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Recently, the preservation of natural resources and the strict
environmental regulations have forced the composite indus-
try to find alternative fiber reinforcements and resin sys-
tems that are ecofriendly to produce compatible composites.
Therefore, the need for natural fiber-reinforced composites
has never been as prevalent as it currently is. Natural fibers
offer renewability, biodegradability, abundance, cost savings,
and low specific gravity when compared to synthetic fibers
such as glass and carbon. Though the strength of natural
fibers is not as great as glass or carbon, the specific properties
are comparable. Currently natural fiber composites have two
main issues that need to be addressed: resin compatibility and
water absorption.Thus, natural fiber composites are themain
subject in this special issue. The authors have focused on the
following topics.

In the paper entitled “Injection moulded biocomposites
from oat hull and polypropylene/polylactide blend: fabrication
and performance evaluation” by J. P. Reddy et al., oat hull
fibre reinforced polypropylene (PP)/polylactide (PLA) based
biocomposites were fabricated; their process engineering
and performances were evaluated. The effect of ethylene
propylene-g-maleic anhydride (EP-g-Ma) compatibilizer on
mechanical properties of 30wt% oat hull reinforced PP/PLA
(90/10) blend composites was investigated. Thermal degra-
dation parameters of the oat hull fibre were determined
using thermogravimetric analysis. The effect of fibre rein-
forcement on crystallinity of oat hull fibre reinforced PP/PLA

composites was studied by differential scanning calorime-
try (DSC). Thermomechanical properties of the composites
were analyzed by dynamic mechanical analyzer (DMA). The
interfacial bonding between the fibre and the matrix was
examined using scanning electron microscope (SEM). Sig-
nificant improvement in tensile strength (40%) and flexural
strength (46%) was observed with the addition of EP-g-Ma
compatibilizer. DSC analysis of oat hull fibre reinforced com-
posites showed an increase in the crystallization temperature
(Tc) due to the nucleation effect of oat hull fibre. DMA
results revealed that the storage modulus of PP/PLA/oat
hull fibre composites was higher compared to PP/PLA blend
throughout the investigated range of temperature.

In the paper entitled “Studies of moisture absorption and
release behaviour of akund fiber” by X. Yang et al., an effort
has been made to study the moisture absorption and release
behaviour of akund fiber and its mechanical performance
at relative air humidity ranging from 0% to 100%. The
gain and loss in moisture content in akund fiber due to
water absorption and release were measured as a function of
exposure time under the environment, in which temperature
is 20∘C and humidity is 65%. The regression equations of
the absorption and release process were established. From
the study, it was found that the water absorption curve of
akund is similar with those of cotton and kapok, and its water
absorption ability is better than those of cotton and kapok.
According to the regression analysis and comparison with
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cotton and kapok, the initial water absorption rate of akund
fiber is a little lower, its balance moisture regain is bigger, and
moisture releasing rate is faster. This feature shows that the
akund fiber has less absorption moisture which is absorbed
by hydroxyl directly and contains more indirectly absorbed
moisture. This phenomenon may be decided by its chemical
content, which has less cellulose content, and its big hollow
structure.

In the paper entitled “The processing design of jute spun
yarn/PLA braided composite by pultrusion molding” by A.
Memon and A. Nakai, the fabrication of tubular jute spun
yarn/PLA braided composite by pultrusion molding was
presented. The intermediate materials were prepared by
comingled technique. The braiding technique manufactured
preform which had jute fiber diagonally oriented at certain
angles with the glass fiber inserted into the braiding yarns
along the longitudinal direction. The braided preformances
were pulled through a heated die where the consolidation
flow took place due to reduced matrix viscosity and pressure.
The pultrusion experiments were done with jute/PLA comin-
gled yarns and combined with glass fiber yarns to fabricate
the tubular composite. Impregnation quality was evaluated
by microscope observation of the pultruded cross-sections.
The flexural mechanical properties of the pultruded were
measured by four-point bending test.

The paper entitled “Developing simple production of con-
tinuous ramie single yarn reinforced composite strands” by
H.-B. Kim et al. deals with long fiber-reinforced composite
strands using continuous ramie yarns, in which polypropy-
lene includingMaleic anhydride grafted polypropylene (MA-
PP) was used as a matrix material. The composite strands
were fabricated by a new method called multipin-assisted
resin impregnation (M-PaRI) process, for which the equip-
ment was newly applied after conventional extrusion process.
The composite strands were then pelletized and injection
molded. Tensile strength and Young’s modulus of the resul-
tant short ramie/PP reinforced composites were investigated.
Results show that this new process improved the mechanical
properties of injection-molded specimens.

In the paper entitled “Continuous natural fiber reinforced
thermoplastic composites by fiber surface modification” by P.
Wongsriraksa et al., an intermediate material, which allows
highly impregnation during molding, has been investigated
for fabricating continuous fiber-reinforced thermoplastic
composite by aligning resin fiber alongside reinforcing fiber
with braiding technique.This intermediate material has been
called “microbraid yarn (MBY).” Moreover, it is well known
that the interfacial properties between natural fiber and resin
are low; therefore, surface treatment on continuous natural
fiber was performed by using polyurethane (PU) and flexible
epoxy (FLEX) to improve the interfacial properties.The effect
of surface treatment on the mechanical properties of contin-
uous natural fiber-reinforced thermoplastic composites was
examined. From these results, it was suggested that surface
treatment by PU with low content could produce composites
with better mechanical properties.

In the paper entitled “Effect of red mud and copper slag
particles on physical and mechanical properties of bamboo
fiber reinforced epoxy composites” by S. Biswas et al., series of

bamboo-fiber-reinforced epoxy composites are fabricated by
using red mud and copper slag particles as filler materials.
Filler plays an important role in determining the properties
and behavior of particulate composites. The effects of these
two fillers on the mechanical properties of bamboo-epoxy
composites are investigated. Comparative analysis shows that
with the incorporation of these fillers, the tensile strength of
the composites increases significantly, whereas the flexural
strength and impact strength decrease with increase in filler
content (red mud and copper slag fillers) in the epoxy-
bamboo fiber composites. The density and hardness are also
affected by the type and content of filler particles. It is found
that the addition of copper slag filler improves the hardness
of the bamboo-epoxy composites, whereas the addition of
red mud filler reduces the hardness value of bamboo-epoxy
composites.The study reveals that the addition of copper slag
filler in bamboo-epoxy composites shows the better physical
and mechanical properties as compared to the red mud filled
composites.

In the paper entitled “Mechanical, thermal degradation,
and flammability studies on surface modified sisal fiber rein-
forced recycled polypropylene composites” by A. K. Gupta et
al., the effect of surface treatment of fiber on the mechan-
ical, thermal, flammability, and morphological properties
of sisal fiber (SF) reinforced recycled polypropylene (RPP)
composites was investigated. The surface of sisal fiber was
modified with different chemical processes such as silane,
glycidyl methacrylate (GMA), and O-hydroxybenzene dia-
zonium chloride (OBDC) to improve the compatibility with
the matrix polymer. The experimental results revealed an
improvement in the tensile strength to 11%, 20%, and 31.36%
and impact strength to 78.72%, 77%, and 81% for silane,
GMA, and OBDC treated sisal fiber-reinforced recycled
polypropylene (RPP/SF) composites, respectively, as com-
pared to RPP. The thermogravimetric analysis (TGA), differ-
ential scanning calorimeter (DSC), and heat deflection tem-
perature (HDT) results revealed improved thermal stability
as compared with RPP. The flammability behaviour of silane,
GMA, and OBDC treated SF/RPP composites was studied by
horizontal burning rate by UL-94. The morphological anal-
ysis through scanning electron micrograph (SEM) supports
and improves surface interaction between fiber surface and
polymer matrix.
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Oat hull fibre reinforced polypropylene- (PP-)/polylactide- (PLA-) based biocomposites were fabricated and their process
engineering and performances were evaluated. The effect of ethylene propylene-g-maleic anhydride (EP-g-Ma) compatibilizer
on mechanical properties of 30wt% oat hull reinforced PP/PLA (90/10) blend composites was investigated. Thermal degradation
parameters of the oat hull fibre were determined using thermogravimetric analysis.The effect of fibre reinforcement on crystallinity
of oat hull fibre reinforced PP/PLA composites was studied by differential scanning calorimetry (DSC). Thermomechanical
properties of the composites were analyzed by dynamic mechanical analyzer (DMA). The interfacial bonding between the fibre
and the matrix was examined using scanning electron microscope (SEM). Significant improvement in tensile strength (40%)
and flexural strength (46%) was observed with the addition of EP-g-Ma compatibilizer. DSC analysis of oat hull fibre reinforced
composites showed an increase in the crystallization temperature (T

𝑐

) due to the nucleation effect of oat hull fibre. DMA results
revealed that the storage modulus of PP/PLA/Oat hull fibre composites was higher compared to PP/PLA blend throughout the
investigated range of temperature.

