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The natural fabric from the tree Sterculia urens was found to be composed of 
ligno-cellulosic fibres arranged in a rarely occurring uniaxial direction. In order to
assess the suitability of Sterculia fabric as reinforcement and polycarbonate as

matrix, this uniaxial fabric was coated with polycarbonate. The tensile properties of both
uncoated and polycarbonate coated fabrics were studied. The tensile parameters such
as maximum stress, Young's modulus, and elongation-at-break were determined using
the Universal Testing Machine. The effect of alkali treatment, coupling agent and the
polycarbonate coating on tensile properties was studied. The morphology of the fabric
before and after alkali treatment and polycarbonate coating was studied using the
scanning electron microscopy and polarized optical microgram techniques, 
respectively. The improved tensile properties of polycarbonate coating was attributed
to the filling up of void regions of uniaxial fabrics with polycarbonate facilitating 
continuity and also better interfacial bonding between the fabric and polycarbonate.
The effect of the coupling agent on the structural changes, morphology and the tensile
properties of the neat and alkali treated Sterculia fabric was also studied. Marked
changes on the surface of the fabrics were noticed when the coupling agent was used.

INTRODUCTION

Increased awareness on the 
environmental protection and the
interest in long term sustainability
of construction materials have led
to the development of environ-
mental friendly alternatives to 
synthetic oil based FRP (fibre 
reinforced plastic) composites. In
this regard, significant efforts were
directed to investigate the use of
natural fibres as reinforcement in
thermoplastics. Natural fibres such
as wood fibres, wheat fibres, straw
fibres, jute fibres, and bagasse

fibres have several benefits viz.,
low cost, low density, high 
toughness, acceptable specific
strength properties, enhanced 
energy, recovery, and biodegrad-
ability [1-5].  

The use of natural fibres in 
plastic matrix leads to many 
benefits such as low volumetric
cost, increase of heat deflection
temperature, increase of stiffness
of thermoplastics and improvement
of fibre surface appearance.
However, the main drawback of
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natural fibres is their hydrophilic nature when 
compared to hydrophobic polymeric matrix. If no
modification of fibre or compatibilization of the two
materials is made, the weak interfacial adhesion
between fibre and matrix usually results in poor
mechanical properties of the composites. In the 
composite field, therefore, most of research works are
focused on improving the interfacial properties between
the polymer matrices and natural fibres in order to
enhance the physical and mechanical properties of the
end products [6,7]. Demir et al. [8] studied the effect
of fibre surface treatment on the tensile and water
sorption properties of polypropylene-luffa fibre 
composites. They reported improved interfacial
bonding when coupling agents were used. There are
various methods of promoting interfacial adhesion 
in systems where fabric materials are used as 
reinforcements, such as graft copolymerization, 
plasma treatment, coating, surface modification, and
chemical treatment [9]. Threepopnatkul et al. [10]
studied the effect of coupling agent on the 
performance of pineapple leaf fibre-polycarbonate
composites and reported improved mechanical 
properties when the coupling agents were used. Khan
et al. [11] studied the effect of amino-based silane
coupling agent on the performance of jute-
polycarbonate composites. Using FTIR spectra, they
established the formation of Si-OH bonds between
the fibres and the coupling agent. He et al. [12] 
studied the morphological differences in bamboo and
some natural fibres using XRD, solid state NMR, and
second derivative FTIR techniques. Hemmatinejad et
al. [13] treated wool fabric with some enzymes and
studied the effect of surfactants on its physical 
properties. They reported loss of tensile strength on
this treatment. Ismail et al. [14] studied the effect of
filler loading and bonding agent on the dynamic 
properties and swelling behaviour of bamboo fibre
filled natural rubber composites. They reported
improved mechanical properties with increasing filler
loading and addition of bonding agent. Hemmatinejad
et al. [15] studied the effect of surfactants on 
enzymatic hydrolysis of cellulosic fabric. They 
measured the catalytic specificity of the cellulose on
the hydrolytic reactions and reported that the 
behaviour was case sensitive. Sereshti et al. [16]
modified the beech wood with alkylating and 

acetylating agents. They successfully dissolved the
modified wood in some organic solvents and cast
films with the solutions.   

