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SYNOPSIS 

The tensile properties of polystyrene reinforced with short sisal fiber and benzoylated sisal 
fiber were studied. The influence of fiber length, fiber content, fiber orientation, and ben- 
zoylation of the fiber on the tensile properties of the composite were evaluated. The ben- 
zoylation of the fiber improves the adhesion of the fiber to the polystyrene matrix. The 
benzoylated fiber was analyzed by IR spectroscopy. Experimental results indicate a better 
compatibility between benzoylated fiber and polystyrene. The benzoylation of the sisal 
fiber was found to enhance the tensile properties of the resulting composite. The tensile 
properties of unidirectionally aligned composites show a gradual increase with fiber content 
and a leveling off beyond 20% fiber loading. The properties were found to be almost in- 
dependent of fiber length although the ultimate tensile strength shows marginal improve- 
ment at  10 mm fiber length. The thermal properties of the composites were analyzed by 
differential scanning calorimetry. Scanning electron microscopy was used to investigate 
the fiber surface, fiber pullout, and fiber-matrix interface. Theoretical models have been 
used to fit the experimental mechanical data. 0 1996 John Wiley & Sons, Inc. 
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During the past decade there has been a rapid growth 
in the development and study of composite mate- 
rials. Natural fibers like jute, silk, sisal, etc. appear 
to have gained importance as fillers in plastics be- 
cause of their low cost, low density, flexibility, rough 
surface, and reduced wear of processing machinery.' 
Moreover they are biodegradable and are obtained 
from renewable sources. The performance of cellu- 
lose fibers as reinforcing filler depends on factors 
like aspect ratio, orientation of fibers, and fiber-ma- 
trix adhesion.' 

Sisal fiber is a lignocellulosic material extracted 
from the plant Agave veracruz and is available in 
quantity in the southern parts of India. The incor- 
poration of sisal fiber into plastics and elastomers 
to obtain cost reduction and reinforcement have 
been reported by various workers. Paramasivan and 
Abdulkalam3 investigated the feasibility of devel- 
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oping polymer-based composites using sisal fiber. 
Pavithran et al.4 reported the impact properties of 
unidirectionally oriented sisal fiber composite. Re- 
cently our research group reported on the use of 
short pineapple5 and sisal fiber for the reinforce- 
ment of natural rubber6-' and low-density polyeth- 
ylene1°-14 and various  thermoset^.'^ However, no 
work has been reported on the use of sisal fiber for 
the reinforcement of polystyrene. 

The major drawbacks associated with the use of 
natural fibers as reinforcement in thermoplastics are 
the poor wettability and weak interfacial bonding 
with the polymer due to the inherently poor com- 
patibility and dispersability of the hydrophilic cel- 
lulosic fibers with hydrophobic thermoplastics. 
There are several methods that can be used to over- 
come the problem of poor compatibility between 
cellulosic fibers and thermoplastics. The use of cou- 
pling agents, pretreatment of fibers, grafting, and 
coating of fibers with suitable chemicals were re- 
ported to improve the interfacial adhesion between 
cellulosic fibers and thermoplastics. Kokta and 
coworkers16-1S studied the use of isocyanate treat- 
ment, silane coating, and grafting to improve the 
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mechanical properties of polystyrene-chemither- 
momechanical pulp (CTMP) composites. Joseph et 
al.” reported that a considerable improvement in 
the mechanical properties of polyethylene/sisal fiber 
composite can be achieved by a pretreatment of the 
fibers with isocyanate derivatives of cardanol. Acet- 
ylation of the sisal fiber to improve the mechanical 
properties of natural rubber-sisal fiber composite 
was reported by Varghese et a1.6 In the present work 
we try to overcome the problem of compatibility by 
a new approach, i.e., by benzoylating the fiber, which 
makes the fiber more hydrophobic and compatible 
with polystyrene. 

In this article we report the results of our studies 
on the tensile properties of short-sisal fiber-rein- 
forced polystyrene composites with special reference 
to the effect of fiber length, fiber orientation, and 
fiber loading. The effects of benzoylation to improve 
the fiber-matrix adhesion and tensile properties of 
the composite are also reported. Scanning electron 
microscopy (SEM) studies were carried out to get 
an insight into fiber-matrix adhesion and fiber pull- 
out. Thermal properties of the composite are char- 
acterized by differential scanning calorimetry 
(DSC). Finally, theoretical models were used to fit 
the experimental mechanical data. 

