline Polymer/Polypropylene
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TAWEECHAI AMORNSAKCHAI!, and WIRIYA MEESIR] 2

! Departmenit of Chemistry, Faculty of Science
Mahidol University
Bangkok 10400, Thailand

2Directorate of Armament -
" Royal Thai Air Force
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An in-situ composite film of a thermotropic liquid crystalline polymer (LC3000)/
polypropylene {TLCP/PP) was produced using the extrusion cast film technigue.
The compatibilizing effect of thermoplastic elastomers, styrene-ethylene butylene-
styrene (SEBS), maleic anhydride grafted SEBS (MA-SERS), and maleic anhydride
grafted polypropylene (MA-PP) on the mechanical properties and morpholegy of the
TLCP/PP composite films was investigated. It was found that SEBS provided a
higher value of tensile modulus than MA-SEBS, which in turn was higher than MA-
PP, despite the expected stronger interaction between the MA chain and TLCPE. The
observation of the morphology under optical and scanning electron microscopes
suggested that all three compatibilizers helped improve the dispersion of the TLCP
fibers and increased the fiber aspect ratio to a different extent. The fractured sur-
face of the specimens showed more fiber breakage than pull-out when a compatibi-
lizer was added, which suggested the improvement of interfacial adhesion. The sur-

‘face roughness of fibers with an added clastommeric compatibilizer may also provide

mechanical interlocking at the interface. It is suggested thal the increase in the vis-
cusity ratioc of TLCP/PP due to the added elastomeric compatibilizer, SEBS and MA-
SEBS, compared with the thermoplastic compaltibilizer, MA-PP, is more effective in

improving the composite mechanical properties.

INTRODUCTION

he modification of polymers through the blending
) of a thermotropic liquid crystalline polymer (TLCP)
with thermoplastics (TP) providing superior rheologi-
cal and mechanical properties of the composite has
drawn considerable attention (1-4). The processing of
an incompatible TLCP/TP blend under an elongation-
al flow condition is known to produce an oriented
TLCP-fiber phase. Hence, the term “in-situ composite”
was coined (3) for this type of polyblend, which means
self-reinforcement due to the fibers formed during
processing,
Blends of Hoechst Celanese Vectra A900 TLCP and
SEBS (styrene-ethylene butylene-styrene) thermoplas-

*To whom correspondence should be addressed. E-mafl: sesblédmahidol.ac.th.
Fax: (662 247-7050,

tic elastomer were intensively studied by De Boer et
al (6-8). They reported the formation of TLCP fibers
in an almost pure shear flow condition, which contra-
dicted previous works suggesting that the fibers only
form in an elongational flow condition.

In-sifu caomposites produced mostly by fiber spin-
ning and injeclion molding have a higher modulus
than sheet or film (9) because of a fibrillar structure
that can be obtained more effectively by elongational
force in the spinning process. In-situ composite film
has only recently gamed much interest for applica-
tions such as high-strength balloons (10). However,
the main problem in the TLCP blend system in such
an application has been due to the high degree of
anisotropy of the mechanical properties, i.e., the prop-
erties along the machine direction (MD) are different
from those along the transverse direction (ID). Chin-
sirikul et al (11} attempted to reduce the anisotropy
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using a counter-rotating die in film extrusion. Another
approach to improve the properties was investigated
by Datta et al {12) through the addition of a compati-
bilizer. In their work, a blend of polypropylene (PP)
and TLCP {Vectra A) with a maleic anhydride grafted
polypropylene (MA-PP) added as a compatibilizer was
produced as an extruded strand and injection-molded
sheet. An increase of about 25% in modulus was
found in injected tensile bars containing about 30%
TLCP. A simnilar investigation by O'Donnell {13) using
MA-PP as a compatibilizer in a PP/Rodrun LC3000
(70/30 weight ratio) system also reported about a
30% increase in the modulus of the blend. It was con-
cluded that the added compatibilizer helped produce
more finely dispersed TLCP fibrils and consequently
improved the tensile strength and modulus.

The objective of the present work is to improve the
mechanical properties of in-situ cormposite film based
on TLCP/PP using block and grafted copolymers as
compatibilizers at various concentrations. Cast films
were characterized in morphological and mechanical
aspects.

EXPERIMENTAL
Materials

The thermoplastic polymer matrix used in this study
was an injection grade polypropylene (PP6331) with a
melt flow rate (MFR) of 12g/10 min (230°C, 2.16 kg
load). A thermotropic liguid crystalline polymer was a
copolyester comprising 60 mol% of p-hydroxybenzoic
acid and 40 mol% of poly(ethylene terephthalate) (Rod-
run LC3000) purchased from the Unitika Company. The
crystal-nematic and nematic-isotropic transitions of
LC3000 are 220°C and 280°C, respectively. A triblock
thermoplastic elastomer of styrene ethylene butylene
styrene (SEBS, styrene/rubber ratio 29/71, Kraton G-
1652) and maleic anhydride-grafted SEBS (Kraton
FG1901X. containing 1.8 wi% maleic anhydride) was
provided by Shell Chemical Co. Maleic anhydride-
grafted polypropylene (MA-PP), containing about 0.1 wt%
maleic anhydride, was provided by the Mitsubishi Co..
The materials were vacuum dried at 60°C for 12 h be-
fore use.

Blending

‘Melt blending of PP and 10 wi% TLCP was performed
using a co-rotating twin screw extruder (PRISM TSE-
16TC) with a screw diameter of 16 mm, L/D = 25,
intermeshing, at an extrusion rate of 150 rpm. The
processing temperature profile was 180/220/220/
225/225°C (14). representing temperatures at the
hopper zone, the three barrel zones, and the heating
zone in the die hecad, respectively. The strand exiting
the extruder was immediately quenched in a water
bath and subsequently was pelletized.

Extrusion Film Casting

TLCP/PP blend pellets were extruded using a 16-
mm mini-extruder [Randcastle RCP-0625) equipped

with a cast film line. The temperature profile was
190/220/230/240°C for the hopper zone, two barret
zones, and slit-die, respectively. The screw speed was
70 rpm. The gap of the die lip was adjusted at 0.65
mm and the width fixed at 152 mm. Extruded film
was drawn downward as a molten blend exiting the
die outlet and then quenched on a water-cooled roll.
The draw ratio (slit width-to-film thickness ratio) was
controlled by adjusting the take-off speed. The highest
draw ratio used in this experiment was about 33. The
film thickness was varied from 20 to 70 pm.

Mechanical Testing

Tensile testing was conducted using an Instron me-
chanical tester (Model 4301} with a grip length of 25
min, a crosshead speed of 50 mm/min, and a full-
scale load of 10N, Tensile properties of the dumbbel-
shaped specimens (70 mm % 4 mm) were measured
in the flow (machine) and transverse directions (ASTM
D412). Data were taken and averaged [rom at least
ten specimens for each blending system.

Impact testing was performed using a pneumatic
driving impact tester Radmana ITR-2000 at a con
stant temperature and humidity (ASTM D3763). The
test films were about 70 wm thick. The resulis are av-
eraged values of at least ten measurements for each
blending system.

Morphology

The distribution of TLCP fibrils in the PP matrix was
directly observed under an optical microscope at a
magnification of 100-400 times. In order to inspect
the size and shape of the fibers more clearly, compos-
ite films were extracted in boiling xylene and the re-
maining fibers were drjed before observation. The ob-
servation of the fractured surface of the composite
films was performed using a scanning electron micro-
scope (SEM, Hitachi S2500) operated at 15 kV. Frac-
tured surfaces were prepared by fracturing the com
posite film in liquid nitrogen. Palladium film was
coated on the specimens using a Hitachi E102 ion
spultering coater.

Order Parameter

The order parameter or odentation function (S) (15-
17) defined as the degree of alignment of liquid crystal
molecules with a preferred direction, was determined
from the infrared dichroic ratio, R = AH/AL, where Ay
and A are absorbance values for plane polarized light
with the electric vector parallel and perpendicular to
the preferred direction, respectively. For a band whose
transition moment is parallel to the major molecular axis,
S = (R-1)/(R + 2}. The IR absorption spectra of com-
posite films about 25 pm thick were recorded using a
Perkin-Elmer FTIR (System 2000) with an aluminum
wire-grid polarizer placed between the sample and the
light source. The polarization directions of the polarizer
were adjusted parallel and perpendicular to the machine
direction of the film. Each spectrum was collected in a
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transmission mode at a resolution of 4 cm~* and 25
scans. An area under the peak at 1601.5 em™!, (C-C
stretching vibration of para-substituted benzene ring
of p-hydraxybenzoic acid) corresponding to the paral-
lel transition moment was used to determine the
order parameter of the TLCP.

RESULTS AND DISCUSSION
Mechanical Properties

Young's moduli of TLCP/PP/compatibilizer films with
varied amounts of compatibilizer are shown in Fig. 1.
Young's moduli of pure polypropylene film produced
under the sarme processing conditions (not shown)
were also determined and compared: 616 + 66 MPa and
586 * 44 MPa in machine direction (MD) and trans-
verse direction (TD), respectively. The film evidently ex-
hibited a slight anisotropy in its moduli. The addition of
10 wt% TLCP resulted in an increase in the modulus in
MD by almost twice as much. The modulus in TD,
however, increased slightly. [t is evident that the com-
posite film exhibited a high degree of anisotropy due to
the preferred fiber orientation in the composite film.
The effect of a compatibilizer on the film modulus, es-
pecially in MD, varies by different extents depending on
the type and amount of compatibilizer. SEBS irnproved
the film modulus in MD to the greatest extent with a
peak value at 3 wi% SEBS. The improvement was
about 46% over that without the compatibilizer (1.592
MPa vs. 1,081 MPa). The moditdus decreases with an
increasing SEBS content above 3 wt%. However, at 8
wi% SEBS the modulus is still slightly higher than
without SEBS. Films with added MA-SEBS exhibited a
similar effect as those with SEBS but to a lesser extent.