The mechanical properties of composites depend
on the orientation of the reinforcement towards the
stress direction. If the reinforcement is composed of
uniaxial fibres, then their orientation can be achieved
accurately with ease. Rarely, some natural fabrics
exist with the fibres arranged in a uniaxial fashion.
Hildlegardia populifolia [17], Ridge gourd [18], and
Polyalthia cerasoides [19] are some of the examples
for uniaxial fabrics. Recently, we identified the new
uniaxial fabric Sterculia urens and studied its 
properties [20]. In the present study, we examined the
effect of the coupling agent on the structural, 
morphological, and tensile properties of the fabric
under study. For this, we used FTIR, SEM, and 
tensile testing methods. Further, we also coated the
natural fabric Sterculia urens with polycarbonate. The
tensile strength, modulus, and elongation-at-break of
the uncoated and coated fabrics were determined. The
effect of alkali treatment and coupling agent on the
tensile properties of the fabric was also studied, to
ascertain whether the polycarbonate and Sterculia
urens fabric system could effectively be used for
making green composites. The morphology of the
untreated and alkali treated fabrics was studied using
scanning electron microscopy and that of coated 
fabric by polarized optical microscopic techniques.
The authors selected the system of Sterculia
urens/polycarbonate for the present study because
Sterculia urens is a uniaxial natural fabric and 
polycarbonate is a tough polymer. 

EXPERIMENTAL

Extraction of the Fabric from Sterculia Urens Tree
Samples of the fabric were extracted from the 
branches of the tree Sterculia urens. They were kept
in agitated water to remove the dirt and other foreign
materials. They were then thoroughly washed and
dried under the sun for a week. 

Sample Preparation
Some fabric samples were treated with 5% aq NaOH
solution for half an hour to remove the hemicellulose
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and other greasy materials. Some fabrics were
sprayed with silane coupling agent, 1% 
triethoxymethylsilane in acetone and dried. The 
fabrics were then coated with 10% polycarbonate
solution prepared with dichloromethane as solvent
using a thin layer chromatographic spreader. The
average thickness of the coating was found to be 
0.15 mm. The coating on the fabric was allowed to
dry at room temperature. The above procedure was
followed for both untreated and alkali-treated fabrics.

Microscopic Analysis
The micrographs of the untreated and alkali-treated
fabrics were recorded using Jeol JSM 820 scanning
electron microscope. The samples were gold coated
by an electrodeposition technique to impart electrical
conduction before recording SEMs. The optical
micrograms (both bright field and polarized) of the
fabrics were recorded using a Leica DMLP polarized
optical microscope.

FTIR Analysis
The FTIR spectra of the powders of the neat, alkali
treated fabric samples with and without coupling
agent were run on an ABB-Bomem FLATA-2000
model spectrophotometer using KBr pellets. The 
concentration of the fabric powder was maintained at
1% in KBr.     

Tensile Properties
The ultimate tensile strength, elongation-at-break, and
the modulus were determined using a Universal
Testing Machine (Instron 3369). The fabric 
specimens with dimensions of length 100 mm and
width 10 mm were cut. A gauge length of 50 mm was
maintained for all samples. The test was conducted at
a crosshead speed of 5 mm/min using 10 kg load cell.
In each case, 10 samples were used and the average
values were reported. The standard deviation values
are also presented along with the tensile parameters.

RESULTS AND DISCUSSION   

The scanning electron micrographs of fabric surface
of the neat fabric, neat fabric treated with the coupling
agent; alkali treated fabric and alkali and coupling

agent treated fabric are shown in Figures 1a-1d,
respectively. Significant changes were observed in
each case. For example, the content of white 
components belonging to the hemicellulose in
untreated neat fabric (Figure 1a) decreased on 
coupling agent treatment (Figure 1b).  This indicates
the elimination of some surfaces held hemicellulose
by the acetone of the coupling agent solution. It can
also be observed from Figures 1c and 1d that in the
case of alkali treated fabric, many shallow grooves
were formed on the surface when a coupling agent
was used. This observation indicates that the coupling
agent in acetone etched the surface of the fabrics in
both cases of untreated and alkali treated fabrics.
Further, the coupling agent also made the surface of
the fabric rough. When the micrographs in Figures 1a
and 1c are compared, it can be observed that the white
layer (corresponding to hemicellulose) is decreased
considerably upon alkali treatment. This is as 
expected since the hemicellulose is soluble in 
aq NaOH solution.  