EXPERIMENTAL 

Materials 

Polystyrene (POLYSTRON 678 SF-1, crystal grade) 
was supplied by Polychem Limited, India, and the 
sisal fiber was obtained from local sources. The es- 
sential physical properties of these materials are 
listed in Table I. All the other chemicals used in this 
work were reagent grade and used without purifi- 
cation. 

(b) 

Figure 1 Optical photograph of the surface of (a) ran- 
domly oriented fiber composite and (b) unidirectionally 
oriented fiber composite. 

Preparation of Fiber 

Untreated Fiber 

The fiber was cleaned and chopped into the desired 
length ranging from 2 to 10 mm. The chopped fibers 
were washed with water and dried at  70°C in an 
oven before making the composites. 

Table I Physical Properties of Polystyrene and Sisal Fiber 

Benzoylated 
Physical Property Polystyrene Sisal Fiber Sisal Fiber 

MFI (g/10 min) 
Density (g/cm3) 
Softening point (“C) 
Elongation at  break (%) 
Cellulose content (5%) 
Lignin content ( %) 
Tensile strength (MPa) 
Young’s modulus (MPa) 

15 
1.05 

100 
9 

- 
34.9 

390 

- 
1.4 

4-9 
85-88 
4-5 

450-700 
7000-13000 

- 

- 

1.46 

9-11 
- 

- 
500-650 

4000-6000 
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Figure 2 IR spectra of untreated and benzoylated sisal fiber. 

Benzoylated Fiber 

A fixed amount (35 g) of washed fiber was soaked 
in 18% NaOH solution for half an hour, filtered, and 
washed with water. The treated fiber was suspended 
in 10% NaOH solution and agitated well with 50 
mL benzoyl chloride. The mixture was kept for 15 
min, filtered, washed thoroughly with water, and 
dried between filter paper. The isolated fiber was 
then soaked in ethanol for 1 h to remove the un- 
reacted benzoyl chloride and finally was washed with 
water and dried. 

Preparation of PS-Sisal Fiber Composite 

The polystyrene-sisal fiber molding composites were 
prepared by a solution mixing technique developed 
by our research group.” In this method fiber was 
mixed with a viscous slurry of polystyrene in toluene 
that was prepared by adding toluene to a melt of the 
polymer. The mix was then completely dried to re- 
move the solvent and then was subjected to extru- 
sion through a hand-operated injection molding 
machine. Composites containing 10,20, and 30% by 
weight of untreated fiber and benzoylated fiber were 
prepared using fibers of length 2, 6, and 10 mm. 
These composites were denoted by symbols U 106 
(L), B 106 (T), U 206 (R), etc. In these notations 
the first letter denotes the nature of the fiber, viz. 
“U” for untreated fiber and “B” for benzoylated fi- 
ber. The first and second digits together denote the 
weight percentage of fiber and the third digit denotes 

the length of the fiber. The letter in parentheses 
gives the orientation of the fiber in the composite 
(L, longitudinally oriented; T, transversely oriented; 
R, randomly oriented). 

Preparation of Composite Sheets 

Randomly Oriented Fiber Composite 

Randomly oriented composite sheet of dimensions 
120 X 12.5 X 3 mm were prepared by injection mold- 
ing of the composite at 150 * 5°C into a mold of 
dimensions 120 X 12.5 X 3 mm, using a hand-op- 
erated ram-type injection molding machine. Figure 
l(a) shows the optical photograph of the surface of 
a randomly oriented composite. 

Oriented Fiber Composite 

The specimens of oriented fiber composites were 
prepared by a combination of injection molding and 
compression molding. The composite was first pro- 
cessed to get 4-mm-thick cylindrical rods using an 
injection molding machine. Rectangular specimens 
measuring 120 X 26.5 X 2.5 mm were prepared by 
aligning the extrudate (120 mm long and 4 mm di- 
ameter) in a leaky mold20,21 and then compression 
molding at a pressure of about 8 MPa and a tem- 
perature of 150 f 5°C. The specimens were removed 
after cooling the mold below 50°C. Figure l(b) shows 
the optical photograph of the surface of a unidirec- 
tionally oriented composites. 
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Figure 3 TGA and DTGA curves of untreated and benzoylated sisal fiber. 