A peak in modulus was found at 1.5 wt% MA-SEBS
with 2 21% improvement over that with no compatibi-
lizer. On the other hand, MA-PP did not appear to
have a significant effect on the film modulus.

The effect of a compatibilizer on the film modulus in
TD is less pronounced than that found in MD. It appears
that Young's modulus in TD was not significantly af-
fected by the type and content of the compatibilizer,
with an exception of an improvement of about 28% for
film with 1.5 wt% SEBS.

The yield stress of composite filns will now be discussed.
Figure 2 shows the yield stress of composite films contain-
ing various amounts of compatibilizer. For comparison,
vield stress values of pure PP film were 20.2 + 1.4 and
154 £ 1.5 in MD and TD. respectively (not shown in
the Figure). The composite films were found to have a
slightly higher yield stress than PP in both directions.
A slight improvement of the yield stress in MD was
found in the composite film with SEBS. In other cases,
it was found that yield stress in both MD and TD de-
creases with an increasing amount of compatibilizer.
In all cases, the yield stress in MD is higher than that
in TD.

From the mechanical results presented above, it is
rather surprising that such a soft elastomer such as
SEBS improved the modulus of the composite films
more than MA-SEBS, which in turn improved it more
than MA-PP. This contradicts the expectation that the
presence of a reactive MA group in the latter two com-
patibilizers could form a chemical or hydrogen bond
with TLCP, which consequently, should improve the
interfacial adhesion between the two phases. Such
bonding between an MA group, and TLCP domains
was probably formed during processing as previously
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800 [

Young's modulus (MPa})
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6 8 10

Compatibilizer content (%)
Fig. 1. Effect of compatibilizers on Young's Modulus of TLCP/PP composite fims. (@, O: SEBS; €, <: MA-SEBS and (A, T]: MA-PP.

MD: filled and TD: unfilled.)
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Fig. 2. Effect of compatibilizers on yield stress of TLCP/ PP composite films. @, QO: SEBS; ¥, < MA-SEBS and B, [J: MA-PP. MD:

filled and TD: unfilled.)

reported by O'Donnell (13) and Seo (18). However, this
kind of bonding may retard the extension of the TLCP
fibers by elongational flow. Hence, using MA-SEBS
may give rise to thicker TLCP fibers (lower fiber aspect
ratio) than those obtained in the case of SEBS. Since
the modulus is measured at low strain, the difference
in modutus would indicate a difference in the strue-
ture of the composile film, i.e., the size and aspect
ratic of fiber formed in the film. The better properties
of compaosite with the elastomeric compatibilizer may
be due to the effect of a compatibilizer on the viscosity
of the system. In order to support this assumplion we
measured the meit flow rate (MFR) (using 2.16 kg force
at 230°C) of these blend systerns. It was found that
MFR reduces from 19.5g/10 min for the composite
without a compatibilizer to 12.5, 13.2, and 17.6¢/10
min for the blends containing 3 wt% SEBS, 1.5 wit%
MA-SEBS, and 3 wit% MA-PP, respectively. A further
addition of the compatibilizers showed no further sig-
nificant change in MFR (see Fig. 3). The results reveal
that SEBS and MA-SEBS increase the viscosity of the
blend to a much greater extent than MA-PP, and
hence, aid the formaton of TLCP fibers. The effect of
the viscosity ratio of LC3000/PP blends on their
morphology was investigated by Heino et al{14). They
reported that the most fibrous structure was achieved
when the viscosity ratio ranged from about 0.5 to 1. At
the lower viscosity ratio the fiber sttucture was coars-
er, while at viscosity ratio above unity, the TLCP do-
mains iended to be spherical. Similarly, in our work,
the addition of SERS to the TLCP/PP blend may affect
the maltrix viscosity to help form the fibrous structure
of TLCP. The evidence from the morphology study will
be discussed later.

A drop in the Young's modulus of the composite film
at a high SEBS content will now be discussed. Since
SEBS is a triblock copolymer with a styrene block at
both ends and an ethylene/butylene block in the mid-
dle, it would be expected that the two ends containing
aromatic rings would be compatible with the TLCP
phase, while the rubbery EB tlock would be compati-
ble with the PP matrix. Accordingly. SEBS should be
present at the interface to promote interfacial adhe-
sion and to help disperse the TLCP phase. At a high
content, however, the amount of compatibilizer at the
interface is likely to exceed the saturation lirnit (criti-
cal micelle concentration) and phase separation of the
compatibilizer may take place (19, 20). resulting in an
overall decrease in the properties of the blend. A fur-
ther increase in the SEBS content lowers the Young's
modulus of the composite due to the soft nature of the
added rubber. However, even at 8 wt% SEBS, the compo-
site film still shows a higher moduius than the film
without a compatibilzer. This lowering effect at a high
SEBS concentration was in agreement with the decrease
in the shear modulus of PP on blending with SEBS (no
reinforcing fibers), as reported by Gupta et al (21).

The addition of MA-FP to the composite film shows only
a slight increasc in the modulus in MD. Although it is
likely that the compatibilizer helps disperse the TLCP
phase. it appears to be less effective than MA-SEBS.
This may be due the lower concentration of the MA-
group in MA-PP than in MA-SEBS and because MA-PP
does not affect the viscosity of the blend (see Fig. 3).

Morphology

Figure 4 shows optical micrographs of composite
films with: a) no compatibilizer, b) 3 wit% SEBS, ¢] 1.5 wt%
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Fig. 3. Lffect of compatibilizers on melt flow index of TLCP/ PP blend. @: SEBS; %: MA-SEBS and Il MA-PP.

MA-SEBS, and d} 3 wit% MA-PP. At these concentrations
of compatibilizer, a maximum valu¢ of tensile modulus
is observed in each system. It is evident that the num-
ber of fibers per unit area as well as the aspect ratio of
the TLCP fiber increase with the addition of a cormpati-

bilizer. The incorperation of a compatbilizer results in
a more finely dispersed TLCP phase. and hence, more
fibers are formed under shear and elongational forces.
The additon of a compatibilizer, therefore, has a simi-
lar efflect to increasing the fiber loading, giving rise to

(d)

Fig. 4. Optical micrographs of in-situ composite films containing {a) no compatibilizer (b} 3 w96 SEBS () 1.5 widt MA-SEBS and () 3

ot MA-PP.
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the enhancement of the modulus. This is in good
agreement with the results reported by O'Donnell {13).
In addition to the difference in shape of the dispersed
TLCP fibers, the birefringence characterizing the frozen
nematic phase of TLCP domains also differs. Without a
compatibilizer, the TLCP phase exhibits a birefringence
less homogenecus than that of the systems containing
a compatibilizer, suggesting a better molecular orienta-
tion of the TLCP domains in the latter case. The result
is supported by the increase in the order parameter of
the TLCP phase, to be discussed later. To study the
size and shape of fibers more clearly, composite films
were extracted using boiling xylene, a good solvent for
PP but a nonsolvent for TLCP. Figure 5 shows pho-
tomicrographs of TLCP fibers extracted from films,
taken at the same magnification. Fibers exiracted from
films containing compatibilizers (Figs. 5b-d) appear to
be thinner and longer than these obtained from films
with no compatibilizer (Fig. 5a). Among the three com-
patibilizers, SEBS yields the thinnest, and hence, the
highest fiber aspect ratio. resulting in the highest
Young's modulus discussed above. .

Figure 6 shows SEM micrographs of the ffactured
surface of composite blends, broken along the direction
normal to the flow direction. The filtn with no compati-
bilizer (Fig. 6a) shows a number of TLCP-fiber pull-
outs with a smooth surface, suggesting a poor fiber-
matrix interfacial adhesion. In the case of a composite

with a SEBS compatibilizer (Fig. 6b}, different features
are observed: fiber breakage, fiber surface roughness,
and fiber-tip bending. Similar features are also ob-
served in the case of using an MA-SEBS compatibiliz-
er (Fig. 6d). However, in the presence of MA-PP (Fig.
6d). the fiber surface is rather smooth with spike fiber
fips and less fiber pull-out than in Fig. 6a, suggesting
a better adhesion in the compatibilized composite. The
appearance of fiber surface roughness in composites
with an elastomeric compatibilizer may arise from an
uneven extension of the TLCP phase caused by non-
uniform friction due to the elastomer partly adhering
at the interface. Such surface roughness was recently
reported by Seo (22) for the termary blend systems,
nylon/TLCP/MA-EPDM, and PBT/TLCP/MA-EPDM.
Though with higher viscosity of TLCP than the malyix.
fibrillation of TLCP could be obtained at a low shear
rate. Seo proposed the mechanism for the exdsting
surface roughness: That it is a result of the relaxation of
the elastomer swrrounding the elongated TLCP phase.