In order to investigate the structural changes in the
fabric due to the alkali treatment and coupling agent,
the FTIR spectra of the samples were recorded. The
spectra of neat (Figure 2a) and alkali treated fabric
(Figure 2c) in the absence of coupling agent showed
similar bands (corresponding to lignin and cellulose)
except the disappearance of the band at 1730 cm-1

when the fabric was treated with alkali. This band 
corresponds to the CO stretching of hemicellulose
present in the untreated fabric. This indicates the
elimination of hemicellulose on alkali treatment of the
fabric. Further, no appreciable changes in the spectra
of the fabric in the absence and presence of coupling
agent were noticed except the weak additional bands
at around 860 cm-1 when coupling agent was used for
both neat (Figure 2b) and alkali treated fabrics 
(Figure 2d). These bands around 860 cm-1 correspond
to the Si-OH bond which confirms the fact that -OH
group of silanol reacts with cellulose or undergoes
condensation reaction. Similar observation was made
by Khan et al. [11] in the case of jute fibres. The bands
at 860 cm-1 appeared very weak due to the fact that
the spectra were taken for bulk samples whereas the
coupling agent used was only 1% and it reacts only
with surface groups of the fabric.  

The tensile properties, modulus, and elongation-at-
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break of the uncoated and polycarbonate coated 
fabric with and without coupling agent are presented
in Table 1. These values for the untreated and alkali
treated fabric are also presented in the same table.
The standard deviation in each case is also included
in this table. In order to probe the effect of coupling
agent on the properties of the neat and alkali treated
fabrics, their tensile properties were also studied.
From Table 1, it is evident that for both neat and 
alkali treated fabric, the coupling agent had little
effect on the maximum (ultimate) stress (it increased
only from 10 to 11 and 18.9 to 20.34 MPa, respec-
tively). This may be due to the fact that the changes
were taking place only on the surface and not in the
bulk. Further, for both the neat and alkali treated 

fabrics, the modulus was found to increase 
considerably whereas the elongation-at-break
decreased marginally when coupling agent was used.
This may be due to the fact that as modulus is an 
initial property in the stress-strain behaviour, the
slight increase in rigidity might have enhanced it. 

From Table 1, it is further evident that the tensile
strength of the untreated and alkali treated fabric
increased from 10.0 MPa to 18.9 MPa on alkali treat-
ment. Similarly, the Young's modulus increased from
640.7 MPa to 2018.6 MPa on alkali treatment. This
increment in tensile properties could be attributed to
the elimination of the amorphous hemicellulose on
alkali treatment. In the case of polycarbonate coated
untreated and alkali treated fabrics also the tensile
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(a) (c)

(b) (d)

Figure 1. Scanning electron micrographs of: (a) untreated (neat), (b) untreated and coupling agent used, (c) alkali treated,
and (d) alkali treated and coupling agent used natural fabrics of Sterculia urens at same magnification.



strength and the modulus increased appreciably on
polymer coating. For the polycarbonate coated fabric,
when the silane-coupling agent was used, the 
modulus increased remarkably. Khan et al. [21] made
a similar observation in the case of jute-polycarbonate
composites. They reported that the tensile strength
and modulus of jute-polycarbonate composites
increased by 28% and 70%, respectively, when amino
based silane coupling agent was used. In the present
case, also we observed a similar enhancement of 19%

and 53% when a silane coupling agent was used.
However, no significant change in elongation-at-
break was observed for the polymer coated fabric.
The improved bonding between the fibres and poly-
mer by the coupling agent might be responsible for
this behaviour. Further, the polymer might have
formed a film on the surface of the fabrics covering
the void regions.

In order to probe the filling of the void regions of
the fabric by polymer, optical micrographs were
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(a) (c)

(b) (d)

Figure 2. FTIR spectra of: (a) untreated (neat), (b) untreated and coupling agent used, (c) alkali treated, and (d) alkali 
treated and coupling agent used natural fabrics of Sterculia urens.
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Sterculia urens
fabric

Maximum stress
(MPa)

Young's modulus
(MPa)

Elongation-at-break
(%)

Without coupling
agent

With coupling
agent

Without coupling
agent

With coupling
agent

Without coupling
agent

With coupling
agent

Untreated
(SD)
Alkali treated
(SD)
Untreated and 
polycarbonate coated
(SD)
Alkali treated and
polycarbonate coated
(SD)

10.0
(0.8)
18.9
(1.7)
15.7

(1.3)
27.1

(2.2)

11.0
(1.01)
20.34
(1.89)
19.4

(2.1)
32.3

(3.1)

640.7
(29.3)
2018.6
(133.2)
2113.4

(140.2)
2601.0

(162.2)

870.04
(53.67)
2693.3

(319.50)
2532.3

(161.5)
3972.9

(181.7)

2.0
(0.13)

2.4
(0.16)

2.2

(0.11)
2.7

(0.14)

1.82
(0.38)
2.29

(0.32)
2.4

(0.21)
2.9

(0.18)

SD: standard deviation. 