Mechanical Testing 

The tensile properties of the composites were mea- 
sured on a Good Brand-Jeffreys Testomeric Micro- 
500 testing machine at a cross head speed of 5 mm 
min-' and a gauge length of 50 mm. A standard 
UTM tensile test program was used to evaluate the 
mechanical properties (ultimate tensile strength, 
Young's modulus, elongation at the break, and the 
yield point). The test specimens were rectangular in 
shape with dimensions 120 X 12.5 X 3 mm for ran- 
domly oriented composites and 120 X 26.5 X 2.5 mm 
for unidirectionally oriented composites. The tensile 
properties were reported after taking the average 
value of five measurements. 

Thermal Analysis 

The thermal behavior of untreated and benzoylated 
sisal fibers were studied using a Du Pont 2000 TGA 
system. Differential scanning calorimetry (DSC) 

posites containing untreated fiber and benzoylated 
fiber. T, is reported as the midpoint of the transition 
region. 

IR Analysis 

A Shimadzu IR-490 spectrophotometer was used to 
analyze the changes in chemical structure of ben- 
zoylated fiber. Powdered fiber pelletized with po- 
tassium bromide was used for recording the spectra. 

SEM Examinations/Optical Microscopy Studies 

Surface morphology of untreated fiber, benzoylated 
fiber, and surfaces of the fractured specimens were 
examined using a JEOL scanning electron micro- 
scope. An optical stereomicroscope was used for ob- 
serving the fiber orientation. 

RESULTS AND DISCUSSION 
experiments were carried out on a Perkin-Elmer 
DSC system. Each sample undergoes a programmed 
heating variation in the range of 30-150°C at a rate 

Synthesis and Characterization of Benzoylated 
Sisal Fiber 

of 10°C min-'. The glass transition temperature (T,) 
has been determined for pure polystyrene and com- 

The reaction between the cellulosic -OH group of 
sisal fiber and benzoyl chloride may be shown as 
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Table I1 
Benzoylated Sisal Fiber at Various Temperatures 

The Weight Losses of Untreated and 

Sisal Fiber ("C) 
Sample 
(wt %) Untreated Benzoylated 

1 
5 

10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
90 

40 
95.6 

195 
280 
300 
310 
320 
335 

343 
355 
415 
463 

- 

40 
95 

260 
300 
310 
320 
330 
342 
352 
365 
390 
440 
463 

.6 

Fiber -OH + NaOH - 
Fiber -0-Na' + H20 

0 
II 

Fiber -0-Na' + Cl-C-@) - 
0 

Fiber - O - ! ! a  + NaCl 

where fiber -OH represents any hydroxyl group 
in the fiber cellulose components. Because some of 
the components of the fiber are extractable with so- 
dium hydroxide, it is difficult, if not impossible, to 
find the extent of reaction. A higher ratio of 1.5 g 
of benzoyl chloride for 1 g of fiber can be used with- 
out considerable deterioration in the physical prop- 
erties and fibrous nature of the fiber and is the one 
used in the present work. The oxygen linkage to the 
fiber is a hydrolyzable bond. However, a more de- 
tailed investigation is necessary to understand the 
susceptibility of the ester group in benzoylated fiber 
to hydrolysis. Experiments are in progress in this 
direction. 

The chemical structure of benzoylated fiber was 
remarkably changed as indicated by IR spectra (Fig. 
2) of treated and untreated fiber. Hydroxyl vibration 
absorption at about 3400 cm-I diminished after 
benzoylation as a result of esterification of the hy- 
droxyl group. Absorption bands around 1950,1600, 
and 710 cm-' indicate the presence of aromatic 

groups, and the peaks around 1725 and 1300 cm-' 
indicate the presence of ester groups. 

Figure 3 shows the TGA and DTGA curves of 
untreated and benzoylated sisal fiber. The weight 
losses of untreated and benzoylated sisal fibers at 
various temperatures are given in Table 11. The first 
peak between 60 and 100°C corresponds to the heat 
of vaporization of water in the sample. The second 
peak at  about 325°C is due to the thermal depoly- 
merization of hemicellulose and the cleavage of the 
glucosidic linkages of cellulose.22 The third peak at 
about 450°C may be due to the further breakage of 
the decomposition products of stage 11, leading to 
the formation of tar through levogl~cosan.~~ From 
the data it is clear that benzoylated sisal fiber ex- 
hibits a higher thermal stability compared to un- 
treated fiber. This may be attributed to the substi- 
tution of bulky phenyl groups in the fiber that re- 
strict the segmental mobility, thereby increasing the 
stiffness of the cellulose backbone. It is also partially 
due to the fact that some of the components of the 
fiber, such as lignocellulose, that degrade at  a lower 
temperature may be extracted during alkali treat- 
ment. The improvement in the thermal stability of 
the fiber will lead to the better service performance 
of the composites a t  elevated temperatures. 