Order Parameter

For thin film specimens, it is rather simple to deter-
mine the molecular orientation from the anisctropy of
the absorption spectra (dichroism}, especially in the
infrared region. Since the selected peak used to mea-
sure the dichroic ratio belongs to the benzene ring in
the TLCP molecule, the calculated order parameter,

(d)

Fig. 5. Extracted TLCP fibers obtained from composite films containing {a) no compatibilizer (b} 3 wt¥ SEBS (cf 1.5 wi¥% MA-SEBS

and {d} 3 wi%e MA-PP,
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Fig. 6. SEM micrographs of fractured surface of composites film containing {a) no compatibilizer (b} 3 wi% SEBS (¢} 1.5 w9 MA-SEBS

and (d) 3 wit%h MA-PP.

therefore, represents only the order in the TLCP
phasc. The order paramcter of TLCP in the composite
films containing compatibilizers is shown in Fig. 7.
The films with about 1.5 wi% SEBS and with 1.5 wt%
MA-SEBS have an increase of order parameter in the
TLCF phase from about 0.5 to 0.6 and are roughly
unchanged beyond this value. In the case of MA-PP,
the less pronounced increase in order parnmeter is
observed. This is in good agreement with the increase

in modulus of the composite films at a low percentage
of compatibilizer, Better molecular orientation in the
TLCP phase translates to better mechanical properties
of TLCP (16, 23), and hence, to a better composite.

Impact Strength

Results obtained from the impact testing of TLCP/
PP composites without and with compatibilizers are
illustrated in Fig. 8 Break energy in J/m is plotted

318 POLYMER ENGINEERING AND SCIENCE, FEBRUARY 1999, Yol. 39, No. 2



Effect of Compatibilizers

0.8

Order parameter
o &
=) 3

&
tn

A I —_— .|

1 " | "

0.4
0 2 4

6 8 10

Compatibilizer content (%)
Fig. 7. Order paramneter of TLCP phase in TLCP/PP composite films cortaining @: SEBS; ®: MA-SEBS and W: MA-PP.

against the concentration of compatibilizer in percent-
age by weight. The composite without a compatibilizer
has a very low impact strength (318 J/m) compared
with that of pure PP (1.840 J/m). The results suggest
poor interfacial adhesion between TLCP and thie ma-
trix, which is always a problem with in-sitie compos-
ites. This results show an improvement of impact

strength when an elastomeric compatibilizer was
added. At a low level of compatibilizer concentration,
e.g.. up to about 5 wt% SEBS and MA-SEBS, the im-
pact property improves slighily with an increasing
amount of compatibilizer. With an 8 wt% cornpatibiliz-
er, the impact strength increases steeply to about
1.300 J/m, approximately a four-fold increase. A sim-

2,000

1,500

1,000 [

Break energy (J/m)

500

| ) - L

6 8 10

Compatibilizer content (%)

Fig. 8. Effect of compatibilizers of impact strength of TLCP/PP composile films @ SEBS; ¢: MA-SEBS and B: MA-PP: dotted iine
puwre PP. Size of error bar is not bigger than twice the size of the symbol.
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ilar result was cbserved by Gupta et al (21, 24) and
Setz et al (25) for a PP/SEBS system with no fiber re-
inforcement. It is concluded that the addition of elas-
tomeric compatibilizers not only improves the tensile
modulus but also the impact strength of the compos-
ites. This large improvernent of impact property at a
high concentration of the elastomer may be due to its
action as an impact moedifier, the mechanism of which
was explained in the established rubber-toughening
theory (26). Evidently, MA-PP does not show any effect
on the impact strength of the composite, since it is a
thermoplastic in nature and is unable to absorb im-
pact energy like the rubbery SEBS and MA-SEBS can.

CONCLUSIONS

All three compatibilizers used in this study, namely,
SEBS. MA-SEBS, and MA-PP, were found to immprove
the dispersion and interfacial adhesion of the TLCP
phase (Rodrun LC3000) and PP matrix, giving rise 1o
the enhancement of the tensile modulus. In this
study, thermoplastic elastomers, SEBS and MA-
SEBS, were found to be more effective as compatibiliz-
ers than MA-PP. The addition of an elastomeric com-
patibilizer ehanced the viscosity of the system as
evident in the decrease in its melt flow rate, which in
tumn affected the elongational flow of the dispersed
phase to form thinner (and hence, higher aspect ratio)
TLCP fibers. Surprisingly, SEBS was found to be a
much more cffective compatibilizer than MA-SEBS,
despite the presence of an MA reactive group that
could have improved the interfacial adhesion in the
latter. An additional advantage of using an elastomer-
ic compatibilizer is that il could alse improve the im-
pact strength of the in-situ composite due to its action
as an impaet modifier.
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Ahstract

Aramid fibre, poly-m-phenylene isophthalamide (Teijin-Conex). was used to reinforce thermoplastic elastomer, styrene (ethylene
butylene) styrene (SEBS). Il was found that the moduli at 100 and 300% clongation of the composite increased linearly with increasing
fibre toading. On the other hand, tensile strength of the composites decreased as the fibre content was increased. Tmprovement of interfacial
adhesion was carried out by, first, slightly hydrolysing the fibre with sodium hydroxide solution o incrense the number of reactive amine end
eroups and then mixing witk: the matrix and compatibiliser, maleic anhydride grafted SEBS (MA ¢ SEBRS), at various concentrations, Tensilt
stiength of the compatibilised composite was found to increase and then level-off at 5 wit's compatibiliser. Fractured surface of camposit
containing compatibiliser showed more fibre breakage than the uncompatibilised one. Examination of the extracied fibre revealed that sem
fraction of rubber was chemically bonded 1o the fibre surface. These resulis suggest good compatibilising performance of MA-g-SEBS for the

system studied. & 1999 Elsevier Science Lid. Ali rights reserved.

Keywords: Poly-m-phenylene isophthalamide; SEBS; Composiles

1. Introduction

Short fibre reinforced rubber has now received much
attention. The main advantage is that it allows greater
speed and fiexibility in processing as compared with con
tinuous fibre [1]. A high degree of low strain reinforcement
can alse be achieved at relatively low content of fibre as
compared with particulate fitlers. Various systems of shorl
fibre reinforced rubbers have been studied. The fibre studied
includes Rayon, polyvinyl alcohol, Nylon, p-aramid
(Kevlar), m-aramid (Nomex), polyester and glass fibres
[2]. The nature of the fibre determines the interfacial inter-
action between fibre and maltrix and also the steength of the
camposites. To achieve maximurmn reinforcement, strong
fibre with good interaclion with matrix rubber will be
needed. As far as mechanical properties are concerned,
aramid fibres (Kevlar for example} are good candidates.

Cuoneipanding author. g +662- 2477050 E-mail: scsbl @ mahidalac th

CHERD- 356 | /S - see Tronm mialie

Pil: SODS2-3=6l(9Bi0nE24-2

There is, however, a problem of poor interfacial adhesion
between the fibre and a msatix. Various methods have been
used to modify the surluce of aramid fbre, Kevlar in par-
ticular. These include coupling agents [3], ionomer matrix,
[4-5] chemical treatments [6—8] and plasma treatment
[9-12]. One of the simple chemical treatment techniques
reported in the literature is surface hydrolysis [10,13]. The
technigue allows simple and casy preparation of Kevlar with
an increased number of active amino groups on its surface.
These functional groups can then be employed in further
reaction with other chemicals e.g. reactive or functionalised
compatibilisers. The level of uchievement depends to u preat
extent on the matrix studied.

In this paper. a system of poly-m-phenylene isophthala-
mide {Conex) short fibre reinforced styrene (ethylene bulyl-
ene) styrene (SEBS) thermoplastic elastomer was studied.
Themmoplastic elastomer was chosen as a matrix to case
composite preparation and avoid the need for curing used
in a conventional rubber system. Conex fibre was first used
as-received. In the sccond pact, surface hydrolysis of the

154 Blsevier Science Lil Al nghte reserved.
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fibre in conjunction with the use of reactive compatibiliser,
MA-g-SEBS, was studied.

2. Experimental
2.1 Materidals

The materials used in this study were styrene (ethyiene
butylene) styrene (SEBS, Kraton G 1652), which consisted
of 29% styrene with M, S-block = 7200, M,, EB-block =
37500 and maleic anhydride grafted SEBS (MA-g-SEBS,
Kraton FG 1901x), which consisted of 29% styrene and
contained 1.84 wt% MA. These two thermoplastic elasto-
mers were kindly provided by Shell.

Aramid shoit fibre, poly-m-phenylene isophthalamide
(Teijin-Conex) with average length of 3 mm (aspect ratio,
i.e. length to diameter ratio is about 200-250) was kindly
provided by Tejjin Ltd. These materials were dried at 50°C
for at least 24 h in a vacuum oven to remove sorbed water
before processing.

2.2. Treatment of aramid fibre

Aramid fibres used in this experiment are classified as
untreated and treated fibres. As-received fibre was [first
washed with acetone and distilled water in order to remove
the possible surface impurities, such as oil or lubnicant, and
dried in a vacuum oven. This is called untreated fibre. Then
untreated fibre was dispersed in 10 wit% sodium hydroxide
solution for 20 min at the ambient temperature. Following
the hydrolysis, fihre was thoroughly washed with distilled
water to remove excess sodium hydroxide, then washed
with toluene, and dried at 50°C in vacuum oven. This will
be called treated or hydrolysed fibre. Partial hydrolysis of
the aramid fibre with alkaline solution was performed in
crder to create more chemical reactive -NH, end groups
on the fibre surface, which should enhance the probability to
react with the compatibiliser contairing maleic anhydride
group [14].