1. Introduction

Polymer composites are an important class of materials
which are being used in a wide variety of applications.
Synthetic fibre reinforced composites have found success-
ful application in automotive, aerospace, and other such
industries dealing with structural materials. However, due to
increased environmental awareness and depleting petroleum
resources, natural fibre composites have gained significant
attention. Recent research has been focused on natural fibre
composites mainly to find alternatives to replace synthetic
fibres used in composites for some specific applications.
Biodegradable nature, eco-friendly process, low-cost, and low
density are some of the major advantages associated with
the use of natural fibre as reinforcement for the polymer
matrix composites. Extensive research has been conducted on

natural fibre reinforced thermoplastics such as polypropylene
(PP) and polyethylene (PE). Studies on identification and
characterization of natural fibres from different origins like
stem, leaf, and hull are alsowell established for the application
of polymer composites [1].

Oat hull fibre is the outermost layer of the oat grain. The
major chemical compositions of oat fibre are cellulose, lignin,
and fewer amounts of polysaccharides [2]. Rodney et al.
have evaluated the performance of PP composites reinforced
with different bast fibers, leaf fibers and agricultural residues.
They have reported that the mechanical properties of PP
composites containing oat hull, wheat straw, kenaf core and
oat straw were all similar [3].

Due to outstanding combination of inexpensive produc-
tion cost and excellent physical properties, polypropylene
is commonly used for widespread applications. Studies of
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natural fibre reinforced polypropylene have been well estab-
lished. Among the renewable polymers, PLA has attracted
much attention because of its biodegradability and good
mechanical properties [4]. In order to reduce brittleness and
increase toughness, PLA has been blended with polyolefin [5,
6]. However, PLA/polyolefin blends are immiscible because
of their difference in chemical nature and polarity. Studies on
miscibility of PLA/PP blend have been reported previously
[7]. Ying-Chen et al. [8] reported the fabrication of PLA/PP
blend based biocomposites and the fibre matrix interaction
have been improved by the use of maleic anhydride-grafted
PP (MAH-g-PP).

It is generally accepted that the performance of the fibre
reinforced polymer composites depends on many factors
such as nature of the matrix, fibre volume or weight fraction,
fibre aspect ratio, and fibre-matrix compatibility. Several
methods have been used to improve the interfacial adhesion
between the fibre and matrix of the natural fibre composites
[9, 10]. The most prominent and useful method to reduce
the polarity of a natural fibre is the surface modification
which can help to improve the interfacial interaction with the
nonpolar polymer matrix. Another method to improve the
compatibility of natural fibre with the polymer matrix is to
use compatibilizer which can react with the functional groups
of both the fibre and matrix [11].

In this work, PP/PLA/Oat hull composite was processed
by extrusion followed by injection moulding. The thermal
degradation parameters of the oat hull fibre were analysed
using thermogravimetric analysis, in order to find out the
effective processing temperature of the composites. The
effects of compatibilizer on tensile, flexural, and impact prop-
erties of the composites were studied.The thermomechanical
properties such as storage modulus and heat deflection tem-
perature of the composite were also evaluated. Crystallization
studies of the composites were studied using differential
scanning calorimetry (DSC). The interfacial adhesion of the
composites was analysed by scanning electron microscope
(SEM).

2. Experimental

2.1. Materials. Polypropylene 4220H (High impact coploy-
mer) having a notched Izod impact strength ≥534 J/m (non-
break) and MFI = 20 gm/10min (@ 230∘C, 2.16 kg load) was
obtained from Pinnacle Polymers, USA. Poly-L-lactic acid
(PLLA) was purchased from Biomer, Krailling, Germany
(Biomer L 9000), henceforward referred to as PLA through-
out the paper. Oat hull having fibre length of 3/8 inch was
used for fabricating the composites. A-C ethylene-propylene-
maleic anhydride copolymer (EP-g-Ma) compatibilizer was
obtained from Honeywell, USA.

2.2. Fabrication of Composites. PLA and oat hull fibre were
dried in a hot air oven at 80∘C for 4 hours. The composite
materials with different formulations were melt processed
using DSM’s (Netherlands) 15 cc twin screw microcom-
pounder. A known proportion of PP, PLA, and oat hull was
fed into the barrel, and the processing temperature was set

at 190∘C. The extruder was operated at a screw speed of
100 rpm, and the residence time was 2min. The extrudate
was collected and transferred into a preheatedmicroinjection
moulding machine. The mould temperature was maintained
at 30∘C, and the injection pressure was optimized for the
biocomposites. Finally, the test specimens were conditioned
according to ASTM standards prior to testing.

3. Characterization

3.1. Thermogravimetric Analysis (TGA). TGA of the dried
oat hull fibre and the composites was measured in TA Q500
thermal analyzer. The samples were heated from 30∘C to
600∘C at a heating rate of 10∘C/min.

3.2. Melt Flow Index (MFI). Melt flow index (MFI) of PP,
PP/PLA, and PP/PLA/Oat hull composites was determined
according to ASTMD1238. Melt Flow Indexer fromQualitest
(model 2000A) was used to determine the MFI of the
composites at 230∘C with a load of 2.16 kg.

3.3. Mechanical Properties

3.3.1. Tensile and Flexural Properties. The tensile and flexural
properties of the composites were tested in a UTM (universal
testing machine), Instron 3382 instrument. The standard
test methods ASTM D638 and ASTM D790 were used to
measure the tensile and flexural properties of the composites,
respectively.

3.3.2. Izod Impact Strength. Notched Izod impact property of
the composite materials of various formulations was inves-
tigated in a TMI impact tester (model 43-02-01) employing
ASTM standard D256.

3.4. Differential Scanning Calorimetry (DSC). DSC analysis
of PP, PP/PLA blend, and PP/PLA/Oat hull composites
was performed using a TA Instrument, DSC Q200 in a
heat/cool/heat mode. The sample was heated from 30∘C to
190∘C at a heating rate of 10∘C/min and cooled to −20∘C at
a heating rate of 5∘C/min. The thermal parameters such as
glass transition (𝑇

𝑔
), crystallization (𝑇

𝑐
), and melting (𝑇

𝑚
)

temperatures were analysed with the TA universal analysis
software.

3.5. Dynamic Mechanical Analysis (DMA). The dynamic
mechanical analysis of the composites was carried out in TA
Instrument, Q800 DMA analyzer in dual cantilever mode.
Specimens were tested with 1Hz frequency at a temperature
range of −30 to 140∘C and at a heating rate of 4∘C/min.

3.6. Heat Deflection Temperature (HDT). HDT of the
PP/PLA blend and PP/PLA/Oat hull composites was tested as
per ASTMD648 standard.The DMA (TA Q800) was used to
determine theHDT of the composites specimen.The samples
were heated from 30 to 140∘Cat a heating rate of 2∘C/min.The
HDT was reported as the temperature at which a deflection
of 250𝜇m occurred.
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Figure 2: Tensile properties of PP, PP/PLA, and PP/PLA/Oat hull
composites. (A) PP, (B) PP (90%) + PLA (10%), (C) PP (87%) + PLA
(10%) + EP-g-Ma (3%), (D) [PP (90%) + PLA (10%)] 70% +Oat hull
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3.7. SEM of Composites. The scanning electron micrographs
of the tensile fractured composite specimens were recorded
on FEI S 50 microscope. The composite samples were gold
coated before recording the micrographs.

