
 Open access  Journal Article  DOI:10.1002/APP.25065

Mechanical Properties of Short-Isora-Fiber-Reinforced Natural Rubber Composites:
Effects of Fiber Length, Orientation, and Loading; Alkali Treatment;and Bonding
Agent — Source link 

Lovely Mathew, Lovely Mathew, Rani Joseph

Institutions: Cochin University of Science and Technology, Newman College

Published on: 05 Feb 2007 - Journal of Applied Polymer Science (Wiley)

Topics: Fiber, Ultimate tensile strength, Vulcanization, Natural rubber and Young's modulus

Related papers:

 Performance of pineapple leaf fiber–natural rubber composites: The effect of fiber surface treatments

 Composite of short coir fibres and natural rubber : effect of chemical modification, loading and orientation of fibre

 Bamboo fibre filled natural rubber composites: the effects of filler loading and bonding agent

 Mechanical properties of sisal/oil palm hybrid fiber reinforced natural rubber composites

 Short coir fiber‐reinforced natural rubber composites: Effects of fiber length, orientation, and alkali treatment

Share this paper:    

View more about this paper here: https://typeset.io/papers/mechanical-properties-of-short-isora-fiber-reinforced-
16m15d6nt8

https://typeset.io/
https://www.doi.org/10.1002/APP.25065
https://typeset.io/papers/mechanical-properties-of-short-isora-fiber-reinforced-16m15d6nt8
https://typeset.io/authors/lovely-mathew-1u4erj3v6n
https://typeset.io/authors/lovely-mathew-1u4erj3v6n
https://typeset.io/authors/rani-joseph-25em956nni
https://typeset.io/institutions/cochin-university-of-science-and-technology-2jlbm8bu
https://typeset.io/institutions/newman-college-wwch5cby
https://typeset.io/journals/journal-of-applied-polymer-science-3vz5u4xn
https://typeset.io/topics/fiber-24qnd308
https://typeset.io/topics/ultimate-tensile-strength-1lgq0i8e
https://typeset.io/topics/vulcanization-jlp9h056
https://typeset.io/topics/natural-rubber-23nvskny
https://typeset.io/topics/young-s-modulus-w1t9xve0
https://typeset.io/papers/performance-of-pineapple-leaf-fiber-natural-rubber-4dob3t2y5l
https://typeset.io/papers/composite-of-short-coir-fibres-and-natural-rubber-effect-of-1jv17pv1rf
https://typeset.io/papers/bamboo-fibre-filled-natural-rubber-composites-the-effects-of-41pnljjgfp
https://typeset.io/papers/mechanical-properties-of-sisal-oil-palm-hybrid-fiber-4ly789wisn
https://typeset.io/papers/short-coir-fiber-reinforced-natural-rubber-composites-57ae2a7sbc
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/mechanical-properties-of-short-isora-fiber-reinforced-16m15d6nt8
https://twitter.com/intent/tweet?text=Mechanical%20Properties%20of%20Short-Isora-Fiber-Reinforced%20Natural%20Rubber%20Composites:%20Effects%20of%20Fiber%20Length,%20Orientation,%20and%20Loading;%20Alkali%20Treatment;and%20Bonding%20Agent&url=https://typeset.io/papers/mechanical-properties-of-short-isora-fiber-reinforced-16m15d6nt8
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/mechanical-properties-of-short-isora-fiber-reinforced-16m15d6nt8
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/mechanical-properties-of-short-isora-fiber-reinforced-16m15d6nt8
https://typeset.io/papers/mechanical-properties-of-short-isora-fiber-reinforced-16m15d6nt8


Mechanical Properties of Short-Isora-Fiber-Reinforced
Natural Rubber Composites: Effects of Fiber Length,
Orientation, and Loading; Alkali Treatment;
and Bonding Agent

Lovely Mathew,' '2 Rani Joseph2

1Newman College, Thodupuzha, Kerala 685585, India
2 Department of Polymer Science and Rubber Technology, Cochin University of Science and Technology,
Kochi, Kerala 682022, India

Received 18 October 2005; accepted 11 April 2006

DOI 10.1002 / app.25065

Published online in Wiley InterScience (www.interscience .wiley.com).