Figure 4(a,b) show the SEM photographs of 
untreated sisal fiber, and the treated surfaces are 
shown in Figure 4(c,d). These figures indicate a 
reduction in the thickness of the fiber upon ben- 
zoylation. This may be due to the leach out of al- 
kali-soluble fractions like waxy layer, lignin, etc. 
during alkali treatment and benzoylation. More- 
over the treatment produces a number of small 
voids on the surface of the fiber that promote me- 
chanical interlocking between the fiber and the 
matrix. SEM photographs also show a rough sur- 
face for the treated fiber. Table I gives the physical 
properties of benzoylated sisal fiber. The results 
indicate a considerable deterioration in modulus 
as a result of benzoylation. This may be due to the 
presence of voids as a result of the leaching out of 
fiber components caused by the benzoylation pro- 
cess. The values of ultimate tensile strength and 
elongation at  break, however, remain almost same 
as those of untreated fiber. 

Fiber length Distribution 

The distribution of fiber lengths can be represented 
in terms of moments of the distribution in the way 
a polymer chemist describes molecular weight dis- 
t r i b ~ t i o n . ~ ~ , ~ ~  The number and weight average 
lengths can be defined as 
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and 

Figure 4 SEM photograph of the surface of (a) untreated sisal fiber, (b) untreated sisal 
fiber (magnified view), (c) benzoylated sisal fiber, and (d) benzoylated sisal fiber (magnified 
view). 

- N,Li L, = - 
Ni 

- N,L? 
L, = - Ni Li 

where Ln is the number average fiber length; Lw is 
the weight average fiber length; and Ni is the number 
of fibers having length Li. 

Table I11 Fiber Length Distribution Index 

Sisal fiber 
Chopped 6.016 6.121 1.017 
Extracted from composite 5.687 5.746 1.010 

The value of Ew/En, the polydispersity index, can 
be taken as a measure of fiber length distribution. 
As the fiber length distribution becomes broader, 
the value Ew/En should increase. Table I11 summa- 
rizes the values of L,, Ew and zw/En based on 100 
fibers for the chopped sisal fiber and fiber extracted 
from the composite. The low values of Ew/En indicate 

0 

6 10 m 
LL 

3 

0 FIBER FROM COMPOSITE FIBER BEFORE MIXING 

Y 
I ,  
II ,, 
1 1  
( I  

4 5 6 7 

FIBER LENGTH, mm 

Figure 5 
and fiber extracted from composite. 

Fiber distribution curves of chopped sisal fiber 
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Table IV 
Untreated Sisal Fiber Composite as a Function 
of Fiber Length 

Tensile Properties of Polystyrene- 

Ultimate 
Fiber Tensile Young's Elongation 

Length Strength Modulus at  Break 
(mm) ( M W  (MPa) (%) 

2 21.12 666 6 
6 21.3 629.6 9 

10 25.06 657.1 9 

Longitudinally oriented 10% fiber composite. 

a narrow fiber length distribution before and after 
mixing. The fiber distribution curve (Fig. 5), how- 
ever, indicates a slight shift to the lower aspect ratio 
after mixing. 

Mechanical Properties 

Effect of Fiber length 

In the case of fiber-reinforced composites there exist 
a critical aspect ratio at  which the mechanical prop- 
erties of the composites are maximized. The critical 
aspect ratio depends on the volume fraction of the 
fiber and also on the ratio of the modulus of fiber 
to the matrix modulus.26 At low fiber volume fraction 
the fibers play no major role, and the strength of 
the composite is matrix dominated. The strength of 
the composite was found to increase above a critical 
volume fraction of the fiber, which in fact depends 
on the aspect ratio. The critical volume fraction was 
found to decrease with increase in aspect ratio. A t  
relatively low fiber content, the critical aspect ratio 
remains almost constant, which, however, shows a 
sharp decrease at  higher volume fraction.27 As the 
fiber length increases there is a chance for better 
orientation, which may lead to an improvement in 

mechanical properties of the composite. In our ear- 
lier studies, we reported that in the case of a low 
density polyethylene/sisal system" the critical fiber 
length was 6 mm. For natural rubber/sisa16 and nat- 
ural rubber/coir fiber system28 the critical fiber 
length was found to be 10 mm. 