4. Results and Discussion

4.1. Thermogravimetric Analysis of Oat Hull Fibre. Figure 1
illustrates thermogravimetric analysis of dried oat hull fibre
and the composites. Initial degradation temperature of the
oat hull fibre observed from the thermogram was 241∘C. The
degradation that occurred in the temperature range between
50∘C and 120∘C was due to the elimination of moisture and
other volatiles. The degradation temperatures at 5%, 25%,

and 50% were 271, 310, and 353∘C, respectively. Also, the
final degradation temperature of the oat hull fibre was at
400∘C. Generally the initial stage of natural fibre degradation
is associated with degradation of the hemicellulose and some
part of the lignin. The final stage of degradation observed
is for cellulose and lignin [12]. Only 1.3 wt% of the fibre
degraded between 150∘C and 250∘C. This suggested that
within this temperature range oat hulls can be processed
to make composites with polymers. Therefore, we selected
190∘C, as a processing temperature for PP/PLA compos-
ites. The thermograms of the PP/PLA and PP/PLA/EP-g-
Ma showed five percentage of weight loss at 317∘C and
329.7∘C, respectively. Also, the five percent weight loss of the
PP/PLA/oat hull and PP/PLA/EP-g-Ma/oat hull composites
occurred at 281∘C and 287∘C, respectively. It can be seen from
Figure 1 that the composites were beginning to lose weight at
lower temperatures compared to PP/PLAblend.This is due to
the cellulosic and hemi-cellulosic components of the natural
fibre in the composites.

4.2. MFI. The MFI values of virgin PP, PP/PLA, and
PP/PLA/Oat hull composites are presented in Table 1. The
MFI values of PP/PLAwere higher than that of virgin PP.This
increase could be attributed to the high MFI value of PLA in
the blend. The MFI of biocomposites is less than that of the
PP/PLAmatrix.This is because the fibres were able to restrict
the polymer melt flow which resulted in lower MFI than
PP/PLA blend [13]. However, EP-g-Ma had no significant
effect on MFI value of PP/PLA blend and the composites.

4.3. Mechanical Properties. The tensile properties of neat
PP, PP/PLA blends, and PP/PLA/Oat hull composites with
and without compatibilizer are presented in Figure 2. The
tensile strength of the PP/PLA blend was almost the same as
virgin PP. However, oat hull reinforced PP/PLA composite
showed reduction in tensile strength compared to PP/PLA
blends. Furtherwith the addition of compatibilizer, the tensile
strength of the composites improved and it is slightly higher
than virgin PP. With the addition of 3% compatibilizer,
the increment in tensile strength of the PP/PLA blend was
low, whereas the PP/PLA/Oat hull composite strength was
increased from 18MPa to 26MPa. This improvement in
tensile properties of the composites was due to the improved
stress transfer efficiency in the composites by the compatibi-
lizer. In the composites with EP-g-Ma, the anhydride end of
the compatibilizer can readily react with the hydroxyl groups
of oat hull fibre, and the olefinic end of compatibilizer is more
miscible with the PP (Figure 3). It is well known that the
maleated PP improves the interface between the matrix and
fibre thus improving the strength of the composites [14].

4.4. Stress-Strain Curves. The tensile strain versus tensile
stress curves of the PP, PP/PLA, and PP/PLA/Oat hull
composites are shown in Figure 4. The stress strain curves
showed the necking extension for virgin PP.With the addition
of PLA, a drop in stress occurred, and the area of the
stress curve reduced due to the brittle nature of the PLA.
However, the yield stress of the PP/PLA and compatibilized
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Table 1: Differential scanning calorimetry of PP/PLA/Oat hull fibre composites.

Composites 𝑇
𝑔

∘C 𝑇
𝑐

∘C 𝑇
𝑚

∘C Δ𝐻
𝑚

J/g MFI 230∘C, @ 2.16 kg
PP 12 133.6 166.5 59.04 19.8 ± 1.2

PLA 62.2 109.1 171 36.09 28.9 ± 102

PP (90%) + PLA (10%) 64.5 122.3 166.4 65.11 30 ± 0.7

PP (87%) + PLA (10%) + EP-g-Ma (3%) 64.6 118.4 167.9 64.2 28.9 ± 0.8

{PP (90%) + PLA (10%)} 70% + Oat hull (30%) 62.2 126.1 167.1 43.6 16.8 ± 1.3

{PP (87%) + PLA (10%) + EP-g-Ma (3%)} 70% + Oat hull (30%) 61.5 122.1 166.8 27.6 17 ± 0.8

𝑇
𝑐
: crystallization temperature; 𝑇

𝑚
: melting temperature; Δ𝐻

𝑚
: enthalpy of melting.

OH

OH

+

O

O

O

C
C

C C
C

C

O

O O
H

H

O

O

Fibre EP-g-Ma

Figure 3: Chemical reaction mechanism of the oat hull fibre with EP-g-Ma.
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PP/PLA blends was similar. The stress-strain curve of the
PP/PLA/Oat hull composites clearly showed the reinforcing
effect of the fibres through the increased stiffness [15]. The
PP/PLA/Oat hull composites failed at lower strain values than
the PP/PLA blend, but even at these strains, the stress levels
of the composites were lower than the corresponding stress
levels for the pure polypropylene and PP/PLA blend. The
use of compatibilizer increased ultimate yield stress of the
PP/PLA/Oat hull composite.

Figure 5 illustrates the flexural properties of PP, PP/PLA
blend, and PP/PLA/Oat hull composites with and without
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Figure 5: Flexural properties of PP and PP/PLA/Oat hull compos-
ites. (A) PP, (B) PP (90%) + PLA (10%), (C) PP (87%) + PLA (10%) +
EP-g-Ma (3%), (D) [PP (90%) + PLA (10%)] 70% + Oat hull (30%),
and (E) [PP (87%) + EP-g-Ma (3%) + PLA (10%)] 70% + Oat hull
(30%).

compatibilizer. The performance of oat hull fibre reinforced
PP/PLA composites without compatibilizer was compared
with that of PP/PLA composites with compatibilizer. The
addition of 30wt% oat hull fibre into the PP/PLA blends
decreased the flexural strength when compared to the
control. However, the addition of EP-g-Ma compatibilizer
significantly increased the flexural strength of the composites.
Similar behavior has been observed previously after the addi-
tion of compatibilizer, that is, increment in flexural strength
of the natural fibre reinforced composites [14].The addition of



Advances in Mechanical Engineering 5

0

200

400

600

A B

Im
pa

ct
 st

re
ng

th
 (J

/m
)

C D E

Figure 6: Impact strength of PP and PP/PLA/Oat hull composites.
(A) PP, (B) PP (90%) + PLA (10%), (C) PP (87%) + PLA (10%) + EP-
g-Ma (3%), (D) [PP (90%) + PLA (10%)] 70% + Oat hull (30%), and
(E) [PP (87%) + EP-g-Ma (3%) + PLA (10%)] 70% + Oat hull (30%).

0 50 100

0

1000

2000

3000

4000

Temperature (∘C)

St
or

ag
e m

od
ul

us
 (M

Pa
)

PP
PP (90%) + PLA (10%)
PP (87%) + PLA (10%) + EP-g-Ma (3%)
[PP (90%) + PLA (10%)] 70% + Oat hull (30%)
[PP (87%) + EP-g-Ma (3%) + PLA (10%)] 
70% + Oat hull (30%)

Figure 7: Storage modulus of PP and PP/PLA/Oat hull composites.

EP-g-Ma did not affect the tensile and flexural modulus, but
it improved the tensile and flexural strength of the composite.

4.5. Impact Strength. Figure 6 illustrates the notched Izod
impact strength of the PP, PP/PLA, and PP/PLA/Oat hull
composites. PP has excellent impact strength, therefore it
showed a nonbreak impact behavior (647 J/m) when tested
for notched Izod impact strength. Due to the lower impact
strength of PLA, PP/PLA blend showed reduced impact
strength. The impact strength of PP/PLA blend without
and with compatibilizer was 138 and 102 J/m, respectively.
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EP-g-MA (3%), (D) [PP (90%) + PLA (10%)] 70% + Oat hull (30%),
and (E) [PP (87%) + EP-g-MA (3%) + PLA (10%)] 70% + Oat hull
(30%).