2.3. Preparation of composites

Sample weight 30 g of aramid fibre/SEBS at a specified
weight ratioc was mixed in an internal mixer (Haake
Rheocord 90 at 175°C, rotor speed of 90 rpm, for 10 min.
In order to obtain betler dispersion, dried fibre was first pre-
opened in a Moulinex blender for a few seconds then put in
the internal mixer and the rotor was operated for half a
minute. Thereafter, the compatibiliser was added and
blended for half a minute, and finally SEBS was placed
and blended further for 9 min. After that, the composite
was discharged and passed through a two-roll mil] once to
cbtain a [lat sheet then kept in a desiccator at room tempera-
ture for 24 h in order to minimize moisture adsorption. The

amount of added compatibiliser was 0, 1, 3, 5 and 7 wt% to
the composite with the fixed amount of fibre at 3 wt%.

2.4. Characterisaiion

2.4.]. Mechanical properties

The aramid fibre/SEBS composite was compression
moulded into 1-mm thick sheet at 185°C for 10 min and
subsequently quenched with water. After being conditioned
for at least 24 h, dumbbell-shape tensile specimens were cut
with a cutting die of size 115 X 6 mm, parallel to the
machine direction (direction passing through the two-roll
mill). Testing was performed on an Instron testing machine
model 4301 1n accordance with ASTM D638 at a cross
head speed of 300 mm/min with a full scale load cell at
100 kg. All the values were averages of at least five
measurements.

2.4.2. Spectroscopic characterisation

An Infrared Fourier Transform Spectrometer attached
with Diffuse Reflectance unit (DRIFT, Perkin Elmer PE
2000) was used to characterise the surface of the fibre before
and after surface treatment. The infrared spectrum through-
out the range of 4000-600 cm ™' was obtained by perform-

ing 200 scans at a resolution of 4 cm ™

2.5. Extraction of composite

The composite was exfracted to remove SEBS in a
soxhiet apparatus using toluene as a solvent for 72 h. The
extracted fibre was collected, dried in a vacuum oven at
50°C and observed under SEM. The aspect ratio of the
extracted fibre was measured with the optical microscope
and was found to be in the range of 30-80.

2.6. Morphology

The morphology of the fibre surface and fractured surface
of the composite was observed under a Scanning Electron
Microscope (Hitachi $2500). A thin layer of palladium was
coated with Hitachi E102 ion sputter on the specimen to
prevent charging on the surface. SEM was operated at
15kV. The fractured surface of the composites was
prepared by freezing the composite in liquid nitrogen
and then breaking rapidly above the surface of liguid
nitrogen.

3. Results and discussion

3.1, Hydrolysis of aramid fibre surface

In this study, aramid fibre was partially hydrolysed on the
surface in order to create more —NH, and ~COOH end
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groups, as shown in the following reaction.

O
Il ]
_[_Nn\©/ N1-—C, C -]—n
a0t

Fig. | shows infrared spectra of Conex fibres before and
after hydrolysis using DRIFT lechnique. It can be seen that a
new peak appears at 880 ¢cm™! (curve b) after hydrolysis.
The peux is associated with the C'—H out of plane bending of
aromatic ring contaimng COO Na' substituent similar to
that reported by Chatzi et al. [15] for Kevlar fibre. The sur-
face hydrolysis was therefore considered successful.

3.2, Mechanical properties of composites

Siress—strain curves of untreated Conex fibre reinforced
SEBS composites with various amounts of fibre content are
illustrated in Fig. 2. Most of the curves exhibit similar
stress—strain behaviour. For convenience in the discussion,
the stress—strain curve will be divided roughly into three
repions. In the first region, stress increases lineuarly with
strain. Beyond a certuin sirain, depending on fibre content,
the stress starts to fevel-off and then, in the third region,
rises up sharply. The pronounced rising up of stress in the
third region is known as sclf reinforcing effect or strain-
hardening effect [16-18]. This is a typical behaviour, and
often an advantage, of u few clastomers such as natural
rubber, styrene butadienc stvvene (SBS) rubber and cis-
polyburadiene.

Pure SEBS (curve a} shows =lress—strain curves with
all regions. The stress in the fivst and second regions iy
lowest among the others. On the other hand, stress in the

third region rteached u waximum vatue of almost
30 MPa. Addition of Conex fibre increases the stress in
the first and second regions in all specimens. Ar Conex
content up to 3%, the stress strain behaviour does not
significantly change, 1.c.. the curves stll have ihree
regions with strain-hardening ¢ffect. At the fibre content
of 5 and 7% no more strain-hardening effcct is obscrved.
The compusites broke ut lower strain when higher comtent of
fibre is added.

Fig. 3 showx the tensile properties of untreated Conex
composite. It can be scen that tensile moduli at 100 and
300% extension increased with increasing fibre loading
but the tensile strength decreased. Elongation at break of
the composite was virtually unchanged up to 5 wt% of fibre
loading then dropped sharply as the fibre content was further
increased.

An enhancemenl in modulus at both 100 and 300%: cxten-
sion 15 as expected when fibre of very high modulus is
incorporated into the elastomer matrix. At low strain
{(=100%} a significant improvement can be clearly seen.
Modulus at [00% strain increases almost {our-fold when
7 wi% of Conex was incorpovated. The level of improve-
ment, however, decreases with increasing strain.

For untreated Conex/SEBS system, the adhesion between
fibre and matrix is poor {as will be seen in the next section)
and will de-bond at low strain, Therefore. the mmain mechan-
ism of stress trunsfer is friction. Upor further straining,
voiding at the ends of fibre will be created and crack initia-
tion will start before strain-hardening takes place. [ncreas-
ing fibre content will increase the number of voids and
hence the probability of fatlure will be higher.

Modification of interfacial interaction was carried out by
surface hydrolysis and use of a reactive compatibiliser. Lhe
ctfect of surface hydrolysis alone on mechanical propertics
of the composites was not found to be significant. Therefore,
only surface hydrolysis in conjunction with the compati-
biliser will be considered. Effects of MA-g-SEBS on tensile
properties of the composite are illustrated in Fig. 4. There is
ne significant change of modutus at 300% extension as the
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Fig 1 Intrared spectra of Cones fibwes before and aftes supface hydioly
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Fig. 2. Stress=strain curves of Conex/SEBS composites at different fibre
loading {wt%): (a) 0, {b) 1, {c) 3, (d) 5 and (&) 7.

amount of MA-g-SEBS is increased, whereas the modulus
at 100% elongation is slightly decreased when MA-g-SEBS
15 higher than 3%. No effect of compatibiliser on the elong-
ation at break was observed. A significant improvement in
tensite strength with the addition of MA-g-SEBS can be
seen in Fig, 4(b). Tensile strength was found to Jevel off
at S wi% of MA-g-SEBS. The improvement is about 45%
over that without MA-g-SEBS. This shows that MA-g-
SEBS improves the interfacial adhesion between the fibre
and the matrix. Further evidence regarding improved inter-
facial adhesion will be shown in the next section.

In order to understand the effect of added MA-g-SEBS,
the stress—strain curve of the composites will be considered.
Fig. 5 shows the stress—strain curves of composites (3 wt%
Conex) without and with 3 we% MA-g-SEBS. It can be seen
that the addition of MA-g-SEBS reduced stress in the low
strain region. As strain is increased, the tensile stress of the
composite with MA-g-SEBS approached that of the com-
posite without MA-g-SEBS. The cormposite without MA-g-
SEBS failed at lower strain, and hence lower tensile
strength. From these results, it is postulated that the softer
MA-g-SEBS stays preferentially at the matrix—fibre inter-
face (supporting evidence will be shown in the morphology
section). Stress transfer through this softer layer will there-
fore be reduced. At high strain, however, the strain-
hardening effect in this type of material comes into play
and increases stress transfer. The fact that the composite
with MA-g-SEBS failed at higher strain would suggest
that interfacial bonding between the matrix and fibre is
better. In other words, interfacial de-bonding in the com-
posile with MA-g-SEBS started at higher strain than that in
the composite without MA-g-SEBS. As a consequence, an
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Fig. 3. Tensile properlies of untreated aramid fibre/SEBS composite with
various fibre loading. (4) Medulus at 100% (0) and 300% ¢ 4 ) extensions,
(b) tensile strength and (c) elongation at break.

improvement in tensile strength was observed i the com-
posite with MA-g-SEBS.

3.3. Morphology

SEM micrographs (at > 2000 magnification) of fractured
swface of 3 wi% Conex/SEBS composites without com-
patibiliser and with 3 wi% MA-g-SEBS are shown in
Fig. 6(a) and (b), respectively. Without compatibiliser,
fibre pull-out is observed, which indicates poor adhesion
at the interface. However, fibre breakage is observed when
MA-g-SEBS is added and adhesion of rubber at the base of
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Fig. 4. Tensile properties of treated aramid fibre/SEBS composite wilh
addition of compatibiliser. {a) Modulus at 100% (U1} and 300% (4 ) exten-
sions, {b) tensile strength and (¢} elongation at break.

libres is observed which suggests the improvement of inter-
facial adhesion.

SEM micrographs (at X500 magnification) ot solvent
extracted fibres from the composites without and with
compatibiliser (3 wi% MA-g-SEBS) are presented in
Fig. 6(c) and (d), respectively. [n the case of the composite
withoul MA-g-SEBS, very clean fibre was obtained after
extraction. On the other hand, for the composite with MA-
2-SEBS. the extracted fibre showed a rough and irregalar
surface and also lumps of unextractable rubber.

25 +

Stress (MPa)

¢ f +— — t }
0 100 200 300 400 500 600
Strain (%)

Fig. 5. Stress-strain curves of Conex/SEBS composites with 0 wi% (a), and
3 wi% (b) of MA-g-SEBS.

