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Abstract. In this study, the influence of silane coupling agent on the matrix/ fiber interface bonding 
and its effect to the mechanical properties of oil palm frond fiber reinforced polyester composites 
were investigated. Tensile and flexural properties of the composites were studied at 0 - 10.2 volume 
fraction (% fiber content). Results showed an increasing trend in tensile modulus while tensile 
strength and flexural strength reduced as the fiber content increased. Higher tensile modulus values 
were observed in silane treated fiber composites due to additional fiber/ matrix interaction and 
increment in polyester molecular chain mobility constraint. Reduction in tensile strength is caused by 
decrease in the matrix crystallinity and formation of stress concentration spots emerging from 
interface discontinuity. These obstructions, however, were reduced by fiber surface modification, 
which improved the tensile strength. Enhanced fiber dispersion upon surface modification was 
unveiled through scanning electron micrograph images. 

Introduction 
Conventional synthetic fiber reinforced polymer composites have evoked concerns regarding 

environment and health. Advancement presently is aimed at reducing the ecological impact of 
eventual disposal of eminently plastics and plastic based items and introducing novel materials based 
on renewable resources. In fact, petroleum shortages globally have induced pressure for decreasing 
the reliance on petroleum based products inclusive of various kinds of plastics. Taking into 
consideration these issues, scientists have now shifted their interest in investigating the feasibility of 
782 producing a new composite plastic material using high filler/ reinforcement content of natural 
materials preferably agricultural materials [1, 2, 3, 4]. Among the commonly utilized agro-based 
fibers are flax, sisal, jute, bamboo, rice husk, coir and wood flour [5]. Most of the agro-based fibers 
are lignocellulose in nature and considered to be a composite structure in which cellulose fibers are 
embedded in a lignin matrix. Based on previous research in this domain, the primary advantage of 
lignocellulosic fibers are found to be low density, high specific properties, recyclable, biodegradable, 
energy saving material [11] and reduction in fiber fracture in sharp corners of the processing 
equipment. In terms of cost savings, the incorporation of relatively low cost agro-fibers with high 
filling levels and the advantage of being non-abrasive character of the fiber to the molding tools will 
certainly bring immense benefit to the plastic industry [8]. The utilization of abundant agricultural 
residues in mills would likely resolve waste management problems in mills generating those. One of 
the apparent drawbacks in using natural fibers as the unrefined reinforcement in plastics is high 
moisture absorption of the natural fibers. Moisture absorption causes swelling of the fibers and risks 
the dimensional stability of the composites [8]. Dispersion factor is related to mixing the polar and 
hydrophilic fiber with apolar and hydrophobic matrix. Most of the research has focussed on using 
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suitable coupling agents or compatibilizers to enhance the fiber dispersion and fiber/matrix interphase 
adhesion [7, 9, 10, 11]. Grafting chemical species on the fiber surface has also been reported [6] to 
improve the tensile strength significantly but this process certainly increases the overall production 
cost. This study investigates the influence of a fixed concentration of silane coupling agent on the 
fiber/ matrix interface bonding and its effect to the tensile of randomly orientated short OPF fiber/ 
polyester composites at 0 - 10.2 % volume fraction (vf) of fiber. Theoretical predictive equations 
were used as the analysis platform for tensile data. Scanning electron microscopy was performed on 
the fractured surfaces to study the dispersion phase and adhesion quality of the OPF fiber in polyester. 

Experimental 
In this research, natural oil palm frond fiber (OPF), from the family elaeis guineensis has been 