The impact strength of uncompatibilized and compatibilized
composites is 73 and 57 J/m, respectively. From the previous
results, it is clear that the impact strength of the PP/PLAblend
was also affected by compatibilizer. The impact strength of
the PP/PLA blend is mainly affected by the miscibility and
the interphase separation and morphologies between PP and
PLA [16]. With the addition of 3% EP-g-Ma, a reduction
in impact strength of the PP/PLA and PP/PLA/Oat hull
composites was observed. Khalid et al. [17] also observed
similar behaviour for the PP/Cellulose composites, as the
impact strength of the composite decreased by the addition
of MA-PP compatibilizer.
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Figure 10: SEM of the tensile fractured surface of PP/PLA/Oat hull composites. (a) PP (90%) + PLA (10%), (b) PP (87%) + PLA (10%) +
EP-g-MA (3%), (c) [PP (90%) + PLA (10%)] 70% + Oat hull (30%), and (d) [PP (87%) + EP-g-MA (3%) + PLA (10%)] 70% + Oat hull (30%).

4.6. Differential ScanningCalorimetry. Summary ofDSCdata
on crystallization and melting behaviour of PP, PP/PLA
blends and composites are presented in Table 1. The melting
enthalpy of PP was increased from 59.04 to 65.11 J/g with the
addition of PLA. Further, the melting enthalpies of uncom-
patibilized and compatibilized composites were observed to
be 43.6 and 23.6 J/g. Incorporation of PLA increased the
melting enthalpy of PP/PLA blends. This is probably due to
the improved polymer segmentmobility in the PP/PLA blend
because of the incompatibility between PP and PLA [18].
With the addition of oat hull, themelting enthalpy of PP/PLA
blends decreased due to poor melting kinetics. Further,
the 𝑇
𝑐
value of PP/PLA/EP-g-Ma blend was enhanced by

the addition of oat hull fibre. The oat hull fibre reinforced
composite showed increased crystallization temperature (𝑇

𝑐
).

This improvement in crystallization temperature of the com-
posite is due to the nucleation effect of oat hull fibre surface
on to the polymer matrix [19].

4.7. Dynamic Mechanical Analysis. The storage modulus of
the composites from −30 to 150∘C temperature range is
presented in Figure 7. It is clear from Figure 7 that the storage
modulus of the PP/PLA blend is higher than PP. This was
due to the higher storage modulus of PLA. The addition
of compatibilizer had no effect on storage modulus of the
PP/PLA blend and composite. The storage modulus of the
30% oat hull fibre reinforced composites was enhanced when
compared to PP/PLA blend. The addition of filler or fibre

into the matrix enhances the stiffness of the polymer and
this improves the storage modulus of the composites [20].
Effective stress transfer at the fibre-matrix interface also
resulted in increased storage modulus of PP/PLA/oat hull
composites [21].

Tan 𝛿 value represents the viscoelastic nature of a mate-
rial. Temperature dependence of tan𝛿of PP, PP/PLA, uncom-
patibilized, and compatibilized composites is presented in
Figure 8. From Figure 8, it is clear that there are two distinct
peaks observed at 12∘C and 65∘C. This belongs to the glass
transition regions of PP and PLA, respectively. These peaks
clearly showed the formation of biphasic structure. The peak
intensity of PP/PLA is higher than PP because the damping
was affected in association with the additional viscoelastic
energy dissipation in the blend [7]. However, in oat hull
fibre reinforced composite, the damping was affected in the
presence of fibres that reduced the peak intensity of the
composites. The addition of stiff filler like natural fibre and
other reinforcing agents will reduce the damping property of
PP/PLA matrix that implies a reduction of the tan 𝛿 peak in
the glass transition temperature range [21].

4.8. Heat Deflection Temperature. Heat deflection temper-
ature (HDT) of the specimens is shown in Figure 9. Heat
deflection temperature is the relative heat resistance of a
polymeric material. The HDT of PP is 83∘C and PLA is
65∘C. With the addition of compatibilizer a slight reduction
in HDT was observed. The maleated ethylene-propylene
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copolymer affects the stiffness at higher temperature, hence, a
slight reduction in HDT was observed. However, the HDT is
directly proportional to the flexuralmodulus; thus, the results
are in good agreement with the flexural data. Improvement in
HDT with the natural fibre reinforced composites has been
reported by several other researchers [22].

4.9. Morphology. Figure 10 shows the tensile fractured sur-
face of PP/PLA, PP/PLA/EP-g-Ma, and PP/PLA/EP-g-
Ma/oat hull reinforced composite. From the micrographs,
it is clear that a smooth fracture surface was observed for
the EP-g-MA compatibilized PP/PLA blends (Figure 10(b)).
The micrographs indicated that the EP-g-MA forms an
interphase between PP and PLA. Figure 10(c) shows the
fracture surfaces of the composite without compatibilizer.
SEM micrographs revealed traces of pulled-out oat hull fibre
which indicated poor adhesion between the matrix and
the fibre. Also, the gaps between the fibre and the matrix
suggested poor interfacial adhesion. The composite with
3% EP-g-Ma (Figure 10(d)) exhibited fibre pullout, but the
fibres were still covered by residual amount of matrix. This
indicated improved interfacial adhesion between oat hull
fibre and matrix [23]. These results are in good agreement
with the tensile and flexural properties of the composites.
With the addition of compatibilizer, the tensile and flexural
properties of the composite improved when compared to
uncompatibilized composite.

5. Conclusion

The oat hull fibre reinforced PP/PLA composites were suc-
cessfully fabricated by melt processing method. Thermo-
gravimetric analysis of the oat hull fibre clearly showed
that the processing temperature of 190∘C was acceptable.
The assessment of mechanical properties revealed that the
PP/PLA blend has slightly improved tensile and flexural
properties compared to PP. Oat hull fibre reinforced compos-
ites showed the reduction in tensile and flexural properties
when compared to the PP/PLA blend.The tensile and flexural
properties of the composites significantly improved in the
presence of compatibilizer. HDT of the composites improved
43% over the PP/PLA blend. Composites with the 30wt%
oat hull loading showed improved storage modulus for both
uncompatibilized and compatibilized systems. SEM analysis
of the composites showed that the interfacial adhesion of the
fibre and matrix was improved by the compatibilizer.
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Continuous natural fiber reinforced thermoplastic materials are expected to replace inorganic fiber reinforced thermosettingmate-
rials. However, in the process of fabricating the composite, it is difficult to impregnate the thermoplastic resin into reinforcement
fiber because of the high melt viscosity. Therefore, intermediate material, which allows high impregnation during molding, has
been investigated for fabricating continuous fiber reinforced thermoplastic composite by aligning resin fiber alongside reinforcing
fiber with braiding technique. This intermediate material has been called “microbraid yarn (MBY.)” Moreover, it is well known
that the interfacial properties between natural fiber and resin are low; therefore, surface treatment on continuous natural fiber
was performed by using polyurethane (PU) and flexible epoxy (FLEX) to improve the interfacial properties. The effect of surface
treatment on themechanical properties of continuous natural fiber reinforced thermoplastic composites was examined. From these
results, it was suggested that surface treatment by PUwith low content could produce composites with bettermechanical properties.

1. Introduction

The current emphasis is to develop materials that are renew-
able, degradable, ecofriendly, and recyclable, better known as
“green materials,” as alternative to the petroleum or mineral-
based material [1, 2]. Natural fiber-reinforced thermoplastic
composites are becoming more and more commonplace by
the development of new production techniques and pro-
cessing equipment. Compared with the traditional synthetic
fibers, natural fibers present lower density, lower cost, and
they are renewable and biodegradable [3].

The continuous natural yarns were used as reinforce-
ment to enhance the mechanical properties of thermoplastic
composites. The problem with producing continuous natural
fiber-reinforced thermoplastic composite, however, is the dif-
ficulty to impregnate the thermoplastic resin into the fibers
due to the high melt viscosity. In these circumstances, inter-
mediate material, which allows high impregnation during
molding, has been developed for fabricating continuous

fiber-reinforced thermoplastic composite by aligning resin
fiber alongside reinforcing fiber with braiding technique [4,
5]. This intermediate material has been called “microbraided
yarn (MBY)” as shown in Figure 1. Since resin fibers are
located close to the reinforcement fiber bundle, the impreg-
nation state is excellent [6].