ABSTRACT: A series of short-isora-fiber-reinforced natu-

ral rubber composites were prepared by the incorporation of

fibers of different lengths (6, 10, and 14 mm) at 15 phr loading

and at different concentrations (10, 20, 30, and 40 phr) with a

10 mm fiber length. Mixes were also prepared with 10 mm

long fibers treated with a 5% NaOH solution. The vulcaniza-

tion parameters, processability, and stress-strain properties

of these composites were analyzed. Properties such as tensile

strength, tear strength, and tensile modulus were found to be

at maximum for composites containing longitudinally ori-

ented fibers 10 mm in length. Mixes containing fiber loadings

of 30 phr with bonding agent (resorcinol-formaldehyde [RF]

resin) showed mechanical properties superior to all other

composites. Scanning electron microscopy (SEM) studies

were carried out to investigate the fiber surface morphology,

fiber pullout, and fiber-rubber interface. SEM studies showed

that the bonding between the fiber and rubber was improved

with treated fibers and with the use of bonding agent. © 2006

Wiley Periodicals, Inc. J Appl Polym Sci 103:1640-1650,2007

Key words : compounding; composites; fibers; reinforce-

ment; rubber

INTRODUCTION

Short-fiber-reinforced rubber composites are a rapidly

growing class of materials because of their improved

physical and mechanical properties, easy process-

ability, and economic advantages. These materials

bridge the gap between elastomers and fibers by

combining the strength and stiffness of short fibers

with the elasticity of rubber.' Complexly shaped

engineering components may be developed with

short-fiber-reinforced elastomers. The most important

parameters that affect the short-fiber-reinforcement

are fiber aspect ratio, fiber dispersion and orientation,

fiber loading, fiber length, and adhesion between the

fiber and the matrix.2 A considerable amount of re-

search work has been done in the field of short-fiber-

reinforced elastomer composites. Many researchers

have studied the effect of different fibers in natural

and synthetic rubbers. 3-9 Recently, we reported the

possibilities of isora fiber as a potential reinforcement

in rubber and polyesters.10'" A detailed investigation

on the characterization and properties of isora fiber
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was done.12 Isora fiber imparts mechanical proper-

ties comparable to those of other natural fibers. Isora

shrub, which grows as undergrowth in forests, is

seen in many parts of South India. The fiber is pres-

ent in the bark of the Helicteres Isora plant and is

separated by a retting process. Isora is a very strong

fiber that resembles jute in appearance but has better

strength, durability, and luster.'3 Ropes and cor-

dages made of isora fiber are better and smoother

than coir products.' The use of a biodegradable

matrix and natural fibers as reinforcement has

opened new potential applications to these compo-

sites as they are ecofriendly materials. Nowadays,

natural fibers are getting more attention from re-

searchers. Natural cellulosic fibers, when used as

reinforcement, impart mechanical properties compa-

rable to those of synthetic fibers such as glass. Com-

posites fabricated with these natural fibers have the

potential to be an attractive alternative to synthetic

fiber composites and are currently being explored in

sectors such as the automobile and building indus-

tries. In addition, these fibers offer an excellent

opportunity for use and are an abundant source of

such materials. Natural fibers have advantages over

synthetic fibers because of their renewable nature,

low cost, easy availability, biodegradability, and ease

of chemical modification. These fibers, however,
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exhibit a large variation in quality and are sensitive

to moisture. The main problems that are usually

encountered when natural fibers are used as rein-

forcement are that the incorporation of a hydrophilic

fiber into a hydrophobic polymer leads to a hetero-

geneous system, with the result that they exhibit

properties inferior to those of the unfilled system

because of poor adhesion at the fiber-matrix inter-

face. The surface characteristics of the reinforcing

fibers are, therefore, important in the transfer of

stresses from the matrix to the fiber.

In the past, many attempts have been made to

modify the surface properties of natural fibers to

enhance adhesion with polymers. Various methods,

such as corona treatment, plasma treatment, mercer-

ization, heat treatment, graft copolymerization, and

silane treatment, 15-2' have been reported to enhance

the compatibility in natural fiber composites. This

article reports the cure characteristics and mechanical

properties of short-isora-fiber-reinforced natural rub-

ber (NR) composites, with special reference given to

the effect of fiber length, fiber orientation, fiber treat-

ment, fiber loading, and the use of a bonding agent.