To study the effect of fiber length on the tensile 
properties of the present system, 10% fiber contain- 
ing composites with average fiber length of 2,6, and 
10 mm were prepared. Fiber content was limited to 
10% because injection of the composite was found 
difficult at  higher fiber loading for 10-mm composite. 
The mechanical properties of the composites (Table 
IV) show no considerable variation with change in 
fiber length, although ultimate tensile strength 
shows marginal increase at 10-mm fiber length. 
However, to overcome the difficulty in processing, 
fibers having 6 mm length was used for further 
studies. 

Effect of Fiber Loading and Orientation 

The tensile properties of highly viscous thermo- 
plastics or rubber materials are governed by several 
factors, such as dispersion problems (agglomerate 
formation), increase of stress concentration points 
at  fiber ends, and entrapped air during mixing (wet- 
ting  problem^).^' In the case of polystyrene speci- 
mens Murray and H ~ l l ~ ~ 7 ~ ~  observed that microvoids 
and cavities occurred within the crazes at  the fiber 
ends and coalesced to generate planner cavities and 
or cracking within the crazes. The chances for some 
amount of opened cleavage-type fracture during the 
pull out process of fibers were also reported.32 The 
broken ends of fibers formed during the tensile de- 
formation may induce crazes and cracks in the ma- 
trix and may lead to a decrease in the tensile 
strength." This phenomenon is more pronounced 
in samples where the chances of breaking of fibers 
are higher. 

Table V 
Loading and Fiber Orientation 

Variation of Tensile Properties of PS-Untreated Sisal Fiber Composite as a Function of Fiber 

Ultimate Tensile Strength Young's Modulus Elongation at Break 
Fiber (MPa) ( M P 4  (%) 

(wt %) L T R L T R L T R 
Loading 

0 34.90 34.90 34.90 390 390 390 9 9 9 
10 21.30 14.75 18.16 629 596.8 516.83 9 5 7 
20 43.20 12.37 25.98 999.9 487.9 553.7 8 3 6 
30 45.06 11.04 20.42 998 577.6 624.3 7 2 4 

Fiber length was 6 mm. L, longitudinal; T, transverse; R, randomly oriented. 
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Figure 6 Stress-strain curves of pure polystyrene and untreated sisal fiber reinforced 
polystyrene containing (a) longitudinally oriented fiber, (b) transversely oriented fiber, and 
( c )  randomly oriented fiber. 

The effect of fiber loading and orientation of the 
fiber on the tensile properties of polystyrene-sisal 
fiber composite can be readily seen from the data 
given in Table V and Figures 6-9. In the case of 
longitudinally oriented fiber composite, it is found 
that initially there is a reduction in ultimate tensile 
strength at  10% fiber loading [Figs. 6(a) and 81. 
However, increase in fiber loading to 20% improves 
the tensile strength considerably and produces no 
appreciable change with further increase of loading. 
At 10% fiber loading the fiber may act as a flaw in 
the matrix, reducing the tensile strength of the 

composite. At low fiber loading the matrix is not 
restrained by enough fibers and highly localized 
strain occurs in the matrix at low stresses, causing 
the bond between matrix and fiber to break, leaving 
the matrix diluted by nonreinforcing debonded fi- 
bers. As the fiber concentration increases, the stress 
is more evenly distributed and the strength of the 
composite increases. The modulus values of longi- 
tudinally oriented fiber composites increase with fi- 
ber content up to 20% loading and level off with 
further loading. In this case because the fibers are 
oriented perpendicularly to the direction of the crack 
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Figure 7 Stress-strain curve of 20% untreated and benzoylated sisal fiber-reinforced 
polystyrene composite with fibers (a) randomly oriented, (b) longitudinally oriented, and 
(c) transversely oriented. 

propagation, the crack will be hindered. This ac- 
counts for the increase in tensile strength and mod- 
ulus. 