Since the interfacial properties between natural fiber and
polymer matrix are low, surface treatment on jute fibers
was required. In this study, polyurethane (PU) and flexible
epoxy (FLEX) were used to improve the thermal resistance
and interfacial properties of jute fiber. Polyurethane (PU)
is one of the most rapidly developing branches in polymer
technology with a wide variety of applications, such as
foams, coatings, elastomers, resins, and medicine. PU was
used for the improvement of the wear resistance and mech-
anical properties. Epoxy resins are a class of high perfor-
mance thermosetting polymers widely used as matrix resins
for advanced composite materials for application in the
automotive, construction, and aerospace industries. Flexible
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Figure 2: Processing flow chart of jute spun yarn untreated and treated with PU or FLEX/PLA composite.

epoxy resin (FLEX) was used to create flexible interphase
and improve thermal degradation resistance. Smith Thi-
tithanasarn, et al. shows that thermal resistance of jute fiber
was improved by coating with flexible epoxy resin [7]. The
objective of this study was to investigate the effect of surface
treatment on themechanical properties of continuous natural
fiber-reinforced thermoplastic composites.

2. Experimental Details

2.1.Materials. Thematerials used in this study were jute spun
yarn as the reinforcement and biodegradable polylactic acid
(PLA) fibers that will become the matrix after compression
molding. Jute yarns of 400 tex fineness were supplied by
Bangladesh Janata Jute Mills Ltd., while PLA fibers (Lactron)
were supplied by Unitika Ltd. Polyurethane (PU) and flexible
epoxy (FLEX) were used as a surface treatment for the jute
spun yarn to improve interfacial adhesion between jute and
PLA matrix. PU was supplied by Nicca Chemical Co., Ltd.,
and FLEX was supplied by Daicel Chemical. Co., Ltd.

2.2. Sample Preparation. Figure 2 shows the processing flow
chart of jute spun yarn untreated and treated with PU or
FLEX/PLAcomposite.Themethod for PUor FLEX treatment
is shown in Figure 3; the jute spun yarn was treated by using
PU and FLEX with various contestations at 0, 5, 10, 15, and
20wt%. The jute spun yarns were immersed into PU or
FLEX bath for 10 minutes and then dried in an oven at 80∘C
for 2 hours. Untreated and PU or FLEX treated jute yarns
were braided with PLA fibers to yield jute yarn and PLA
MBY, which was later used to prepare composites. A tubular
braiding machine was used for fabricating MBY as an inter-
mediated material for producing unidirectional continuous
natural fiber-reinforced plastic composites [8]. Jute yarns as
the reinforcement fibers were aligned vertically and braided
with PLA fibers to yield jute/PLA MBY by using a technique
known as microbraiding. The MBYs were wound onto a steel
frame to obtain an unidirectional alignment of 18 yarns side
by side.The steel frame had a spring mechanism to adjust the
tension caused by the thermal shrinkage of fiber during pro-
cessing shown in Figure 4. The wound frame was then dried
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in the oven at 80∘C with drying times of 2 hours. The frame
was then placed into a heated mold with size of 20 × 200mm
concave geometry and compressed at 200∘C with a molding
pressure of 1.33MPa for 8minutes. Cooling was subsequently
performed by running water through themold while keeping
the specimens under constant pressure. The time taken to
transfer the steel frame from the oven to the compression
moldingmachinewas approximately 1-2minutes, because the
natural fiber itself is “hygroscopic” and easily absorbs mois-
ture. From previous study, the moisture absorption rate was
increased with increasing exposure time, and the percentage
of moisture absorption at 1-2min was about 0.02%.

2.3. TestingMethod. Thermal resistance of jute spun yarn and
composites was investigated by thermogravimetric analyzer
(TGA2950, TA Instruments) at heating rate of 20∘C/min from
30∘C to 600∘C in air atmosphere. The weight change in a
material was determined by TGA as a function of tempera-
ture (or time) under a controlled atmosphere. Measurements
are used primarily to determine the composition of materials
and to predict their thermal stability at temperatures up to

600∘C. The technique can characterize materials that exhibit
weight loss or gain due to decomposition, oxidation, or
dehydration.

Tensile properties of the composite (JIS, K 7165) was
tested on the INSTRON universal testing machine (model
4206). The specimen size was 200mm in length, 20mm in
width, and 0.8∼1mm in thickness, and aluminum tabs (thick-
ness 0.5mm, width 20mm, and length 50mm) were put on
both ends. The span length was 100mm and the crosshead
speed was 1mm/min.

For interfacial properties (JIS, K 7017), 3-point bending
test of unidirectional composites in 90 and 0 degree direction
was performed by using an INSTRON universal testing
machine (model 4206). The specimen size was 50mm in
length, 15mm in width, and 1.5∼1.8mm in thickness. The
span length was 25mm, and the test speed was 1mm/min,
and the reinforcing fiberswere oriented parallel to the loading
bars.

For the cross-sectional observation, the cross-section of
jute/PLA composites were polished and observed by using an
optical microscope OLYMPUS-PME3 (IC5).

3. Results and Discussion

Figure 5 shows the relationship between thermal resistances
of jute spun yarn treated with PU and FLEX and content
of surface treatment. In the case of jute spun yarn treated
with PU, thermal resistance was increased at PU 5wt% and
slightly decreased with increase in surface treatment content.
Meanwhile, in the case of jute spun yarn treated with FLEX,
thermal resistance was increased with increasing surface
treatment content. The jute spun yarn treated with FLEX
exhibited higher thermal resistance as compared to the PU.

Figures 6 and 7 show the impregnation state by cross-
sectional photographs of composites by varying surface
treatment content of PU and FLEX. Specimens untreated and
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treated with 5wt% of PU and FLEX provided more impreg-
nated amount of PLA resin into the jute fiber bundle than
the specimens treated with 10, 15, and 20wt%. Meanwhile,
at the specimens treated with PU, the PLA resin appeared
in the jute fiber bundle more than in specimens treated with
FLEX because the specimens treated with FLEX inhibited the
impregnation of matrix resin. Therefore, it is suggested that
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Figure 8: 90 degree bending strength (MPa) of composites varying
surface treatment content of PU and FLEX.

PLA was well impregnated into jute fiber bundle with low
content surface treatments of PU.

The interfacial properties of the composites were exam-
ined by 90 degree bending test conducted parallel to the
alignment of jute fibers, and the results are shown in Figure 8.
The bending strength of jute spun yarn/PLA composites was
measuredwith varying the content of surface treatment of PU
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and FLEX; the bending strength of jute spun yarn/PLA com-
posites showed the highest value at surface treatment content
of 5 wt% both for PU and FLEX and slightly decreased with
increase in surface treatment content. Specimen treated with
PU showed higher strength than the specimens treated with
FLEX. This indicates that FLEX was able to improve the
interfacial between fiber-matrix interfacial adhesions.

Figure 9 shows the relationship between thermal resis-
tances of composites treated with PU and FLEX and content
of surface treatment. In the case of jute spun yarn/PLA
composites treated with PU, thermal resistance was increased
at PU 5wt% and slightly decreased with increasing surface
treatment content. Meanwhile in the case of jute spun
yarn/PLA composites treated with FLEX, thermal resistance
was slightly increased with increasing surface treatment con-
tent. The jute spun yarn/PLA composites treated with FLEX
exhibited higher thermal resistance as compared to the PU.
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Figure 11: Tensile strength (MPa) of composites by varying surface
treatment content of PU and FLEX.

Figures 10 and 11 show tensile modulus and strength of
jute spun yarn/PLA composites with varying the content
of surface treatment of PU and FLEX. The tensile modulus
and strength of jute spun yarn/PLA composites showed the
highest value at surface treatment content of 5 wt% both for
PU and FLEX and slightly decreased with increase in surface
treatment content. Specimen treated with PU showed higher
tensilemodulus and strength than the specimens treatedwith
FLEX, because it had good impregnation of PLA into the jute
fibers bundle.

From these results, impregnation state was decreased
with increase in the surface treatment content, especially for
FLEX. On the other hand, it is considered that the interfacial
properties were improved by surface treatment especially
with PU. Therefore, it was found that the optimum content
of surface treatment was 5wt% with PU to achieve higher
mechanical properties.