It is clear, from the above resulis, that in & system with
MA-g-SEBS there are some fractions of rubber which can
not be extracied. It is likely thar this rubber is chemically
bonded to the fibre surface and results in surface irregularity
as scen above. This would suggest that MA-g-SEBS reacty
with reactive end groups, ie. ~NH,, on the surface of
partially hydrolysed Cenex fibre and hence the tensile
strength of the compatibilised composite is improved.

4. Conclusion

Reinforcement of SEBS thennoplastic elastomer with
Conex fibres wt low strain can be achieved without any
compatibiliser. Modulus of thermoplastic elustomer was
znhanced to more than {00% at the fibre content as low as
3 wi%. The strain-hardening effect was found to decreasc
with increasing (ibre louding.

Alkaline hydrolysis of (ibre surface in conjunction with
reactive compatibiliser, MA-g-SEBS. was found to be effec-
tive since this resulted in improvement of the tensile
strength. SEM micrographs of the fractured surface revealed
a high proportion of nibre breakage. The extracted fibres
show patches of uncxtractable rubber on the surface which
is taken as additionul cvidence for improvement of the
bonding at the interfuce. The results observed in this work
suggested good computibilising effect of MA-g-SEBS {or
Conex short fibre/SEBS composite. Compared with our pre-
vious study on the properties of Kevlar pulp/SEBS sysiem
using a similar procedure [19], no improvement was
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Fig. 6. SEM micropraphs of the specimens: (a) fractured surface of the composite without compatibiliser; (b) fractured surface of the composite with 3 wi's
MAe-SERS: 1¢) exveacted (itnes from specimen withoul cempatihiliser; () extracted fibres (rom specimen with 3 with of MA-g-SEBS.

observed when MA-g-SEBS was added. In that case. it Acknowledgements
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Abstract

Composite systems of Kevlar, poly{p-phenylene terephthalarmide), and Santoprene, a polyolefin-based thermoptlastic elastomer, were
studied. Kevlar pulp was used as-received in one system, and modified in the other. The as-received Kevlar pulp was found to reinforce
Santoprene to a certain degree. It was found that with increasing amount of Kevlar in the composite, low-strain modulus and tensile strength
increased, while the elongation at break decreased sharply. To improve mechanical properties of the composite, hydrolysis of Kevlar pulp
surface was employed in conjunction with maleic anhydride-grafted-polypropylene (MA-g-PP), a reactive compatibiliser. [t was found that
the treated Kevlar pulp grealy improved the low-strain modulus, tensile strength, and elongation at break of the composite. Dynamic
mechanical analysis showed that the storage modulus of the Kevlar/MA-g-PP/Santoprene composite was significantly higher than the as-
received Kevlar composite. A slight increase in transition temperatates of polypropylene matrix was also observed. As a result of the fact that
low-strain modulus and tensile strength of the composite were improved when hydrolysed Kevlar pulp and MA-g-PP were used, it is
suggested that such a combination might have increased the interfacial adhesion of the fibre and the matrix, and effective fibre volume

fraction, resulting in a better distribution of stress along the reinforcing fibre. © 1999 Elsevier Science Ltd. All rights reserved.

Keywards: Kevlar composite; Santoprene; Polyolefin

1. Introduction

Fibre-reinforced rubber composites have widely been in
use for some time, because of their good mechanical proper-
ties. Most sysiems employed continuous fibres because of
the vastly improved properties of the composites [1].
Recently, interests have tumed to short-fibre reinforced
rubbers because of the greater speed and flexibility in
processing inherent in these systemns. In comparison with
particulate-filler composites, a short-fibre reinforced system
possesses a high degree of low-strain reinforcement even at
relatively low-fibre content. Various studies on short-fibre
systems include Rayon, poly(vinyl alcohol), Nylon, p-
aramid (Kevlar), m-aramid {(Nomex), polyester, and glass
fibres (2], The degree of reinforcement greatly depends on
the nature of the system. The chemical structures of both the
fibre and the matrix determine the extent of the interfacial
adhesion, and thus the strength of the composites. In order to
achieve maximum reinforcement, strong fibre with good

* Corresponding author. Fax: 00662 2477050.
F-mail address: scsbl@mahdol.ac.th (S, Bualek-Limcharoen)

compatibility with the matrix is required. As far as mechan-
ical properties are concermned, aramid fibres (e.g. Kevlar) are
good candidates as a reinforcement. Although these fibres
are not very compatible with the matrix betng used, attempts
were made to tackle the problem of poor interfacial adhe-
sion in their composttes. Various methods include the incor-
poration of coupling agents (3], the use of ionomer matrix
[4,5], chemical [6-8], and plasma treatments [9-12] of the
fibre surface. Hydrolysis was reportedly one of chemical
treatment techniques, allowing simple and easy modifica-
tion of Kevlar surface [10,13]. Such treatment increased a
number of active amine end groups on the surface, provid-
ing functional groups for further reaction with, e.g. a reac-
tive or functionalized compatibiliser.

This article describes a composite system composed of
Kevlar pulp, poly{p-phenylene terephthalamide), and
Santoprene, a polyolefin-based thermoplastic elastomer.
The thermoplastic elastomer is used as matrix because of
its ease of preparation, with no need of curing, normally
used in conventional rubber systems. A hydrotysis of Kevlar
pulp, followed by reaction with a reactive compatibiliser are
employed.

0032-3861/99%% - see front matier © 1999 Elsevier Science Lid. All rights reserved.
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10% Modulus (MPa)

Kevlar content (wt%)

Fig. 1. Modulus at 10% strain of untreaied Kevlar/Saniaprene composites
al various Keviar content.

2. Experimental
2.1, Materials

The matrix is Santoprene thermoplastic elastomer grade
691-73W175 from Advance Elastomer Systems. The elas-
tomer contains PP 18 wt.%, and EPDM 82 wt.%. Rein-
forced fibres were Kevlar-49 pulp and short fibre from
DuPont. The compatibiliser, maleic anhydride-grafted-
polypropylene (MA-g-PP, trade name POLYBOND 3150)
was provided by Uniroyal Chemical Co. The compatibiliser
contains 0.5 wt.% maleic anhydride and bas a melt flow rate
of 50 g/10 min.

2.2. Composites preparation

The composites were prepared by melt blending in a
miniature internal mixer (Haake Rheocord 90) at a tempera-
ture of 165°C and a rotor speed of 90 rpm for 10 min. Kevlar
pulp {or short fibre) was pre-opened using a Grinder
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Fig. 2. Tensile strengih of unircaled Kevlar/Santoprene composites at

vanous Kevlar content,
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Fig. 3. Elongation at break of untreated Kevlar/Santoprene composites at
various Kevlar content.

(Moulinex) with interior blades turning at a high rate of
revolution for ahout 10 s before charging inte the mixer.
After that the mixture was passed through a two-roll mill
once to obtain a fiat sheet. The composite sheets were kept
in a desiccator in order to minimize moisture adsorption.

2.3. Testing and characterizations

Composite sheets were compression moulded into sheets
of 1 mm thickness. The moulding condition was 180°C
under a pressure of 15 MPa for 10 min. Later, the mould
was iransferred to a water cooled press machine. The
moulded sheets were kept in a desiccator for at least 24 h.

Dumb-bell-shaped samples were punched out (using Die
C-ASTM D412-92) from the moulded sheets in the two-rolt
mill direction. Tensile properties were measured using an
Instron 4301 tensile tester with a crosshead speed of
500 mm/min and a full scale load cell of 100 kg in accor-
dance with ASTM D638, Dynamic propertics were
measured on Polymer Laboratories DMTA Mk 1 in bending.
mode at a frequency of {0 Hz. The sample length was 5 mm
and peak to peak displacement was 64 um. Measurements
were carried out from —120°C to 120°C at a scan rate of
5°C/min.

Fracture surfaces of the composites were prepared by
freezing the sample in liquid N, and breaking it rapidly.
The samples were then coated with palladium (Hitachi
E102 ion spufter) and observed under scanning electron
microscope (SEM) (Hitachi S-2500) using an accelerating
voltage of 15 kV.

3. Results and discussion
3.1, Untreated Kevlar pulp composites

Tensile properties of Kevlar/Santoprene composite with
varying amount of Keviar are shown in Figs. 1-3. As the
composites with high Kevlar content failed at low elonga-
tion, the low-strain modulus was determined and reported
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Fig. 4. Reaction between MA-g-PP and the amine group on the Kevlar surface.

here. Fig. 1 shows that stress at 10% extension (10% modu-
lus) increases linearly with Kevlar content. The improve-
ment is slightly above 1 MPa per | wi.% Kevlar added. The
10% modulus at @ wt.% Keviar could not be obtained as the
composite failed before reaching the 10% extension.

Tensile strength as a function of Kevlar loading is shown
in Fig. 2. The tensile strength of the composite increases
slightly up to 3wt.% Kevlar, and then more steeply
approaches a value of 13 MPa at 9wt% Kevlar, an
improvement of almost 100%. In this particular system, a
minimum value of tensile strength at low-fibre content, or
dilution effect {141, was not observed. Although the tensile
strength improves significantly. the composite with high
Kevlar content lost the extensibility property of the rubber
matrix. Fig. 3 shows that elongation at break decreases
sharply with increasing Kevtar content at low value, drops
off more slowly at higher valug, and reaches zero at about
9 wt.% Kevlar.