EXPERIMENTAL

Materials

Isora fiber, lingocellulosic in nature, was isolated from

the bark of the Helicteres Isora plant by a retting pro-

cess. It was reported to contain 74.8% cellulose, 23%

lignin, 1.1% fat and wax, 0.9% ash, and 0.3% nitro-

gen.22 The physical properties of isora fiber are given

in Table I. The NR used in the study was Indian

Standard Natural Rubber grade 5 obtained from RRII

(Kottayam, Kerala, India). The bonding agents, RF

resin (p [density] = 2.3), was supplied by (M/S West

Coast Polymers Pvt., Ltd. (Kannur, Kerala, India), and

precipitated silica (p = 2.03) with an average size of

40 nm supplied by Minar Chemicals (Alwaye, Kerala,

India) and was commercial grade. Hexamethylene

tetramine (p = 1.33) was supplied by E. Merck (A. G.,

Germany) was chemically pure grade. All other ingre-

dients were commercial grade.

TABLE I

Properties of Isora Fiber

Physical property
Chemical

constituent O/1

Diameter ( µ) 10.1 Cellulose 74.8
Density (gm/cm3) 1.35 Lignin 23.0

Tensile strength (MPa) 500-600 Fat 1.09

Elongation at break (%) 5-6 Ash 0.954
Microfibrillar angle () 20-26 Nitrogen 0.26
Length/ diameter ratio 99

Young 's modulus (GPa) 18-20

1641

TABLE II

Mixes with Various Fiber Lengths

Ingredient' Gum L, L2 L q

NR 100 100 100 100

Zinc oxide 5.0 5.0 5.0 5.0
Stearic acid 2.0 2.0 2.0 2.0
TDQ5 1.0 1.0 1.0 1.0

CBS` 0.6 0.6 0.6 0.6

TMTDd 0.1 0.1 0.1 0.1

S 2.5 2.5 2.5 2.5

Untreated isora fiber 0 15 15 15
Fiber length (mm) 0 6 10 14

' Ingredient, parts per hundred rubber (phr).

b TDQ, 2,2,4 trimethyl 1,2 dihydro quinoline polymerized.
CBS, N-cyclohexyl benz thiazyl sulphenamide.

d TMTD, Tetramethyl thiuram disulphide.

Fiber preparation and alkali treatment

Theh fiber, separated from the bark of Helicteres Isora

plant by a retting process, was chopped almost accu-

rately to different lengths of 6, 10, and 14 mm with a

fiber chopper, on which the length of fiber cuttings

could be adjusted, and was washed with water to

remove undesirable impurities and dried. Treated

fiber was prepared from raw fiber by immersion in

5% aqueous NaOH for 4 h. Washing with water was

done several times followed by drying in an air oven

at 70'C for 14 h.

Composite preparation

The composites were prepared by the incorporation of

short isora fibers of different lengths (6, 10, and 14 mm;

15 phr) and different loadings (10, 20, 30, and 40 phr;

10 mm fiber length) for both treated and untreated

fibers into the NR matrix as per the formulation given

in Tables II and III. Mixes were prepared in a labora-

tory (150 x 300 mm) two-roll mixing mill as per ASTM

standard D 3184-80 at a nip gap of 1.3 mm. The samples

were milled for a time sufficient to disperse the fibers

in the matrix. The final sheeting was done by the pass-

ing of the compound through a tight nip gap of

0.8 mm. The bonding agents (resorcinol, hexa, and

silica) were incorporated along with the other ingre-

dients. The fiber was incorporated at the end of mixing

process, with care taken to maintain the direction of

compound flow so that majority of fibers followed the

direction of flow. To study the extent of fiber breakage,

which occurred during the milling operations, the

fibers were extracted from the green compound by

dissolution in toluene, and their length and diameter

were measured with a traveling microscope. The cure

characteristics were studied by an oscillating disk rhe-

ometer (Goettfert elastograph, Goettfert, Germany).

The samples were vulcanized at 150CC in a hydraulic

press up to their respective optimum cure times (17()'s)

as measured on a Goettfert elastograph.

Journal of Applied Polymer Science DOI 10.1.002/app
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TABLE III

Mixesa with Various Fiber Loadings and Bonding Agents

Mix Gum X10 X20 X30 X40 Y10 Y20 Y30 Y40

Untreated fiber 0 10 20

Treated fiber 0 - -

Mix X, 0b X,Oh

Resorcinol 0 2.5 5.0

Hexa 0 1.6 3.2

Silica 0 1 2

Untreated fiber 0 10 20

Treated fiber 0

30 40

X30b X40b

10 20 30 40

Y10b Y20b Y30b Y40b

7.5 10 2.5 5.0 7.5 10

4.8 6.4 1.6 3.2 4.8 6.4

3 4 1 2 3 4

30 40 - - - -

- - 10 20 30 40

a Basic recipe : NR = 100 phr, ZnO = 5 p hr, stearic acid = 2 phr, TDQ = 1 phr, CBS

= 0.6 phr, TMTD = 0.1 phr, and S = 2.5 phr.