4. Conclusion

It was established that surface treatment by PU with low con-
tent could produce composites with better mechanical pro-
perties.This indicates that surface treatment by PUwas effec-
tive in the impregnation state and the interfacial properties.
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Prevalently, the light has been shed on the green composite from the viewpoint of environmental protection. Jute fibers are natural
fibers superior due to light weight, low cost, and being environmentally friendly corresponding to the green composite materials.
Meticulously, fibers of polylactic acid (PLA) thermoplastic biopolymer were used as the resin fibers. In this study, the fabrication of
tubular jute spun yarn/PLA braided composite by pultrusion molding was presented.The intermediate materials were prepared by
commingled technique. The braiding technique manufactured preform which had jute fiber diagonally oriented at certain angles
with the glass fiber inserted into the braiding yarns along the longitudinal direction. The braided preforms were pulled through a
heated die where the consolidation flow took place due to reduced matrix viscosity and pressure. The pultrusion experiments were
donewith jute/PLA commingled yarns and combinedwith glass fiber yarns to fabricate the tubular composite. Impregnation quality
was evaluated bymicroscope observation of the pultruded cross-sections.The flexural mechanical properties of the pultruded were
measured by four-point bending test.

1. Introduction

Many of common composite productionmethods are unsuit-
able for mass production. One exception is the pultrusion
process; it is possible to maintain a continuous production
of straight profile with constant cross-sections. Pultrusion is a
manufacturing process in which reinforcing fibers impregna-
tionwithmatrix is pulled through a die to form composites of
a constant cross-section. Generally, the unidirectional fibers
are impregnated with low viscosity thermosetting resins
before passing through a series of dies for shaping and
curing during pultrusion process [1–3]. While thermoset
pultrusion is a well-known and commercially established
manufacturing method, there is less knowledge about the
thermoplastic pultrusion. In contrast to thermosets, thermo-
plastic matrix is generally polymerized, no further chemical
reaction is necessary; therefore the processing is reduced to
first melting the matrix, then shaping the composite under
pressure, and finally cooling it to preserve the new shape.
Thermoplastic resins contain very highmelt viscosities which

difficultly make the melt matrix resin impregnated into the
reinforcement fiber. For this reason, various intermediate
materials have been developed to overcome these problems
such as microbraided yarn, commingled yarn, and parallel
configuration yarn as shown in Figure 1. The schematic of
tubular braiding fabric was showed in Figure 2, all fiber
bundles are diagonally oriented, and the angle (𝜃) of the
fiber bundle to the longitudinal direction can be adjusted
freely. Also, the fiber bundle called the middle end yarn
(MEY) can be inserted into the braiding yarns (BY) along
the longitudinal direction. For this reason, the braiding
technique can control the anisotropic of pultrusion molding.

In the early stage, jute fiber reinforced PLA resin has
been made with good impregnation quality and mechanical
properties using compression of microbraided yarns [4, 5].
The thermoplastic braided composite by pultrusion molding
with various forms of materials has been widely studied. The
method combines the braiding technique of the pultrusion
process to produce multiaxially reinforced continuous beam
were successful with using PP/Glass fiber [6]. The braiding
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Figure 1: The schematic of intermediate material.
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Figure 2: The schematic of tubular braiding fabric.

technique was developed for pultrusion of the continuous
fiber reinforced thermoplastic tube which commingled yarn

carbon fibers and PA66 which were used as intermediate
materials [7]. The pultrusion technique was used to manu-
facture the continuous composite using flax fiber reinforced
PP which offers good opportunities as the reinforcement
material for composite, good mechanical properties and the
ecological and environment advantages [8].

The use of natural fibers derived from annually renewable
resource as reinforcement in thermoplastic matrix composite
provides the positive environment benefit with respect to
ultimate disposability and raw materials utilization [9–11].
The biocomposites, using natural fibers compounded with
natural matrices, could diminish the impact of plastic waste
on the environment. Jute fibers are natural fibers superior due
to light weight, low cost, and being environmentally friendly
corresponding to the green composite materials. PLA is
biodegradable aliphatic polyester derived from renewable
resources, such as cornstarch, tapioca, or sugarcanes. PLA
can be processed like most thermoplastics into fiber or film.
Previously, jute fiber reinforced PLA resin has been made
with good impregnation quality and mechanical properties
using compression of microbraided yarns. In this study, the
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Figure 4: Design concept of braided composite by pultrusion molding.

commingled yarus were used as intermediate materials (as
shown in Figure 2(b)).

The advantages of pultrusion process are threefold.
Firstly, it is suitable to produce the continuous compositewith
uniform cross-sections. Secondly, it also hasmass production
and low cost. Finally, the composite contains highmechanical
properties due to the continuous fiber. The objective of
this investigation was to demonstrate the fabrication of the
tubular jute spun yarn/PLA braided composite by pultrusion
molding. The jute spun yarn was used as reinforcement,
and PLA was used as the matrix resin corresponding to the
green composite materials. Figure 3 shows the schematic of
pultrusion process of braided composite in this study. The
commingled yarns were used as intermediate materials to
prepare the pultrusion preform by braiding technique. The
fabrication quality of pultrusion process was evaluated by
cross-section observation and mechanical properties evalu-
ated by four-point bending test.

2. Materials and Experiment

2.1. Design Concept. In this paper, the designed concept of
braided composite by pultrusion molding is described. The
designed concept involves the materials design, structure

design, and processing design as shown in Figure 4. Material
designs consisted of interface such as surface treatment on
reinforcement fiber, volume fraction, and configuration of
yarn on intermediate materials. Braiding angle, gap between
braiding yarns, and filling ratio are the important parameters
of the structure design. Meanwhile, the processing designs
consisted of pultrusion temperature, pulling speed, and
pulling force.

2.2. Materials. In the previous study, the intermediate mate-
rials were prepared by microbraided yarn and parallel con-
figuration yarn. Successful tubular braided composite was
realized using glass fiber for middle end yarns in the braided
structure. It was found that successful tubular braided com-
posite was realized using glass fiber 1,150 tex for middle end
yarns in the braiding structure.The highest bending strength
and modulus were found in the specimen using parallel yarn
configuration. Meanwhile, the region of unimpregnation
areas is seen inside reinforced fiber, and macrovoids are seen
outside the fiber [12].

Following the designed concept in this study, jute fiber
tows were commingled with PLA fiber. Figure 5 showed
the commingled technique for mixing the resin fiber with
reinforced fiber. The jute fibers tow having a fineness of ∼400
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tex were used as reinforcement fibers. The continuous PLA
fibers in a tow configurationwere used as resin fibers, having a
fineness of∼56 tex. Glass fiber (GF) yarns having a fineness of
1150, 720, 600, and 520 texwere used asMEYs.Theywere used
to enhance the strength of braided fabric. The braided fabric
preforms for pultrusion were fabricated using 48 BY and 24
MEYs in a tubular braidingmachine with 48 carriers (Murata
Machinery). The braided preforms were done using braiding
ring with diameter of 30mm and mandrel with diameter of
20mm, and the braiding angle was 30–38 degrees. The layer
of braided fabric was 2 layers. Table 1 lists the four tubular
braided preforms with different GFs as MEYs.

Generally, glass fiber had strength around 1.5 GPa, jute
fiber had strength around 207MPa, and PLA fibers had
strength around 48MPa. The strength of materials was used
to estimate the limited force for pultrusion molding. In the
estimation, the fibers in braided preform were assumed in
parallel configuration (braiding angle equal to 0 degree). The
estimated limited pulling forces of preformswere 20.52, 22.82,
26.28, and 38.66 kN, respectively.

2.3. Molding. Figure 6 shows the schematic of the tubular
pultrusion molding assembly, consisting of the preheater and
the pultrusion die. The tubular molding die had outside
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Figure 7: The TGA data of jute and PLA.

diameter of 23mm and inside diameter of 20mm (mandrel).
The length of the molding die was 270mm. The preheater
had length 500mm, and the entrance side of the die was
large and gradually reduced in taper region 50mm until a
constant cross-section of the die. According to the TGA data
of jute and PLA (Figure 7), the thermal resistance of the jute
degrades at ∼240∘C and PLA degrades at ∼320∘C.Meanwhile
the melting temperature of PLA was ∼175∘C. Therefore, the
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Table 1: Lists of the four different tubular braided preforms.