The aforementioned results suggest that the addition of
Kevlar pulp significantly improved the properties of Santo-
prene, i.e. the modulus and tensile strength increased with
increasing Kevlar content. However, the low extensibility at
high Kevlar content may be a limiting factor that reduces the
usability of the composite. These results, therefore, demon-
strated that for a short-fibre reinforced composite, the

10% Modulus (MPa)

o 1 . . \ 1 . L R s L
0 2 4 6 8 131] 12

PP-g-MA content (wt%o}

Fig. 5. Modulus at 10% strain of various Kevlar/Santoprene composites:
(a) hydrolysed Kevlas/MA-g-PP/Santoprene (A), (b) hydrolysed Kevlar/
PP/Santoprene {X). (¢) untreated Kevlar/MA-g-PP/Santoprene {O).

mechanical properties are very much system dependent.
Different results were reported in our previous study on
Kevlar pulp/SEBS system in which tensile modulus
increased, but tensile strength decreased with increasing
Kevlar content [15]. Similar results were also reported in
other systems [16-18).

3.2. Hydrolysed Keviar pulp composites

To further our study, a composite system containing
3wt.% Kevlar was chosen, because of the moderate
improvement in modulus and tensile strength over the
unreinforced matrix, and also hecause of the relatively
high extensibility of the composite. In our system using
Santoprene, a polypropylene-based matrix, MA-g-PP is
used as a compatibiliser. The compatibiliser was incorpo-
rated in Kevlar pulp by first hydrolysing the fibre surface
[10,13,15], introducing amire groups, which then react to
form covalent bonds with MA groups of the compatibiliser
added (Fig. 4), thus maximizing the compatibiliser effi-
ciency. To compare the two systems, a third system contain-
ing hydrolysed Kevlar/polypropylene (PP)/Santoprene was
investigated.

Fig. 5 shows curves of 10% modulus as a function of
compatibiliser (MA-g-PP or PP} content. Curve a is the
hydrolysed Kevlar/MA-g-PP/Santoprene compostte with
3 wt.% Keviar showing a maximum value at about 3 wt.%
MA-g-PP, an improvement of about 50% over the untreated
Kevlar/MA-g-PP/Santoprene system (curve ¢). The results
of hydrolysed Keviar/PP/Santoprene composite is shown in
curve b, where modulus was only slightly improved.

Fig. 6 shows curves of tensile strength as a function of
compatibiliser content. The hydrolysed Kevlar/MA-g-PP/
Santoprene composite {(curve a) shows the highest value
of about 30% improvement at about 1 wt% MA-g-PP,
which levels off at higher MA-g-PP content. The addition
of MA-g-PP and PP (o the untreated and hydrolysed Kevlar
composites, respectively, had no effect on tensile strength
(curves b and c).

Fig. 7 shows curves of elongation at break (%EB) as a
function of compatibiliser content. The hydrolysed Kevlar/
MA-g-PP/Santoprene cowposite (curve a) shows an
increase in %EB with increasing MA-g-PP content, At
3 wt.% MA-g-PP, where a maximum in 10% modulus was
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Fig. 6. Tensile strength of various Kevlar/Santoprene composites; (a)
hydrolysed Kevlar/MA-g-PP/Santoprene (A), (b) hydrolysed Kevlar/PP/
Santoprene {X}, {¢} untreated Kevlar/MA-g-PP/Santoprene (O).

obrained, an improvement in %EB is about 30% over that of
the other two systems. The systems of untreated Kevlar/
Ma-g-PP/Santoprene  and hydrolysed Kevlar/PP/Santo-
prene show no change in %EB.

From the results of these three composite systems shown
in Figs. 5-7, it can be concluded that the presence of both
the MA group on polypropylene chain and the amine groups
on Kevlar surface are essential for the improvement of the
mechanical properties.

Mechanical properties of Kevlar/Santoprene composite
systems are summanzed as stress—strain curves in Fig. 8.
Santoprene with no reinforcement shows the highest strain
at break as expected (curve a). The addition of 3 wt.% of
Kevlar (untreated) to Santoprene caused a steep rise of
stress and a break at a very low strain {about 50%) as
shown in curve b. The 3 wt.% hydrolysed Kevlar/3 wt.%
PP/Santoprene system shows an even steeper rise in stress
and a break at higher strain (about 100%EB) shown in
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Fig. 7. Elongation al break of various Kevlar/Santoprene composites; (a)
hydrolysed Kevlar/MA-g-PP/Santoprene (4), (b) hydrolysed Keviar/PP/
Santoprene (), (¢) untreated KeviafMA-g-PP/Santoprene (O).
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Fig. 8. Stress—strain curves of various Kevlar/Santoprenc composites: (z)
Santoprene, (b) 3 wt.% untreated Kevlar/Santoprene, (¢) 3 wt.% hydrolysed
Kevlar/3 wi.% PP/Santoprene, {d) 3 wL.% hydralysed Kevlar/3 wi/% MA-
g-PP/Santoprene.
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Fig. 9. (a} Siorage modulus (E'yand (b) tan 8 of various Kevlar/Santoprene
composites: 3 wt.% hydrolysed Kevlar/3 wi/% MA-g-PP/Santoprenc (A),
3 wl.% untreated Kevlar/Santoprene (), 3 wi.% hydrolysed Kevlar/3 wi.%
PP/Santoprene (O), Santeprene ().
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Pig, 10 SEM mirographs of fraciured surfoces of tn) 3 wit % aptreated
Kevlur/Santoprene compasite and (b} 3 wo S ldsolysed Kevlan/s wi %
MA--PPSantoprone conpodite

curve ©. The steepest rise and maximum value in stress
fhreaks at abour 0% EB) Tound in the 3 wi.% hydrolysed
Reviar/2 wi% Ma-g-PP/Santoprene system are shown tn
curve d. The results suggest that bonding through the reac-
ton of MA croups grafted on PP owith amine groups on
Keviar surlace 15 the mam factor improving the mechanical
propertics of Keviag/Santoprene system.

In order to gain lurther information regarding the
cifect of MA-g-PP an  interfucial  adhesion ol  the
composite, dynanie tests al various lemperatures were
conducted and summanzed in Fig. 9. Storage modulus
as 4 function of temperature is shown o Fig, 90a). All
materials have about the same values of storage modu-

s from — 12000 1w —507C, bt start 190 decay off

different rates from this poinl pp to the end temperature
of 120°C. It is shown that the hydrolysed Keviar/MA-g-
PP/Santoprene composite has the highest storage modu
lus over the whole temperatore range, while the other
1wo composite systems show relanvely same vilues and
Saroprene (controlj shows the fowest value.

Fig. 9(b) shows curves uf tan 8 vs, temperature for Santo-
prene and all composites under study, The peaks at aboul

A0°C are associgted with the glass transitions of the
EPDM part, and those st about 0°C with the FP pant ol
Santoprene. 1 as shown that the PP peak stafts shghtly fo
higher temperature and decreases to Jower height in hydro:
Ivsed  Kevlar/MA-p-PP/Santoprene  sysiem. The  resulis
suggest that PP chains are constrained by the compaiibiliser
as reported earlier [4]. Such w constramt is likely w oceuy at
Kevlar/Santoprene interface. leading to better transfer of
slress from the PP chains 1o the reinforeing Kevlar and
resulling in e improvement of both the dynemic and
tensile moduli. In other words, better stress  inmsfer
mereases the effecnve fibre volume fracuon and leads
composites with Wigher moduh

Fiz. 10 shows SEM micrographs of fractured surfaces of
untreated Keviar/Samoprene (Fig. 100a)) and hydrolysed
Keviar/MA-g-PP/Samtoprene  (Fig. 10(b)). The untreated
Keviar composite shows a number of fibre pull-ouyts, while
the hydmolysed Kevlar/MA-g-PP/Samoprene  composite
shows g vather sinooth surfuce with ne evidence of fibre
pull-our. It appears that only the fractured fibres are seen
The results suggest an improved interfacial  adheston
provided by the Tatter system.

Bonding of MA-g-PP and the amine group on Kevlar
surfuce could not be directly investigated. An attempt was
made 1o study what may reman on the Kevlar surface after
solvent extraction of the elastomer matris. However, a difli-
culty was encountered as the elastormer matrix did not
dissolve 1 any available solvents because of the cross-
linked EPDM pant in Santoprene.

4. Conclusion

A system of Kevlar/Santoprene composite was studied. It
was found that Keviae pulp with no treatment can be used 1o
remforce Santoprene, However, the use of hydrolysed
Kevlar and a small amount of MA-g-PP. a reactive com-
patibiliser, can significantly improve the modulus, tensile
strength, and elongation at break of the composite. The
results suggest the reaction hetween the MA groups on
MA-g-'P, and the free amine groups on the hydrolysed
surliace of Kevlar, thus modifying the highly polar surface
of Kevlar into a non-polar polypropylene surface. The non-
polar modilicd fibre is expected to be miscible and be able w
ca-erystallize with polypropylene-comaining  Santoprene
marix, leading 10 a betier steess transfer from the matrix
1o the reimforcing hibre,
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ABSTRACT: A composite of short-fiber, poly(m-phenylene isophthalamide), and thermo-
plastic elastomer atyrene {ethylene—butylene) styrene (SEBS), was investigated. The
fiber surface was modified by N-alkylation (heptylation and dodecylation} to improve
their compatibility with a less polar SEBS matrix, Observation of fiber-surface mor-
phology by SEM revealed surface roeughness after N-alkylation. Nearly complete coat-
ing of the polymer macrix on the fiber was observed on a fractured surface of the
composite, which is evidence for the improvement of fiber-matrix adbesion. [t was
found that the modulus of the composites grew with increasing fiber loading to approx-
imately the same extent for beth unmodified and modified fiber composites. Tensile
strength of the modified fiber composites was found to improve significantly over that
of the unmadified fber composite. This suggests that the pregence of the alkyl group on
the fiber surface is responsibie for an improvement of interfacial adhesion. © 1999 John

Wiley & Sons, Inc. J Appl Polym Sd 74: 000-000, 1999

Key words:
moplastic elastomer; SEBS

INTRODUCTION -

Aramid short fibers such as poly(p-phenylene
terephthalamide) (under the trade name of Kev-
lar by Du Pont Co.) and poly(m-phenylene isoph-
thalamide) (under the trade name of Nomex by
Du Pont Co. or the trade name of Conex by Teijin
Co. Ltd.) are important as reinforeing fibers for
plastics and elastomers due to their high
strength, good thermal stability, sufficient flexi-
bility, and light weight. However, the problem of
fiber dispersion in the matrix often arises due to
inertness of the fiber surface and the agglomera-

Correspondence to: S. Bualek-Limcharcen (3csbhi@mahidol.
ac.th).