Characterization of treated fibers
and testing of the composites

The scanning electron microscopy (SEM) photographs

of the fibers and the fractured surfaces were taken with

a Jeol JSM 35 C model scanning electron microscope

(Philips, The Netherlands). The fiber and the fracture

surfaces were sputter-coated with gold within 24 h of

testing with a fine coat JFC-1100 instrument. Dumb-

bell- and crescent-shaped tensile and tear specimens

with longitudinal and transverse fiber orientations

were punched from the vulcanized sheets. Stress-

strain measurements were carried out at a crosshead

speed of 500 mm/min on a Shimadzu model AG1 uni-

versal testing machine (Schimadzu, Japan). Tensile

and tear strengths were measured according to ASTM

D 412-68 and D 624-54, respectively. The compression

set of the specimens was measured in accordance with

ASTM D 395-86 (method B). The abrasion resistance of

the samples was tested with DIN 53516. The hardness

was measured with a Shore A type durometer (Zwick,

Germany) according to ASTM 2240-81.

RESULTS AND DISCUSSION

Evaluation of fiber breakage

Mixes LI, L2, and L3 were the NR mixes contain-

ing fibers 6, 10, and 14 mm in length, respectively

(Table II). Control of the fiber length and aspect ratio

of the fibers in the rubber matrix was difficult

because of fiber breakage during processing. The

severity of fiber breakage depended mainly on the

type of fiber, the initial aspect ratio, and the magni-

tude of stress and strain experienced by the fibers

during processing.23 Shear force during mixing

oriented most of the fibers along the mill-grain direc-

tion. It may have also caused breakage of fibers. The

average diameter (10 p) of the fiber remained un-

changed after mixing. The results of the fiber break-

age analysis are given in Table IV. The data show

that compound L2 contained a total of 52.3% of the

fiber in the range 2-6 mm in length and 63.3% of

fiber in the range 4-8 mm in length after mixing,

and the aspect ratio remained higher than 200, which

is generally required for effective stress transfer in

short-fiber elastomer composites.24 From Table V,

it is clear that the reinforcement was high for com-

pound L2, which contained fibers with an original

length of 10 mm before mixing, as evident from the

high tensile strength, modulus, and tear strength

compared to L1. The tensile strength and modulus

of compound L3 were comparable to those of L2,

even though it contained almost the same level of

fibers (48.9%) having lengths in the range 2-6 mm as

that of compound L, (48.3%). This was likely because

of the presence of 39.7% of fibers that had final

lengths in the range 6-10 mm in L3, which was

almost comparable to that present in L2 (38.7%).

These observations indicated that an original fiber

length of 10 mm was the critical fiber length, which

was essential for getting better reinforcement in

short-isora-fiber NR composites.

Cure characteristics

Tables VI and VII show the variation in the cure

characteristics of composites with various fiber lengths

and loadings, respectively. The maximum torque is a

measure of crosslink density and stiffness in the rub-

TABLE IV

Distribution of Fiber Lengths After Mixing

Percentage available in the mix

Length of fiber
after mixing

after mixing (mm) L, L2 L1

0-2 51.7 9.0 11.4

2-4 27.9 22.0 23.3

4-6 20.4 30.3 25.6

6-8 - 33.0 32.7

8-10 - 5.7 7.0

Mixes LI, L2, and L3 contained fibers 6, 10 , and 14 mm

in length before mixing.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V

Mechanical Properties of Vulcanizates with Various Fiber Lengths

1643

Property Orientation Gum Lr Lz L3

Tensile modulus (300% E; MPa) L 2.3 (0.28) 2.71 (1.18) 2.95 (0.55) 2.80 (1.05)

T 2.3 (0.22) 2.30 (0.95) 2.40 (0.73) 2.30 (0.91)

Tensile strength (MPa) L 25.9 (0.48) 14.0 (1.02) 16.2 (0.87) 15.9 (0.90)

T 25.0 (0.39) 12.1 (0.98) 13.8 (0.97) 14.0 (0.95)

Elongation break (%) L 1050 (0.29) 700 (1.15) 625 (0.45) 695 (0.77)

T 1045 (0.31) 725 (1.06) 650 (0.88) 715 (1.11)

Tear strength (kN/m) L 35.1 (0.42) 37.5 (0.92) 42.0 (0.65) 42.5 (0.61)

L = longitudinal ; T = transverse . Mixes L1, L2, and L3 contained fibers 6, 10, and 14 mm in length before mixing. The
numbers given in the parentheses are the standard deviations.

ber. In general, for all of the mixes, the torque ini-

tially decreased, then increased, and finally leveled

off. The initial decrease in torque to a minimum

value was due to the softening of the rubber matrix,

whereas the increase in torque was due to the cross-

linking of rubber. The leveling off was an indication

of the completion of curing. The addition of fibers

into the mix generally increased the torque values.