Preform
number

Braiding angle
(degree; ∘)

Vf of composite
(%) Vf of jute (%) Vf of GF (%) Filling ratio (%)

(1) GF520 38 43.26 33.41 9.85 101
(2) GF600 38 46.18 32.58 13.60 101
(3) GF720 35 46.27 32.58 13.69 101
(4) GF1150 30 52.60 30.81 21.80 104

300

200

100

Steel bar

Pulley unit with
V-shaped groove

Figure 8: The schematic of four-point bending test.

Table 2: Pultrusion temperature.

Preform number Pultrusion
temperature (∘C)

Pulling speed
(mm/min)

1 195 18
2 205 18
3 215 18
4 225 18
5 235 18
∗The temperature is changed in molding die zones 1 and 2.

processing window of pultrusion temperature could be ∼175–
240∘C. In this study, the pultrusion temperature was designed
at 195–235∘C. Prior to pultrusion, the preforms were dried
at 80∘C in convection oven for 2 hours. The preheater was
set to 100∘C. The molding die had four separate heating
zones, and the temperature at each zone was set, respectively,
at 195, 195, 185, and 165∘C from entrance side of the die.
The temperature of mandrel inside the molding die was set
to 165∘C. The braided preforms were pulled through the
molding die by a pulling mechanic at a speed of 18mm/min.
Generally, GF was used as MEY to enhance the strength
of tubular braided preform for pultrusion molding. This
study will select the preform which uses the small amount
of glass fibers in braided preform to examine the effect of

molding temperature. After that the five specimens were
produced by changing the pultrusion temperature inmolding
die zone 1 and zone 2 with constant molding speed. The
pultrusion temperature is shown in Table 2. The pultruded
specimenswere cut and polished in a direction perpendicular
to longitudinal direction for the cross-section observation in
order to investigate the internal state of the molding by using
optical microscope.

2.4. Experiments. The mechanical properties were per-
formed by four-point bending test. It was performed by using
the pulley unit and the metal solid bar as shown in Figure 8.
The pulley unit and steel bar are capable of decreasing the
stress concentration generated at the point for support and
loading nose. The bending test was performed by using an
INSTRON universal testing machine with a span length of
300mm and cross-head speed of 1mm/min.

3. Result and Discussion

The pultrusion of preform with GF520 and GF600 was
interrupted due to the MEY breakage inside the pultru-
sion die. The preform with GF720 and GF1150 was fabri-
cated without problem because it had enough strength for
pultrusion.The tubular composite jute/PLA with GF1150 had
rougher surface than using GF720. From these results, the
preformswhich had limited pulling force lower than 26.28 kN
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(a) Tubular composite jute/PLA with GF 1150 (b) Tubular composite jute/PLA with GF 720

Figure 9: The tubular braided composite.
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Figure 10: The cross-section observation of specimens.

were unsuccessful for pultrusion molding. The preform with
GF720 was successfully pultruded and had minimized usage
of glass fiber and good surface quality as shown in Figure 9.
Therefore, it was selected for the experimentwith the different
pultrusion temperature.

From Table 3, specimens no. 5 could not be successfully
fabricated because the jute fibers of specimens were burned
due to high temperature. The specimens with molding
temperature of 195, 205, 215, and 225∘C were successfully
pultruded. The result from four-point bending test was
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Table 3: The result from four-point bending test.

Specimens number Pultrusion temperature (∘C) Modulus Strength
(GPa) S.D. (MPa) S.D.

1 195 8.95 0.73 29.04 1.88
2 205 9.64 0.78 29.96 1.29
3 215 9.26 0.47 29.00 3.12
4 225 8.80 1.64 24.52 3.31
5 235 Unsuccessful Unsuccessful

shown in Table 3. The highest bending modulus of 9.64GPa
and strength of 29.96MPa were obtained in specimens no.
2. Meanwhile, specimens no. 4 had the lowest modulus
and strength because the temperature was higher than
others.

The characteristic of commingled yarn in this study
shows the higher mechanical properties compares to the
previous study with the similar filling ratio because the resin
fibers were mixed with jute spun yarns using blow air. In
the previous study, microbraiding yarn and parallel yarn
configuration were used as braiding yarns for fabricating the
preforms. The cross-section photographs of specimens are
shown in Figure 10. From the photograph, the dark regions
between the fiber bundles indicate macrovoid and the dark
regions inside of fiber bundles indicate unimpregnation area.
The relationship between void, unimpregnation, andmolding
temperature is shown in Figure 11. Consequently, it was
clarified that void and unimpregnation area was decreased
with increasing the molding temperature. Moreover, it was
found that void and unimpregnation area was decreased with
decreasing the molding speed. Figure 12 shows the cross-
section photographs of specimens with temperature 205∘C,
and pulling speedwas decreased to 10mm/min.The void area

was 7.47% and un-impregnation area was 32.36% (as shown
in the comparison in Figure 11).

From these results, the impregnation quality was
increased when the molding temperature increased because
the matrix viscosity was reduced at higher temperature. The
matrix resin was easily impregnated into the jute spun yarn
and GF. Meanwhile, with increasing molding temperature
the modulus and strength were decreased due to the high
temperature affecting the degradation of jute spun yarns.
Therefore, the molding temperature of 205∘C is the optimum
temperature for fabrication of the tubular jute spun yarn/PLA
braided composite. Moreover the impregnation quality was
improved by decreasing the pulling speed.

4. Conclusion

Pultrusion molding is one technique for manufacturing the
continuous composite with uniform cross-sections. In this
study, the processing design of tubular braided composite
using jute spun yarns reinforced PLA by pultrusion molding
was performed. The commingled technique mixed the resin
fiber and jute spun yarn which were used as intermediate
materials. The effects of processing design such as the
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1mm

Figure 12: The cross-section observation of specimens with pulling speed 10mm/min.

molding temperature and themolding speed are effects on the
impregnation quality and mechanical properties of tubular
braided composite. It was clarified that the impregnation
quality increased with increasing the molding temperature
and decreasing the molding speed. While the temperature
increased, the mechanical properties decreased. The pultru-
sion of jute spun yarn/PLA tubular braided composite in
this study is an important step towards the economically
viable production of high performance of the biocomposite
products.
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This paper deals with long fiber-reinforced composite strands using continuous ramie yarns, inwhich polypropylene includingMA-
PP (maleic anhydride-grafted polypropylene)was used as amatrixmaterial.The composite strandswere fabricated by a newmethod
called multi-pin-assisted resin impregnation (M-PaRI) process, for which the equipment was newly applied after conventional
extrusion process. The composite strands were then pelletized and injection molded. Tensile strength and Young’s modulus of the
resultant short ramie/PP reinforced composites were investigated. Results show that this new process improved the mechanical
properties of injection-molded specimens.

1. Introduction
Glass fiber, a representative reinforcement for polymermatrix
composites, has many excellent physical and mechanical
properties such as low density, heat resistance, wear resis-
tance, and high specific strength, and stiffness. Glass fiber-
reinforced composites have thus been investigated for many
years because of huge demand for their use in industry. They
also have disadvantage such as difficulty in disposal after
their lifetime. Important recent concerns are environmental
problems such as global warming caused by petroleum-based
materials and energy. These concerns have shifted the focus
to producing alternative materials and energy from biomass
resources commonly throughout the world. In December,
2010, the Japanese government made a cabinet decision to
administer a plan called The Master Plan for the Promotion
of Biomass Utilization [1]. By this plan, additional research
and development of the utilization of herbaceous plants and
woods were demanded.

Plant-based natural fibers are abundant, biodegradable,
and renewable. Moreover, they have similar specific strength
and stiffness to those of glass fiber [2–5]. On the other
hand, plant-based natural fibers also have disadvantages such
as poor compatibility with hydrophobic polymer matrices

[6–8], flammability, and thermal instability [9–11]. Despite
those drawbacks, increasing attention has been devoted to
improvement of natural fibers as reinforcement of polymer
matrix composites that can be substituted for petroleum-
based fibers [12, 13]. Ramie, a well-known plant-based natural
fiber, can be used as a textile fiber because of low lignin
content [14]. It has advantages of high tenacity, silk-like luster,
and resistance to bacteria. Ramie is also a popular reinforce-
ment material used for polymer matrix composites [15].