Jaurnal of Applied Polymer Saence, Yal 74, 000-000 (1999
© 1599 Joha Wilay & Sons, lnc. CCC 0021-8885/9%000000-00

short-fber composite; aramid; poly(m-phenylene isophthalamide) ther-

tion of fibers due to hydrogen bonding. In order to
overcome this problem, chemical or physical
bonding between the fiber and the matrix is usu-
ally wntroduced through the addition of a suitable
coupling agent'~2 or chemical modification of the
fiber surface.*® Plasma treatment has also been
used to create a functional group on Kevlar and
hence to provide bonding with the matriz.”*°
One chemical method used to modify the sur-
face of aramid fiber is the metalation reaction of
the fiber surface to form polyanions, which is then
followed by reaction with some functional groups
or the grafting of suitable polymer segments.!~*
Short-fiber reinforced thermoplastic elas-
tomers have recently gained much attention due
to their attractive properties.'®~'" The advan-
tages of thermoplastic elastomers are ease and
economy in processing, high strength, and rigid-

1
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ity and recyclability, but some of their disadvan-
tages are low thermal and low-dimensional sta-
bility at elevated temperatures. Incorporation of
short fibers with high thermal stability and high
strength, such as aramid fibers, in order to en-
hance dimensional stability is therefore interest-
ing. We have investigated a system of poly(m-
phenylene isophthalamide) (Conex) short-fiber re-
inforced styrene (ethylene—butylene) styrene
(SEBS) thermoplastic elastomer composite. An
improvement of interfacial adhesion of this com-
posite system by partial hydrolysis on the fiber
surface and the addition of a reactive compatibi-
lizer, maleic anhydride—grafted SEBS, was re-
ported.'® In this study another method of surface
treatment was carried out by N-alkylation to re-
duce the interaction through hydrogen bonding
between fibers and to reduce the poiarity of the
highly polar surface. The alkyl groups on the fiber
surface are expected to be compatible with the EB
bleck in the SEBS matrix, which should facilitate
the enhancement of interfacial adhesion and
therefore will result in the improvement of tensile
properties of the composite.

EXPERIMENTAL

Materials

Materials used in this study were a styrene (eth-
ylene~butylene) styrene block copolymer (SEBS,
Kraton G1652), provided by Shell chemical Ca.
Ltd., with 29% styrene content as thermoplastic
elastomer matrix, and poly(m-phenylene isoph-
thalamide), Teijin-Conex, provided by Teijin Co.
Ltd. in the form of short fibers with an approxi-
mate length of 3 mm and a diameter of 12-15 um.
The fibers were first washed with acetone, fol-
lowed by distilled water to remove possible con-
tamination, and they were then dried at 54C to a
constant weight in a vacuum oven. Anhydrous
dimethyl sulfodde (DMSQ) and alkyl bromides
were used as received. Sodium hydride (60% sus-
pension in paraffin oil) was washed three times
with dried hexane before use.

Surface Modification of Conex Fiber
by N-alkylation

The technique used for N-alkylation of Conex fi-

_bers_ was . similar to that reported earlier hy

Takayanagi et. al.'* The reaction scheme is pre-
sented in Figure 1. Since only slight modification
on the fiber surface is needed, a small amount of

-

—Ew VH——E E—}—+H
b O

— ¥ @/m— c ct-
N a
! \O/
Figure 1 N-alkylation reaction on poly(m-phenylene
igophthalamide) {Conex) short fiber.

+ Na" + Br-

the reagents and short reaction times were em-
ployed. [n the first step, 1.e. a metalation reaction,
about 1,000 mL of anhydrous DMSO and 0.05 mol
of purified NaH were reacted for 40 min at 70°C in
a mitrogen atmosphere. After cooling to 30°C, 30 g
of fiber were added into the reactor and stirrved
mechanically for 10 min. At this stage, the skin
color of the fiber changed from off-white to pale
yellow. Then about 0.25 mol of heptyl bromade
was added and stirred for a further 3 h. The
reaction was stopped by transferring the fibers
into a large quantity of distilled water. The prod-
ucts were washed with acetone and water several
times and dried at 60°C to a constant weight in a
vacuum oven. For dodecylation, only 0.025 mol of
NaH was used; otherwise the resulting fibers be-
came hard and stuck together, and hence were
difficult to disperse in the matrix.

The alkyl group on the fiber surface was char-
acterized by Fourier transform infrared (FTIR)
gpectroscopy recorded on a Perkin-Elmer PE2000
spectrometer using diffuse reflectance accessory
(DRIFT). Two hundred scans at a resolution of 2
cm ™! were performed to obtain a good spectrum.

Preparation of Composites

The composites were prepared by a melt blending
technique, using a laboratory-size internal mixer
(Haake Rheomix 90) at the set temperature of
175°C at a rotor speed of 90 rpm. To obtain good

1 LINE LONG



dispersion, the fiber was first preopened in a Mou-
linex blender for a few seconds, then put in the
mixing chamber in which the rotor was operated
for 30 sec before the SEBS was added. After mix-
ing for 10 min, the composite was discharged from
the mixer and immediately rolled into a single
sheet using a small laboratory two-roll mill. The
composite sheet was then compression molded
into a sheet 2 mm thick under a pressure of 15
MPa at 180°C for 10 min. The melded sheets were
kept in a desiccator for 24 h prior to tensile mea-
surement.

Fiber loading was varied from 0 to 7% by
weight. We studied low-fiber content composites
S0 as to maintain an important property of elas-
tomers—their high percentage of extension. An-
other reason for studying such composites is that
at low-fiber concentration, there is less of a prob-
lem of fiber agglomeration, so we can evaluate the
results by focusing only on the effect of adhesion
at the interface.

Measurement of Tensile Properties

The composite sheets were cut into dumbbell-
shaped specimens with a cutting die of size 115
®X 6 mm, parallel to the direction passing through
the two-roll mill. According to ASTM D638, ten-
sile properties were measured using an Instron
4301 tensile tester with a cross-head speed of 500
mm min "' and a full-scale load cell of 100 kg. All
values presented were averages of at least five
measurements.

Marphology Study

A scanning electron microscope (SEM, Hitachi
5-2500) was utilized to characterize the surface
morphology of Conex short fibers before and after
modification, as well as the fractured surface of
composttes. The fractured surfaces of the compos-
ites were prepared by freezing the sampie in lig-
uid N, and brealking it rapidly. The samples were
then coated with palladium (Hitachi E102 ion
sputter) and observed using an accelerating volt-
age of 15 kV.

RESULTS AND DISCUSSION

N-Alkylation of Conex Fiber Surface

In this study, the aramid (Conex) fiber surféce
was modified by a deprotonation reaction with
NaH in DMSO, followed by N-alkylation.

SEBS ADHESION IMPROVEMENT BY N-ALKYLATION 3

%T 1

3064

3600 3400 3200 3000 2800 1600 2400

em'!

Figure 2 Infrared spectra {DRIFT) of (a} unmodified,
{b) heptylated, and (c) dodecylated Conex fibers.

Infrared spectra of unmodified, heptylated, and
dodecylated Conex fibers are presented in Figure

2 as curves a, b, and ¢, respectively. The C—H 2

stretching vibration peaks at 2,858 and 2,932
cm ! are of the heptyl group, the peaks at 2,354
and 2,925 cm ™! are of the dodecyt group, and the
N—H astretching peak appears in all spectra at
3,064 cmm~!. Therefore, the partial N-alkylation
on the fiber surface is considered successful.
SEM micrographs demonstrating surface mor-
phology of the fibers before and after modification

are shown in Figure 3. The surface of controlled 3

fiber (unmodified) shown in Figure 3(a) i3 rela-
tively smooth. Figure 3(b) shows the fiber taken
from the reaction just after deprotonation for 10
min, that i3, without allyl groups on the surface,
still shows a relatively smooth surface. It is seen
that the ionization step does not affect the ap-
pearance of the fiber surface. In contrast, hepty-
lated and dedecylated fibers exhibit high surface
roughness, as shown in Figures 3(c,d), respec-
tively. Takayanagi et al.'* reported that deproto-
nated and N-heptylated Kevlar were soluble in
DMSO. In our case, the Conex fiber surface was
only partially deprotonated and then N-alkylated.
During the alkylation reaction time of 3 h, some
parts of modified fiber surface might be swollen in
DMSO. When the reaction had been terminated
with distilled water, the swollen parts might re-

. deposit_on .the .fiber surface and hence might

cause the surface roughness as seen in Figure
3(c,d). Apart from the expected compatibility of
the alkyl group and the EB block in the SEBS
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Figure 3 SEM micrographs of various Conex fibers (a) unmodified, (b) deprotonated,
{c) heptylated, and (d} dodecylated Conex fiber.

matrix, this surface roughness of the alkylated
Conex fibers will, in theory, also enhance the in-
terfacial bonding between the fibers and polymer
matrix via a physical interlocking or a friction
mechanism.