The stress-strain curves of transversely oriented 
fiber composite [Fig. 6(b)] show a considerable de- 
terioration in strength and strain with increase in 
fiber loading. In this case the crack propagates in 
the direction of fiber alignment. The transversely 
oriented fibers act as barriers and prevent the dis- 
tribution of stresses throughout the matrix, and this 
in turn causes higher concentration of localized 
stresses. This explains the reduction in the tensile 

properties of transversely oriented composite. In this 
case the modulus shows a value that is higher than 
that of polystyrene and lower than those of longi- 
tudinally oriented composite. 

Figure 6(c) shows the stress-strain behavior of 
randomly oriented fiber composite. These compos- 
ites show tensile strength and strain that lies in be- 
tween those of longitudinally and transversely ori- 
ented fiber composites as expected. At 20 and 30% 
fiber loading the modulus values also show a similar 
trend. At 10% fiber loading the modulus shows a 
value less than that of transversely and longitudi- 
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Figure 8 Variation of the tensile strength of untreated 
and benzoylated sisal fiber composite as a function of fiber 
content. 

nally oriented fiber composite. The reason for this 
reduction in modulus is not clear. We have observed 
this anomaly only at 10% fiber loading. Experiments 
are in progress to understand this abnormal be- 
havior. 

The data given in Table V and Figure 9 also show 
that in almost all experiments the ultimate elon- 
gation of composites is less than that of unfilled 
polymer and decrease with increasing fiber concen- 
tration. Stress-strain curves [Fig. 6(a-c)] show a 
brittle-type failure for both unfilled and reinforced 
specimens. 

Effect of Chemical Treatment 

Figure 7(a-c) show the stress-strain behavior of 
20% untreated and benzoylated fiber-reinforced 
polystyrene composites in which the fibers were 
oriented in randomly, longitudinally, and trans- 
verse directions, respectively. The stress-strain 
curves of both untreated and benzoylated fiber- 
reinforced composite show a similar trend. How- 
ever, the strength of treated composite shows higher 
values than those of untreated composite. As ex- 
pected, randomly oriented treated fiber composite 
[Fig. 7(a)] shows lower modulus value compared to 
untreated composite. However longitudinally ori- 
ented [Fig. 7(b)] and transversely oriented [Fig. 
7(c)] treated fiber composites show modulus values 
higher than that of untreated composites. In the 
case of longitudinally and randomly oriented com- 
posites the treatment produces no considerable 

* U ( L ) 4 U f l ) + U ( R ) * B ( L ) + B m * B ( R )  
10 

" 
0 5 10 15 20 25 30 35 

FIBER CONTENT, (WT. %) 

Figure 9 Variation of elongation at  break values of un- 
treated and benzoylated sisal fiber composite as a function 
of fiber content. 

Figure 10 (a) SEM photograph of the fractured surface 
of untreated sisal fiber reinforced polystyrene composite 
showing fiber pullout. (b) SEM photograph of the fractured 
surface of benzoylated sisal fiber reinforced polystyrene 
composite showing fiber breakage. 
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Table VI 
Loading and Orientation 

Tensile Properties of Polystyrene-Benzoylated Sisal Fiber Composite as a Function of Fiber 

Ultimate Tensile Strength Young’s Modulus Elongation at Break 
Fiber (MPa) (MPa) (%) 

(wt %) L T R L T R L T R 
Content 

0 34.9 34.9 34.9 390 390 390 9 9 9 
10 29.14 22.49 24.72 800 660 457.4 6 4 6 

(21.30) (14.75) (18.16) (629) (596.8) (516.83) (9) (5) (7) 
20 45.52 22.96 31.14 1026 664.7 543.3 7 5 6 

(43.20) (12.37) (25.98) (999.9) (487.9) (553.7) (8) (3) (6) 
30 48.3 22.08 30.09 1125 701.3 710.7 8 4 6 

(45.06) (11.04) (20.42) (998) (577.6) (624.3) (7) (2) (4) 

Fiber length was 6 mm. The values in parantheses give the properties of untreated fiber composites. 

variation in strain. However, transversely oriented 
composite shows considerable increase in strain as 
a result of treatment. 