Also, the torque increased with increasing fiber

length and reached a maximum at a fiber length of

10 mm. This increase was due to the presence of lon-

ger fibers, which imparted more restriction to defor-

mation. However, the maximum torque was slightly

higher for 10 mm than 14 mm. This may have been

because longer fibers underwent fiber entanglement

and breakage during mixing. The maximum torque

also increased with increasing fiber loading. This

was because of the increase in the stiffness and hard-

ness of the composite.25 These torque values were

also increased by alkali treatment, as the treated

fiber may have provided a better surface for rein-

forcement. t9o was not very much affected by the

modification of fiber surface. The optimum t9o in-

creased with the addition of bonding agent. Accord-

ing to Chakraborty and Setu,25 the longer t9o was

due to the better bonding between the fiber and the

matrix when the bonding agent was used. Maximum

and minimum torque values also increased in the

presence of bonding agent. This was due to the

strong bonding at the fiber-rubber interface, and

consequently, the composite become stronger harder

and stiffer.

respectively. The effect of fiber loading on the per-

centage orientation is shown in Figure 1. At low

fiber loadings, the percentage orientation was the

lowest, as the fibers could randomly move around,

which led to increased chaocity and decreased levels

of orientation. As fiber loading increased, percentage

orientation increased, with the maximum value for

composite containing 30 phr fiber. At 40 phr fiber

loading, the percentage orientation decreased, which

indicated that the fibers could not orient themselves

because of the entanglement caused by the increased

content of fibers.

Mechanical properties

Effect of fiber length

The effect of fiber length and orientation on the

properties of the composites is given in Table V. The

properties increased with increasing fiber length.

The increase in the strength with increasing fiber

length was attributed to the fact that the extent of

load transmittance is a function of fiber length and

the magnitude of fiber matrix interfacial bond.26 In

fiber-reinforced composites, there exists a critical

fiber length at which the load transmittance from the

matrix to the fiber is at maximum. The critical fiber

length is that length that is required by the fiber to

develop its fully stressed condition in the matrix.

Longer fibers impart more restriction to deformation,

whereas shorter fibers create friction and heat gener-

ation due to the increased number of fiber ends. The

tensile and tear strengths showed a maximum value

Extent of fiber orientation from green
strength (S) measurements

S of short-fiber-reinforced composites depends on the

degree of fiber orientation. The extent of fiber orien-

tation can be calculated with the following equation:

Orientation (%) = (SL/SG,L)/ISL/SG,t. + ST/SG,T)

where S is the green strength and the subscripts G,

L, and T denote gum, longitudinal, and transverse,

TABLE VI

Vulcanization Parameters for Mixes with Various
Fiber Lengths

Mix

Gum L1 L2 L3

Minimum torque (Nm) 0.01 0.03 0.02 0.02

Maximum torque (Nm) 0.21 0.24 0.30 0.28

Scorch time (min) 2.36 1.8 1.76 1.76

t90 (min) 4.32 4.62 5.42 5.46

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VII

Vulcanization Parameters for Mixes with Various Fiber Loadings
and Bonding Agents

Mix Gum x10 X20 X30 X40 Y10 Y20 Y30 Y40

t90 (min)

Maximum torque (Nm)

4.32

0.22

5.4

0.29

5.5

0.32

5.7

0.35

5.85

0.40

4.61

0.32

4.91

0.34

5.22

0.40

5.64

0.51

Mix X10b X20b X30b X40b Y10b Y20b Y30b Y40b

t90 (min)

Maximum torque (Nm)

4.32

0.22

7.24

0.33

7.76

0.35

8.12

0.52

8.36

0.64

6.9

0.35

7.0

0.47

7.32

0.58

7.68

0.69

for the composites with fibers having an original

length of 10 mm before mixing. The interaction

between the fiber and the matrix reached its maxi-

mum at this fiber length, and the effect of fiber length

decreased with longer fibers because of fiber entan-

glement and breakage. At higher fiber lengths, the

dispersion of fibers in the rubber matrix was diffi-

cult. Hence, a further increase in fiber length beyond

10 mm decreased the mechanical properties such as

tensile strength and tear strength. These observations

indicated that an original fiber length of 10 mm was

the critical fiber length that was essential for the pro-

duction of better reinforcement in short-isora-fiber

NR composites.