Mechanical Properties of Composites

Plots of tensile properties of the composites con-
taining unmodified and alkylated fibers—i.e.,

100% modulus, 300% modulus, tensile strength,
and elongation at break as a function of fiber
loading—are shown in Figures 4-7, respectively.
The values of modulus at 100% and 300% exten-
sions (Figs. 4 and 5, respectively) increase almost
linearly with fiber loading at approximately the
same extent for composites filled with unmodified
and modified fibers. The increase in modulus of
the composites with an increasing amount of fiber
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Figure 4 Tensile modulus at 100% strain versus fiber
content of composites with (a} unmodified (A}, {b) hety-
lated (X), and (¢) dodecylated () Conex fibers.

is mainly a result of the modwus of Conex fibers,
which is far greater than that of SEBS. The
higher the fiber loading is, the larger the volume
fraction of high-modulus phase and thus the
greater will be the bulk modulus of the compos-
ites. [t can be seen that the tensile modulus 15 not
affected significantly by N-alkylation at low-fiber
loading. A slight improvement in 300% modulus
15 observed at 7 wt % fiber [oading. Tensile
strength is decreased, however, with iocreasing
fiber loading due to the dilution effect of the ma-
trix (see Fig. 6). However, the tensile strength of
N-alkylated Conex composites is sigmficantly
higher than that of the composite filled with the
unmodified fiber, particularly at high-fiber load-

300% Muodulus (MPa)

0 1 2 3 4 5 [ ¥ 8
Cones fiber centent (wit%a)

Figure3 Tensile modulua at 300% strain versus fiber
content of compoasites containing (a) unmedified (A), {b}
hetylated (X), and {c) dodecylated (O} Conexz fibers.

1L
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Teunsile strength (Ma)

Conex fiber content (wt%)

Figure 6 Tensile strength versus fiber content of
composites containing (a) unmedified (A}, (b) hetylated
(X}, and (c) dodecylated (O} Conex fibers.

ing. At 7 wt % fiber loading, tensile strength of
N-alkylated fiber-filled composites (18 MPa) is
about 80% higher than that of the composite with
unmodified fiber (10 MPa). On the other hand,
elongation at break, shown in Figure 7, is only
slightly decreased with increasing fiber loading. A
slight increase of elongation at break is observed
for N-alkylated fiber-filled composites, particu-
larly at higher fiber content. No effect of the
length of the allyl groups on tensile properties of
the composites can be noticed. The remarkable
enhancement in tensile strength might be due to
an increase in interfacial adhesion between fiber
and polymer matrix via improvement of the com-
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Figure 7 Elongation at break versus fiber content of
compeosites containing (a) unmodified (A), (b) hetylated
{X), and (c) dodecylated (O) Conex fibers.
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Figure 8 Stress—strain behavior of {a) neat SERS, (b)
5 wt % unmedified Conex—SEBS, (¢) 5 wt % heptylated
Conex—SEBS and (d) 3 wt % dodecylated Conex—3EBS

composites.

patibility between the alkyl group on the fiber
surface and the EB block in SEBS matrix. In
other words, the alkyl groups could assist the
wetting of the fiber by the matrix. In addition, the
bonded clumps on the surface could help enlarge
the contact area between the fibers and the poly-
mer matrix and hence enhance their interfacial
bond streogth. The evidence {or improvement of
adhesion at the interface can be clearly seen in
SEM micrographs of fractured surfaces iilus-
trated in the next section.

For comparison, the stress—strain behavior of
unfilled SEBS and composites containing § wt %
of unmodified and modified fibers is illustrated in

. Figure 8. It can be seen clearly that the unfilled
SEBS {curve a) possesses the lowest tensile mod-
ulug at low strain and shows a strain-hardening
effect {strain crystallization) at high strain. The
thermoplastic elastomer SEBS exhibits similar
behavior as a conventional strain crystailizing
rubber due to the strong intermolecular interac-
tion between the chains in the hard phase.*” Ob-
viously, the strain hardening of SEBS decreases,
causing tensile strength to decrease, as 5 wt % of
unmaodified fiber 1s added (curve b). This is due to
the dilution effect of the matrix, and the high-
stress concentration at the fiber ends destroys
adhesion at the interface. As heptylated and do-
decylated fibers are incorporated (curves ¢ and d),
strain crystallization increases again, this is, ten-
sile strength becomes higher than that of the
composite with unmodified fiber. Since the

stress—strain curves rise steeply near the break

point, the elongation at break is therefore not
much affected.

Marphology of Composites

" To obtain more information on the effect of fber

surface, the composites were studied using SEM.
The micrographs of fractured surfaces of compos-

;‘v. "‘.n
gum

(b)

Figure 9 SEM micrographs of fractured surface of

unmedified Conex composite at magifications of (a)
X200 and (b) %5,000.
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Figure 10 S5EM micrographs of fractured surface of
heptylated Conex composite at magifications of {a}
%200 and (b) x5,000. .

ites filled with unmodified and alkylated Conex
fibers are shown in Figures %(a)-11(a) at magni-
fication X200 and in Figures 9(b}11(b) at mag-
nification X5,000. Evidently, long fiber pullout is
seen on the fractured surface of unmodified Con-
ex—SEBS composite {Fig. 9(a)], indicating poor
interfacial adhesion between fiber surface and

SEBS ADHESION IMPROVEMENT BY N-ALKYLATION T

polymer matrix. Magnification of this specimen at
% 5,000, shown in Figure 9(b), indicates a number
of grooves and cracks on the fiber surface. By
contrast, the composites filled with heptylated
and dodecylated short fibers, presented in Figures

- 10(a) and 11(a), respectively, show fiber breakage

rather than pullout phenomena, which are evi-

(b)

Figure 11 SEM micrographs of fractured surface of
dodecylated Conex compesite at magifications of {(a)
%200 and (b) %5,000.
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dent in that the N-alkylation of the Conex fibers
improves interfacial adhesion between Conex fi-
ber and SEBS matrix. Clearer evidence of strong
interfacial adhesion can be seen from micro-
graphs at higher magnification power shown in
Figures 10(b) and 11(b). In these figures, the sur-
face of the fibers is coated by SEBS layer, thus no
grooves and cracks can be observed. Also at the
proximal end of the fiber that is buried in the
matrix, there is good sticking between the matrix
and the fiber. This evidence clearly supported the
conclusion that the interaction force responsible
for adhering the fiber to the matrix is the purely
physical force acting through the alkyl groups
since no chemical bonding between the fiber and
the matrix is expected. The resulting improve-
ment of interfacial adhesion is supported by a
significant increase in tensile strength of the
modified fiber-filled composites as discussed in
the previous section.

Since the fibers were modified by using two
successive steps—deprotonation followed by N-
alkylation—we had to find out which step was
more effective. To do this, deprotonated fbers
were prepared by stopping the reaction in the first
step with distilled water. The fibers obtained at
this stage are shown in Figure 3(b). The other
procedures used for preparation of the composites
were the same as those described in the experi-
mental sections. Tensile properties of deproto-
nated Conex—SEBS composites were measured
{data not shown here). Modulus and elengation at
break were found to be about the same as those of
unmodified fiber. However, the tensile strength
was found to be slightly higher than that of the
unmodified Conex-SEBS system but lower than
that of the alkylated Conex—SEBS system. These
results ensured that the presence of the alkyl
group was essential for the unprovement of the
compasite properties.

Since the results from tensile measurements
and the morphology shown in SEM micrographs
are in good agreement, it can be concluded that
the application of the N-alkylation process de-
scribed to Conex fibers can significantly en-
hance the interfacial adhesion between the fi-
bers and SERBRS, and thus the mechanical prop-
erties of these Conex short-fiber-filled SEBS
composites.

CONCLUSIONS

The partial N-alkylation onto short-fiber surface of
poly(m-phenylene isophthalamide (Conex) was car-

ried out by a metalation reaction with NaH in
DMSO solution followed by the addition of alkyl
bromide (heptyl and dodecy!). The presence of alkyl
groups on the fiber surface was detected by FTIR
DRIFT technique. Original and medified fibers

. were melt-biended with thermoplastic elastomer

styrene (ethylene—butylene) styrene (SEBS). Ten-
sile properties of compression-molded specimens
were measured. The morphology of the modified
fibers and the fractured surfaces of the composites
were investigated using SEM. The results obtained
were as follows:

1. N-Alkylated Conex fibers show character-
istic C—H stretching of alkyl groups in the
DRIFT spectra. The result reveals that che

_ fiber surface is successfully modified.

2. By comparison with the unmodified Conex
short fibers, the alkylated fibers enhance
tensile strength of the composites, proba-
bly due to the umprovement in interfacial
adhesion between the fibers and the SEBS
matrix. This resuit is evident by SEM mi-
crographs of fractured surface, which show
nearly coruplete coating of matrix oo the
fiber surface.

3. From the systems studied, no difference
has been observed from the effect of the
length of the alkyl groups, ie. 7- and 12-
carbon atoms ca the fiber surface, on ten-
sile properties of the composites.

Support of this work by the Thailand Research Fund is
gratefully acknowledged. The authors also would like
to thank the Shell Chemical Co. and Teijin Co. Ltd. for
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