used to reinforce unsaturated polyester (UP). OPF are easily and cheaply available in tropical 
countries like Indonesia where circa 7.2 million tones of fresh fruit bunches (FFB) were produced in 
2018 with 325 mills operating with a capacity to process 59,067,520 tones of FFB in 2018. 783 The 
OPF was initially dried in the oven at 363 K for approximately 24 hours before it is being crushed 
into short fiber. The nominal diameter of the fiber is 30 µm and 0.8 mm in length. As for the fiber 
treatment, 1 % of active dow corning's Z-6032 silane by mass of fibers was diluted in ethanol to make 
up a 10 % solution for better dispersion. 5 minutes were allowed for hydrolysis and silanol formation. 
OPF short fibers were then agitated in the solution. Curing of the silane coating was for 2 hours at 
314 K to promote silanol condensation. Revelsol's P9509 UP was chosen as the matrix based on the 
condition for low processing temperature of the natural fibers. Hand lay-up method coupled with hot 
pressing technique was utilized in order to manufacture composites with even surface. UP and the 
silane treated fibers were mixed thoroughly to avoid fiber clumping. Butanox M50 Methyl-Ethyl-
Cetone-Peroxide (33 % in dimethyl pthalate) was used as the accelerator. This mixture was left in the 
ambient temperature for 1 minute to coagulate before being discharged into the dumbbell-shaped 
mould. The pressing condition was 30 MPa pressure at 301 K for at least 4 hours. The fabrication 
process was reiterated with the untreated fibers ranging from 0 – 10.2 vf to produce unconditional 
composites. Testing procedure tensile test on the manufactured composites was performed using 
testometric micro 500  Universal Testing Machine 10 kN according to ASTM D638M standard. Five 
specimens from each sample were tested. The extension rate was 3 mm/min. SEM characterisation 
the surface morphologies of the composites’ tensile fractured surfaces were obtained using Philips 
XL30 scanning electron microscope machine. Samples were sputter coated with 45 micron gold at 
room temperature before the scanning. 

Results and Discussion 
Results of the tensile properties are shown in Fig. 1. Variation of the relative values of the tensile 

modulus of the composite (Ec) to those of the parent polyester (Ep) i.e. Ec/Ep were plotted against 
the fiber volume fraction (vf) in the composite. Fig 1 shows that silane-treated-fiber composites are 
obviously superior to that of non-modified-fiber composites since the values of modulus of elasticity 
in the former case remains greater to that of non-modified-fiber composites for all the vf values, hence 
a general improvement of the composites' stiffness properties by fiber addition. 
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Figure 1. Plot of Relative Modulus of OPF Short Fiber-Polyester, Ec/Ep, against vf. 

Increment in molecular chain mobility constraint is accounted for the increase in elastic modulus. 
This restraint is inferior in the non-modified OPF reinforced composites in the absence of significant 
fiber/ matrix interaction. Surface treatment of the fibers marginally enhances the interaction. Initial 
addition of 1.8 % vf fiber (both non-modified and silane-treated) reduced the tensile modulus of the 
composite owing to the effect of the very low content of fibers acting as inclusions which reduces the 
rigidity of the composite even lower than the parent (100 %) polyester. 6.5 % vf is the optimum level 
of fiber addition that increases the elastic modulus 108 % and 101 % the value of the parent polyester 
in silane-treated OPF composite and non-modified OPF composite, respectively. Ec/Ep seems to 
grow even subsequently. Comparison of the tensile modulus data with two predictive models based 
on Einstein equations for two-phase composites is also presented in Figure 1, which considers fiber 
packing and adhesion level of the fiber/matrix interface (Nielsen 1974). Model I (Eq. 1) is deemed 
for non-adhesion while Model II (Eq. 2) assumes a good adhesion at the interface and given by the 
equations below:  

Ec/Ep = (1 + vf)           (1) 

Ec/Ep = (1 + 2.5vf)          (2) 

Except for the 6.5 % vf specimens, results for untreated OPF fiber composites matched the 
prediction values of Model I in contrast to Model II that exhibits lower values than those of silane 
treated OPF composites gained empirically. This implies a good fiber/matrix interface adhesion by 
effective utilization of silane coupling agent could enhance the rigidity.  

Fig. 2 represents the variation of the relative tensile strength with fiber volume fraction, vf. The 
tensile strength decreases with increasing vf with a consequential drop from 4.6 % vf onwards. The 
decrement can be explained based on the stress transfer mechanism and matrix crystallinity. The 
presence of interphase discontinuities at the vicinity of the dispersed phase/ matrix-bonding locale 
halts or causes poor stress transfer from the matrix to the fiber. Therefore a great sum of the exerted 
load will be received and stored in the matrix itself without being transferred to the fiber thus creating 
stress concentration spots. These spots contribute to the weakening of the composite structure. The 
clumping of the fibers and dewetting of the matrix, caused by the natural traits of the hydrophilic 
fiber coerced to adhere to hydrophobic polymer, aggravates this situation. Addition of fibers also has 
adverse effect towards the degree of crystallinity of the polyester matrix. Fibers, to some extent, 
impose restrictions on polymer molecular chain arrangement such that to increase amorphisation and 
consequently degrade the strength of the composite. The restrictions, however, were compensated for 
increased interaction at the fiber/ matrix interface by the effect of silane, which explains the higher 
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strength of the silane treated fiber composites. Empirical values of tensile strength were 
comparatively evaluated against two hypothetical models as shown below [7]:  