Effect of fiber orientation

Fiber orientation affected the composites properties.

During the milling of rubber composites, the major-

ity of the fibers tend to orient along the flow dir-

ection, which causes the mechanical properties to

vary in different directions.27 In the case of short-

fiber-reinforced composites, longitudinal and trans-

verse orientations are possible. In the longitudinal

orientation, the fibers are aligned along the mill-

grain direction, and in the transverse one, the fibers

are aligned across the grain direction. Properties

such as the tensile modulus, tensile strength, and

tear strength of the composites with longitudinal

orientation were always higher than the composites

with transverse fiber orientation (Table V). The extent

of fiber orientation could also be understood qualita-

tively from the examination of the SEM photographs.

Figure 2(a,b) shows the tensile fracture surfaces of

the longitudinally and transversely oriented compo-

site (X30). The broken fiber ends protruding from the

fracture surface [Fig. 2(a)] indicated that the fibers

were well aligned longitudinally in the direction of

applied force. Although in the transverse orientation,

the fibers were aligned across the direction of applied

force [Fig. 2(b)]. The tensile strength of the comp-

osites depended on the fibers, which obstructed the

progress of the fracture front. In the longitudinal

orientation, the crack progresses in the direction per-

pendicular to the fiber alignment caused greater

obstruction by the fibers, and hence, the tensile

strength increased. Breakage and pulling out of the

fibers took place when the fibers were oriented

longitudinally, whereas in the transverse orientation,

crack progressed in the direction of fiber alignment,

and a lower resistance by the fibers was observed.

The increase in tear strength in the longitudinal

orientation was due to the obstruction caused to the

tear path by the short fibers.

Effect of chemical treatment and fiber loading

Good interfacial strength between the fiber and rub-

ber is an essential factor for achieving good fiber

reinforcement. The interfacial strength depends on

the surface topology of the fiber. In cellulose fibers,

even though they possess hydroxyl groups on their

surface, the lignin and other waxy contents make

them a less effective reinforcement. Hence, to im-

prove adhesion between isora fiber and rubber, they

should be subjected to some chemical treatment to

remove the lignin and other waxy impurities, so

the mixes Y10, Y20, Y30, and Y40 were prepared with

80

75

70

65

60

55

50

45

40

35

0 10 20 30 40 50

Fibre loading ]phr]

Figure 1 Effect of fiber loading on the percentage fiber

orientation of the composites.

Journal of Applied Polymer Science DOI 10.1002/app
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(a)
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$317 13K^1 x i s 4010'

Figure 2 SEM photographs showing the (a) longitudinal and (b) transverse orientation of fibers in composite X30.

alkali-treated fibers. The surface topology of isora

fiber was studied by SEM, as shown in Figure 3(a,b).

In Figure 3(a), the multicellular nature of the raw

fiber is shown. The fibrillar nature and porosity of

the fiber was revealed from the fiber topography.

The porous surface morphology was useful for better

mechanical interlocking with the matrix for compo-

site fabrication. SEM of the alkali-treated fibers

[Fig. 3(b)] provided strong evidence for the physical

microcellular structural changes occurring in the

fiber surface on mercerization. Here, pores became

clearer, and fibers became thinner; also, fibers under-

went fibrillation as shown in the figure. This may

have been due to the dissolution and leaching out of

fatty acids and lignin components of the fiber. This

rendered roughness to the fiber and thereby en-

hanced mechanical interlocking at the interface. The

development of a rough surface topography offered

better fiber rubber interface adhesion and increased

mechanical properties. Table VIII shows the mechan-

ical properties of the composites containing treated

and untreated fibers for variousu fiber loadings. The

tensile properties (e.g., tensile modulus, tensile

strength, tear strength) of the composites filled with

treated fibers were higher than those filled with

untreated fibers at similar loadings. To obtain good

fiber reinforcement in the rubber composites, the ad-

hesion between the rubber and the fiber was very

important. From these results, it was clear that the

aqueous alkali treatment of isora fiber improved the

fiber adhesion to rubber matrix. The surface of fibers

could be modified by aqueous alkali treatment at

elevated temperatures, and this improved the ad-

hesion properties significantly.28 According to Flodin

and Zadorecki,29 fiber treatment can be used to pre-

vent debonding at the fiber interface because cova-

lent bonds can be formed between the rubber matrix

and fiber. Strong adhesion between the treated fiber

and rubber led to higher shear strength at the fiber-

rubber interface. A stronger force had to be used to

overcome the shear strength, which resulted in a

higher tensile strength. The elongation at break for

the composites with treated fibers was lower than

composites with untreated fibers at similar loading.