The influence of benzoylation of the fiber on the 
tensile properties of the composites appears in Table 
VI and Figure 8. To compare the tensile properties 
of untreated and benzoylated fiber composites, the 
improvement in tensile properties are listed in Table 
VII.he values show considerable improvement in 
tensile properties as a result of benzoylation. The 
elongation at break value, however, remains almost 
same for both benzoylated and untreated fiber com- 
posites (Fig. 9). The improvement in tensile strength 
and modulus are attributed to the better adhesion 
between the treated fiber and polystyrene. This can 
be readily understood from the SEM photographs 
of the fractured surface of untreated sisal fiber com- 
posite and benzoylated fiber composite [Fig. 10(a) 
and (b)]. The fracture surface of untreated fiber 
composite shows [Fig. 10(a)] holes and fiber ends 
indicating that most of the fibers have come out 
without breaking during the fracture of untreated 

Table VII 
Properties of Polystyrene-Sisal Fiber Composite 
as a Result of Benzoylation of the Fiber at 
Different Fiber Loading and Orientation 

Percentage Improvement of Tensile 

Ultimate Tensile Young’s Modulus 
Fiber Strength (MPa) (MPa) 

Loading 
(wt %) L T R L T R 

10 38 52 36 27 11 -11 
20 5 85 20 3 36 -2 
30 7 100 47 13 21 14 

Average fiber length was 6 mm. 

composite. This suggests poor adhesion between the 
matrix and fiber. The fracture surface of treated fiber 
composite [Fig. 10(b)] shows fiber breakage rather 
than pullout, which in turn indicates better inter- 
facial strength. This is again clear from the SEM 
photographs of the surfaces of treated and untreated 
fiber stripped out from the composite [Fig. l l (a) ,  
(b), and (c)]. The surface of the treated fiber was 
found to have a coating of polystyrene, suggesting 
better interfacial interaction [Fig. I l (b)  and (c)]. 
Figure I l (d)  (untreated) and (e) (treated) also sup- 
port this view. 

Also, in the case of treated fiber composite, the 
effect of fiber loading and fiber orientation on the 
tensile properties follow a trend similar to untreated 
composites (Table VI). 

As explained earlier, benzoylated fiber composite 
shows considerable improvement in tensile strength, 
and percentage of improvement is in the order, 
transversely oriented > randomly oriented > lon- 
gitudinally oriented fiber composite (Table VII). 
This can be explained as follows. As the orientation 
goes from longitudinal to transverse, the failure 
mode changes from fiber failure to interface shear 
and then to transverse matrix failure. In the case of 
transversely oriented specimen the interface be- 
comes more exposed, and hence an improvement in 
interface strength due to benzoylation of the fiber 
leads to considerable enhancement in the strength 
of the transversely oriented composite. In the case 
of randomly oriented composite the interface is ex- 
posed to an extent that is in between the longitu- 
dinally oriented and transversely oriented compos- 
ite. This in fact accounts for the improvement in 
tensile strength of transversely and randomly ori- 
ented composites compared to longitudinally ori- 
ented composites. 
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Figure 11 SEM photograph of the surface of (a) untreated sisal fiber stripped out from 
the composite, (b) benzoylated sisal fiber stripped out from the composite, and (c) benzoy- 
lated sisal fiber stripped out from the composite (magnified view). SEM photograph of (d) 
an untreated sisal fiber protruded from the polystyrene matrix, and (e) a benzoylated sisal 
fiber protruded from the polystyrene matrix. 

Because the benzoylation reduces the modulus of 
the sisal fiber considerably, the modulus of the ben- 
zoylated fiber composites were expected to be lower 
than that of untreated fiber composites. However, 
the experimental values (Table VI) show a consid- 
erable improvement in modulus in the case of lon- 

gitudinally and transversely oriented treated fiber 
composites. At  30% loading the randomly oriented 
treated fiber composites also show an improvement 
in modulus. This improvement in modulus may be 
attributed to the better adhesion between the ben- 
zoylated fiber and polystyrene matrix. The fiber- 
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Benzoylated sisal flber 

0 r OH 0 c=o I 7- P c=o $4 7-0 I yo I 

Polystyrene matrix 

Figure 12 A hypothetical model of the interface of 
benzoylated sisal fiber reinforced-polystyrene composite. 

matrix adhesion in this case is considerably strong 
and overshadows the effect of decrease in modu- 
lus of the fiber upon benzoylation. Similar results 
on the improvement of modulus of the composites 
upon treatment has been reported by several 
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The improvement in the tensile properties of 
treated fiber composite is attributed to the presence 
of phenyl-structure in treated fiber similar to that 
of polystyrene, which improves the thermodynamic 
compatibility between benzoylated fiber and poly- 
styrene. As explained earlier, another contributing 
factor to the improved properties is the reduction 
in the hydrophilicity of fiber as a result of benzoyla- 
tion, which makes the fiber more compatible with 
hydrophobic polystyrene. A hypothetical model of 

Figure 14 
theoretical moduli of polystyrene-sisal fiber composite. 