Table 1. Maximum stress, Young's modulus, and elongation-at-break of untreated and alkali treated Sterculia urens natural 
fabric coated with polycarbonate in the absence and presence of coupling agent.

   

   

(a) (c) (e)

(b) (d) (f)

Figure 3. Bright field micrographs of Sterculia urens natural fabric: (a) uncoated and untreated, (b) uncoated and alkali 
treated, (c) untreated and polycarbonate coated in the absence of coupling agent, (d) alkali treated and polycarbonate coated
in the absence of coupling agent, (e) untreated and polycarbonate coated in the presence of coupling agent, and (f) alkali 
treated and polycarbonate coated in the presence of coupling agent. 



recorded. The bright field and polarized optical
micrographs are presented in Figures 3 and 4, 
respectively, for both untreated and alkali treated 
fabrics. The micrographs of the polycarbonate coated
fabric both with and without coupling agent are also
presented in the same figures. From these micro-
graphs, it is clearly evident that the polycarbonate
film was formed on the fabric uniformly filling the
void regions in it making the fabric a continuous one.
Due to the formation of the continuum, the stress

transfer is expected to be more uniform and effective
and as a result, the tensile properties are enhanced.
The film formation is visible clearly in bright field
micrographs when compared to the POMs. As poly-
carbonate is amorphous morphologically, its 
polarized micrographs yield only dark pattern and
hence the filling up the voids by polymer could not be
seen clearly in POMs. In order to probe the nature of
interactions between cellulose and polycarbonate in
the present system, their individual structures are 
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(a) (c) (e)

(b) (d) (f)

Figure 4. Polarized optical micrographs of Sterculia urens natural fabric: (a) uncoated and untreated, (b) uncoated and alkali
treated, (c) untreated and polycarbonate coated in the absence of coupling agent, (d) alkali treated and polycarbonate coated
in the absence of coupling agent, (e) untreated and polycarbonate coated in the presence of coupling agent, and (f) alkali 
treated and polycarbonate coated in the presence of coupling agent.

Parameter (J/cm3)1/2 Cellulose Polycarbonate

Molar attraction component (δt)
Polar forces component (δp)
Hydrogen bonding component (δh)
Dispersive force component (δd)

29.56
17.81
18.25
14.95

19.97
12.24
11.55
10.75

Table 2. Estimation of solubility parameters of cellulose and polycarbonate by Hoy
[22,23] method.



presented below:

Cellulose structure

Polycarbonate structure

From the above structures, it is clearly evident that
both cellulose and polycarbonate are having polar as
well as hydrogen bonding attractive forces. As a
result, better bonding due to these forces is expected
between the polymer and the fabric under study. In
order to quantify this effect, solubility parameter
(which is a measure of intermolecular forces) is 
estimated using Hoy [22,23] method. The estimated
individual components-molar attraction (δT), polar
(δp), hydrogen bonding (δh), and dispersive force (δd)
are presented in Table 2. From this table, it is clearly
evident that for both polymers, the molar attraction,
polar and hydrogen bonding forces are higher than the
weak dispersive force. Such higher forces facilitate
better bonding between the two components.

CONCLUSION

The effect of coupling agent on the neat and alkali
treated uniaxial natural fabrics Sterculia urens was
studied. FTIR studies indicated the formation of 
Si-OH bonds on the surface of the coupling agent
treated fabric. The SEM studies indicated marked 
surface modifications when coupling agent was used.
Alkali treatment, polycarbonate coating and 
triethoxymethylsilane coupling agent increased the
tensile properties of the Sterculia urens natural fabric.
The elimination of amorphous hemicellulose by 

alkali treatment and filling up of the void regions of
the fabric by polymer may be responsible for this
behaviour. The optical micrographs confirmed the
formation of the polymer film on the surface of the
fabric and also filling its void regions. The presence
of triethoxymethylsilane coupling agent further
enhanced the tensile properties. The improved 
bonding between the fabric and polycarbonate 
by the coupling agent may be the reason for this 
improvement.    
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