σc/σp = ( 1 - vf )S            (3) 

σc/σp = ( 1 – vf 2/3) S’           (4) 
where σc and σp denote the tensile strength of the composite and the polymer matrix, respectively. 
Eq. 3 is the first power law expression and Eq. 4 is the two-third's power law model as labeled in Fig. 
2 above. S in Eq. 3 and its analogy in Eq. 4, S' describes the stress concentration level at the fiber/ 
matrix interface. The maximum value of S is unity that indicates zero level of stress concentration or 
a perfect adhesion. It can be perceived from Fig. 2 that the first power law model closely fit the 
empirical tensile strength values of nonmodified fiber composites using S = 0.8. The best fit for 
experimental values of the tensile strength of silane-treated-fiber composites was derived from the 
two-third's power law model assuming S' = 0.9. These two observations substantiate the effect of 
using silane coupling agent in reducing stress concentration points while improving the fiber/ matrix 
interface adhesion. 

  
Figure 2. Variation of Relative Tensile Strength (σc/σp) with vf. 

Coupling Mechanism 
Optimisation of bond strength by utilisation of accurate concentration of silane is intricate. It is 

worthwhile to understand the chemistry and underlying principles of the silane coupling agent and its 
coupling mechanism. Dow corning Z-6032 Silane contains a vinylbenzyl and amine organic and a 
trimethoxysilyl inorganic group. Z 6032 has dual reactivity i.e. ability to react with organic polymers 
and inorganic mineral surfaces thus improve the chemical link at the organic/ inorganic interface.It is 
supplied as 40 % silane in methanol. Organosilane, as the general formula; RnSiX(4-n), exhibits two 
classes of functionality. SiX is a hydrolyzable inorganic reactive group that reacts with the inorganic 
substrate while the R group is a nonhydrolyzable organic radical, which the functionality is to forge 
bond organic resins or polymers. The coupling mechanism of the silicon-functional group with the 
inorganic fiber surface occurs via three main steps. First, the silane is subjected to hydrolysis. Water 
for hydrolysis is obtained from the humid fiber surface. Further treatment of the silicious particulate 
can be achieved by diluting silane in alcohol, ethanol in this case. Initially, hydrolysis of the three 
labile SiX groups occurs that produces oligomers namely, organosilanol. The oligomers then react 
with the hydroxyl (OH) groups of the fiber surface with formation of hydrogen bond. Ultimately, the 
condensation reaction between one silanol group and the OH groups form siloxanes, Si-O cross links 
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usually in the form of covalent bond with loss of water. Organochemical reaction between the 
remaining two silanol groups on the silane functional groups on the polymer finalise the reaction. 
Fuad et-al [1] gave a comprehensive review on the process. 

SEM Studies 
SEM studies of nonmodified OPF-polyester composite shows the tensile fracture mode was greatly 

induced by fiber pull out from the matrix (Fig. 3c) while Z 6032 silane treatment improves the fiber/ 
matrix interface adhesion (Fig. 3d). The failure of the composite in the latter case is caused by fiber 
fracture indicating enhanced stress transfer at the interface. Poor fiber dispersion and divergent 
fracture surface was detected in the nonmodified-OPF/ polyester composite in contrary to lesser voids 
and smooth surface in the silane-treated-OPF/ polyester composite. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Surface Morphologies of (a) unostentatious fiber, (b) silane treated fiber and fracture 
surface of   1.8 % vf , (c) non modified and (d) silane treated composites. 

Conclusions 
It has been shown that appropriate summation of natural OPF fiber improves the stiffness of 

polyester but degrades the strength property. This trade off in properties has been encountered with 
the application of silane coupling agent, which preserve the continuity between the dispersed phase 
and matrix. Stress concentration, agglomeration of fibers and dispersion factors can be resolved by 
employing silane. In terms of application, OPF polyester composite is most suitable in structures 
where stiffness and dimensional stability is of prime importance but is only a secondary choice to 
areas where structural strength is more vital than component rigidity. There exist no unitary criterion 
to ascertain a definite amount of silane to be used. This research therefore is subjected to further 

 

RETRACTED

RETRACTED

RETRACTED

RETRACTED

Key Engineering Materials Vol. 930 59



 

investigation to observe the effect of different concentration of silane on the mechanical properties of 
OPF polyester composites. 
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