Comparison of the experimental moduli and 

the polystyrene-benzoylated fiber interface is shown 
in Figure 12. 

DSC Analysis 

The changes of the glass transition temperature of 
the polymers due to the incorporation of fibers and 
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Figure 13 
benzoylated sisal fiber-polystyrene composite. 

DSC curves of polystyrene, untreated sisal fiber-polystyrene composite and 
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whiskers were reported by various workers. Reben- 
feld et al.35 reported that the Tg of neat polyphen- 
ylene sulfide was depressed by about 3 4 ° C  by the 
addition of aramid, glass, and carbon fibers. The 
addition of benzylated wood in polystyrene lowered 
the Tg of polystyrene and shifted further to the lower 
temperatures when the amount of benzylated wood 
was increased.36 The lowering of Tg may be attrib- 
uted to the plasticization effect of the fiber that dif- 
fuses or dissolves into the polymer. Figure 13 shows 
the DSC curves of pure polystyrene, untreated sisal 
fiber-polystyrene composite and benzoylated sisal 
fiber composite. The glass transition temperature of 
pure polystyrene was found to be 93°C. The incor- 
poration of 10% untreated sisal fiber and benzo- 
ylated sisal fiber reduces the Tg of polystyrene to 63 
and 61"C, respectively. The extent of decrease in Tg 
is more pronounced in the case of benzoylated fiber 
composite, and this may be attributed to the im- 
proved plasticization effect of benzoylated fiber. 

Theoretical Modeling 

In the literature, a number of theories and equations 
have been developed to predict the mechanical 
properties of the composites. The modulus of a uni- 
axially oriented composites is given by the Halpin- 
Tsai  equation^.^^,^^ According to this equation 

where 

(4) 

Here, P is the composite modulus; Pf is the modulus 
of the fiber; P, is the matrix modulus; [ is the em- 
pirical factor, which is a measure of the reinforce- 
ment, which depends on fiber geometry, fiber dis- 
tribution, and loading conditions; and Vf is the vol- 
ume fraction of the fiber. 

Figure 14 compares the theoretical and experi- 
mental moduli of longitudinally oriented untreated 
and benzoylated sisal fiber-polystyrene composites. 
For a value o f t  = 12 for untreated sisal fiber and 5 
= 88 for benzoylated fiber, the figure shows good 
agreement between the experimental and theoretical 
values up to 20% fiber loading. However, when the 
fiber loading is more than 20% the experimental 
modulus values deviate from theory. This may be 
attributed to the poor orientation of the fiber in the 
composite at higher fiber loading. 

CONCLUSIONS 

The following conclusions can be made from this 
study. 

1. Variation in fiber length produces no consid- 
erable change in the modulus of polystyrene- 
sisal fiber composite. However, the composite 
exhibited maximum tensile strength at a fiber 
length of about 10 mm (aspect ratio = 82). 

2. There is an initial reduction in tensile 
strength of polystyrene at 10% fiber loading. 
Increase of fiber loading to 20% improves the 
tensile strength considerably and produces no 
appreciable change with further loading. 

3. The incorporation of sisal fiber considerably 
improves the modulus of the composite. 

4. The tensile strength and modulus of the 
composite was found to follow the order, lon- 
gitudinally oriented fiber composite > ran- 
domly oriented fiber composite > trans- 
versely oriented fiber composite. 

5. Benzoylation of the sisal fiber considerably 
improves the tensile properties of the com- 
posite. 

6. SEM studies show that the interfacial adhe- 
sion between the benzoylated fibers and 
polystyrene matrix are considerably higher 
compared to that of untreated sisal fiber- 
polystyrene composite. The incorporation of 
sisal fiber considerably reduced the glass 
transition temperature ( Tg ) of polystyrene. 
The lowering of Tg is more pronounced in the 
case of benzoylated fiber. 

7. The Halpin-Tsai equation has been used to 
predict the modulus of the unidirectionally 
oriented, untreated, and benzoylated fiber 
composites and the predicted values shows 
good agreement with the experimental values 
up to 20% fiber loading. However, at  higher 
fiber loading the predicted values show de- 
viation from the experimental values. 
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