(a) (b)

Figure 3 SEM photographs of (a) raw and (b) alkali-treated fibers.
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This was due to the better strength and stiffness

achieved from strong adhesion between the fiber

and rubber. Consequently, the toughness of the com-

posites was reduced, which resulted in a lower elon-

gation at break. A higher toughness was obtained

from weak interfacial adhesion, as shown by the

higher elongation at break for composites filled with

untreated fibers. Figure 4(a,b) shows the SEM of

the tensile fracture surfaces of composites with un-

treated and treated fibers (X30 and Y30). In the case

of untreated fiber composites, because of the weak

interfacial adhesion between the fiber and rubber,

fiber pullout may have taken place, which left holes

on the surface when stress was applied [Fig. 4(a)].

Although Figure 4(b) shows the presence of broken

fibers on the fracture surface, which was due to the

(a)

(b)

Figure 4 SEM of the fractured surface containing (a)

untreated and (b) alkali-treated fibers of composites X30

and Y30.
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Figure 5 Effect of fiber loading on the modulus of the

composites.

strong adhesion between the fiber and rubber matrix

for composites with treated fibers, composites con-

taining treated fibers showed enhancement in the

modulus compared to the untreated ones for similar

fiber loadings.

NR inherently possesses high tensile strength due

to strain-induced crystallization. When fibers were

incorporated into NR, the regular arrangement of

rubber molecules was disrupted, and hence, the abil-

ity of crystallization was lost. Hence, the fiber-

reinforced NR composites possessed a lower tensile

strength than gum compounds. When fiber-rein-

forced rubber composites were subjected to a load,

0 10 20 30 40 50

^-

n
A
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0 10 20 30 40 50

Fibre loading [phr]

*- - - untreated
• untreated with bonding agent
A treated with bonding agent

Figure 7 Effect of fiber loading on the tear strength of the

composites.

the fibers acted as carriers of load, and stress was

transferred from the matrix along the fibers, which

resulted in composites with good mechanical proper-

ties. The uniform distribution of stress was depend-

ent on the population and orientation of the fibers.

At low levels of fiber loading, the orientation of

fibers was poor, the fibers were not capable of trans-

ferring load to one another, and stress accumulated

at certain points of the composite, which led to a

low modulus. As shown in Table VIII, modulus

showed a clear continuous increase up to 30 phr

fiber loading in the case of longitudinal orientation.

At higher levels of fiber loading, the increased popu-

100 J-

0 10 20 30 40 50

Fibre loading lphrl Fibre loading (phr]

- - untreated untreated
n ith b di tt t duntreated with bonding agent on ng agenun rea we

i h b did ith b di tdon ng agenttreate w t A on ng agentreate w

Figure 6 Effect of fiber loading on the tensile strength of

the composites.

Figure 8 Effect of fiber loading on the elongation at break

of the composites.
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Figure 9 Variation of compression set with fiber loading
for the composites with bonding agent.

lation of fibers led to agglomeration, and stress

transfer was partially blocked. On transverse orienta-

tion, the modulus increased gradually but at a lower

value than longitudinal orientation. Also, with in-

creasing fiber loading, the tensile strength of the

composites showed an abrupt decrease up to a load-

ing of 30 phr, and thereafter, a gradual decrease

both in longitudinal and transverse orientations was

observed. At intermediate levels of loading (30 phr),

the population of fibers was just sufficient for maxi-

mum orientation, and fibers actively participated in

stress transfer. As fiber loading increased, tear strength

gradually increased and reached a maximum at 30

0 10 20 30 40 50

Fibre loading[phrl

- - -A--- untreated --^- treated

Figure 10 Variation of abrasion loss with fiber loading
for the composites with bonding agent.
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phr fiber loading. When the fiber loading increased

further, tear strength again decreased as the increased

strain in the matrix between closely packed fibers

increased tearing and reduced the tear strength.

Maya and Thomas30 also observed similar results.

There was a reduction in elongation at break with

increasing fiber loading. Increased fiber loading in

the rubber matrix resulted in the composites becom-

ing stiffer and harder. This reduced the composite's

resilience and led to lower elongation at break.

Flink31 and Akhtar and De32 reported similar obser-

vations. The elongation at break for composites with

treated fibers was lower than for composites with

untreated fiber at similar loading. This was due to

the better strength and stiffness achieved from strong

adhesion between fiber and rubber. Consequently,

the toughness of the composites decreased, which

resulted in a still lower elongation at break. Higher

toughness was obtained from weak interfacial adhe-

sion, as shown by the higher elongation at break for

composites filled with untreated fibers.

Effect of bonding agent

A further increase in the properties was seen with

the incorporation of a bonding agent in the system.

It has already been established that a tricomponent

system consisting of hexamethylene tetramine, resor-

cinol, and fine particle of silica can be used as a

bonding agent for most rubber and fiber combina-

tions.33 The presence of bonding agent in the mixes

improved the mechanical properties, such as modu-

lus, tensile strength, and tear strength. Alkali treat-

ment of fibers further enhanced the effect of the

bonding agent, as shown by the higher modulus,

10 20 30 40 50

Fibre loadinglphrl

- - - A--- untreated f treated

Figure 11 Variation of hardness with fiber loading for the

composites with bonding agent.
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(a)
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(b)

Figure 12 SEM micrographs of the tensile fractured surfaces containing (a) untreated fiber without bonding agent and
(b) treated fiber with bonding agent of composites X30 and Y30b.

tensile strength, and tear strength in Figures 5-7.

The treated fiber provided a better surface for strong

adhesion between the fiber and matrix, and the

stress transfer became more efficient, and consequ-

ently, there was a better enhancement in the proper-

ties. The elongation at break for composites with the

bonding agent had a lower value than for compo-

sites without bonding agent. Again, treated fibers

showed a lower elongation at break than untreated

fibers (Fig. 8). The variation of compression set, abra-

sion loss, and hardness with fiber loading for the

treated and untreated fiber composites with bonding

agent are given in Figures 9-11. Compression set

increased steadily with increasing fiber loading. The

rate of increase in set, however, decreased as loading

was increased. However, the set was lower for the

composites with alkali-treated fibers (Fig. 9). It has

been reported that this behavior is due to the buck-

ling of the fiber, which invariably takes place when

closely packed fibers are compressed in the direction

of their alignment.34 Because of the strong adhesion

between the treated fibers and rubber, the extent of

buckling was reduced in treated fiber composites,

which resulted in a low value for the set. Abrasion

loss decreased with increasing fiber concentration in

the composite (Fig. 10). Here, also the treated fiber

composites showed better resistance to abrasion com-

pared to the untreated fiber composites. The better

abrasion resistance of the treated fiber composites

may have resulted from the combination of higher

tear strength, tensile strength, and modulus achieved

through better bonding with the rubber matrix. The

hardness of the composites also increased in the

presence of bonding agent (Fig. 11). Ismail et al. also

reported similar observations.35 The SEM studies

revealed the indications of high interfacial adhesion.

Figures 12(a,b) and 13(a,b) are the SEM micrographs

of the tensile and tear fracture surfaces of composites

X30 and Y3ob with and without bonding agent. SEM

studies also revealed that for composites without

(a) (b)

Figure 13 SEM micrographs of the tear fractured surfaces containing (a) untreated fiber without bonding agent and (b)
treated fiber with bonding agent of composites X30 and Y30b.
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bonding agent, failure occurred at the weak fiber-

rubber interface, whereas for composites containing

treated fiber and bonding agent, failure occurred at

the fiber due to strong adhesion between the fibers

and matrix.

CONCLUSIONS

The mechanical properties of short-isora-fiber-

reinforced NR composites were enhanced by chemi-

cal treatment on the fiber surface and by the use of

bonding agent. Longitudinally oriented fiber compo-

sites had superior properties to transversely oriented

ones. The optimum length and loading of isora fiber

in the NR composites were be 10 mm and 30 phr,

respectively, for the achievement of good reinforce-

ment. The surface morphology of isora fiber was

modified by alkali treatment. SEM analysis revealed

that better adhesion was observed between alkali-

treated isora fiber and NR in the composites. The

presence of bonding agents in the composites pro-

longed t90. SEM studies also revealed that for the con-

trol compound (untreated fiber without bonding

agent), failure occurred at the weak fiber-rubber inter-

face, whereas for composites containing treated fiber

and bonding agent, failure occurred in the fiber because

of strong adhesion at the fiber-rubber interface.
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