During the last two decades, various attempts have been
made to develop various methods for producing complete
composites using reinforcements such as glass/natural fibers
and thermoplastic resins. The main problem is that the
fibers often break, resulting in shorter fiber length than the
critical one [16] because the fibers were inserted directly
into the extrusion machine. In order to maintain appropriate
mechanical properties of the composites, the fiber length
must be longer than the critical value. One method is to
use pultrusion technique developed by ICI for the manu-
facture of Verton long fiber molding materials [17, 18]. The
impregnation devices applied in the past are simple in form,
as used in the processing of thermoset resin. Thomason
[19] also introduced a coating process using jute yarns to
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Table 1: Physical and chemical properties of ramie fibers.

Density Cell diameter Cell length Microfibril Moisture Chemical composition (wt%)
(g/cm3) (𝜇m) (mm) angle (∘) content (wt%) Cellulose Lignin Hemicellulose Pectin Wax Refrence

1.50 — — 7.5 8.0 68.6–76.2 0.6-0.7 13.1–16.7 1.9 0.3 [22]
40–50 154 7.5–1.2 — 80–85 0.5 3-4 — — [23]

Process A

Yarned ramie fiber bundles 

Drawer Preheating 
process

Process B 

PinResin

Single screw extruder 
PP pellets and 

MA-PP powders

HeaterDie

Figure 1: Schematic viewof the present fabrication system. (ProcessA: resin-coating process, Process B:multi-pin-assisted resin impregnation
(M-PaRI) process).

produce thermoplastic resin matrix composite strands. How-
ever, poor performance of tensile properties on injection-
molded composite materials was reported. Bledzki et al. [20]
used a two-step extrusion process for the combination of
natural fiber yarns and polylactic acid (PLA) to improve
impregnation into interfibers. Recently, a new technology for
production of jute-twisted yarn-reinforced composites was
reported by Tanaka and Hirano [21], in which both complete
impregnation and long fiber length were achieved. Results
showed that the resultant composites yielded much better
mechanical properties than those of short fiber-reinforced
composites, while the disadvantage of this technology is that
the fabrication procedures are complicated.

In this study, thus, a continuous ramie single yarn rein-
forced polypropylene (PP) composite strand was developed
using a new and simple combined technique. The strands
were chopped to pellets for injection-molding, and tensile
properties of the molded specimens were investigated.

2. Experimental

2.1. Materials. Continuous ramie single yarns, having fine-
ness of 95 tex, Type no. 16 (Tosco Co., Ltd., Japan) and
polypropylene (Prime Polymer Co. Ltd., Japan) were used
as reinforcement and matrix material, respectively. Physical
and chemical properties of ramie fibers are listed in Table 1
[22, 23]. According to [22, 23], although cellulose contents
vary widely from 65% to 85%, both data are in an agreement
in terms of low lignin contents. The cross-sectional area of

ramie fibers is not circular, but rather elliptical as shown
later. The major axis is approximately 30 𝜇m. The degree of
microfibrillar angle of ramie fibers is one of the smallest
classes among plant-based natural fibers.

It is known that high adhesion between hydrophilic fibers
and hydrophobic resin by chemical bonding is induced by
available OH groups on the fiber surface. The resin adheres
to the fiber surface through molecular chain entanglement.
During this reaction, maleic anhydride-grafted polypropy-
lene (MA-PP) works as a coupling agent to realize such
chemical bonding [24]. In this study also, MA-PP (Kayaku
Akzo Co., Ltd., Japan) was used to promote a chemical
interaction between the fiber and matrix.

2.2. Fabrication Procedures. Figure 1 shows a schematic of
the present fabrication system. Continuous ramie single
yarn/PP composites were produced through a new combined
technique proposed in this study, which consists of resin
coating and multi-pin-assisted resin impregnation (M-PaRI)
processes, as shown in Processes A and B of Figure 1.
The continuous ramie single yarns were first delivered via
preheating process into a cross-head die attached to a𝜙 15mm
single screw extruder (MusashinoKikai Co., Ltd., Japan), into
which PP pellets and MA-PP powders were fed at the same
time.The mixed resin was coated onto the ramie yarns in the
die at Process A (resin-coating process). Subsequently, it was
impregnated into interfibers through the multi-pin system,
as shown in Process B (M-PaRI) of Figure 1.The number and
diameter of pins used here were 22 and 5mm, respectively.
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Temperatures of the single screw extruderwere all set at 190∘C
with a screw speed of 7.0 rpm. A motor was set to draw the
composite strand with a screw speed of 45.0 rpm.

The continuous composite strands containing six ramie
yarns were chopped to pellets of 2mm length. The set
temperature(s) was 190∘C at Process A, and was changed in
the 160–225∘C range for Process B. The pellets were molded
into specimen dies of two types on an injection molding
machine (Shinko Sellbic Co., Ltd.). Then small- (Japanese
Industrial Standards, JIS K 7162, Type 5B) andmedium-sized
(JIS K 7162, Type 1BA) tensile specimens were obtained, as
shown in Figures 2 and 3, respectively. The temperatures
were set at 180–185∘C for injectionmolding. Fiber contents of
small- andmedium-sized specimens were adjusted to 30wt%
and 10–50wt%, respectively.

2.3. Tensile Test. Tensile tests were conducted using a univer-
sal testing machine (Desktop type universal testing machine,
LSC-1/30, JT Toshi Co., Ltd.) for small-sized specimens,
and tensile and compression testing machine (Minebea Co.,
Ltd.) for medium-sized specimens at a crosshead speed of
10mm/min and 17mm/min, respectively. The mean cross-
section area of small- and medium-sized specimens was
measured on three locations along the longitudinal direction,
using a micrometer and then taking an average. Five spec-
imens were evaluated to obtain an average value. Ultimate
stress (MPa), stiffness (GPa, linear region between strain 0.05

and 0.25), and strain (%) were determined from the stress-
strain curves for each test.

3. Results and Discussion

3.1. Degree of Continuous Strand Impregnation by the Proposed
Combine Technique. Microscopic cross-section images of
ramie/PP composite strands are shown in Figure 4, in which
the temperature of Process B was set at 195∘C. The strand
was taken out of the fabrication system after it was stopped
intentionally. Its several cross-sections before or inside Pro-
cess B were observed. It is apparent from Figure 4(a) that
many voids exist among fibers before Process B, although
resin is locally infiltrated. Bledzki et al. [20] carried out
a two-step extrusion process, in which abaca/PLA strands
obtained firstly by yarn coating process were pelletized and
secondly inserted into a single extruder. It is guessed that
the second process was conducted because such voids might
not be removed in the first-step process. Figures 4(b) and
4(c) show images after the 11th and 15th pins, respectively.
They show almost no void. The final product in Figure 4(d)
shows that the cross-section contains the resin completely
infiltrated amongfiberswith no void. It is well verified that the
attached multi-pin system assists in impregnating the resin
into interfibers. This system does not need any additional
extrusion process. The mechanism of this impregnation is
estimated such that continuous contact and rubbing between
resin-coating yarns and pins flattens the yarns andwidens the
interfiber spaces. Consequently, the resin can be impregnated
easily among fibers.

Tanaka and Hirano [21] achieved complete resin impreg-
nation for jute-twisted yarn.They also widened the interfiber
spaces through an untwisted yarn process. Although this
process can control the magnitude of the spaces by changing
the number of untwists, it has to be prepared for each yarn. It
demands complicated and expensive facilities. On the other
hand, the composite process proposed herein can be widened
among fibers by a simple process, as mentioned previously.
It is concluded that, thereby, the composite strands can
be produced successfully and more easily through such a
combined technique: a conventional resin-coating process
(Process A) followed by M-PaRI process (Process B).

3.2. Tensile Properties

3.2.1. Stress-Strain Behavior. Figure 5 shows the effect of
temperature during Process B on the tensile stress-strain
behavior of the composites specimens containing 30wt%
fibers.The size of specimenwas a small type in Figure 2. All of
the stress-strain curves shownonlinearity at around 2-3%, but
the stress levels during deformation of composite specimens
are much higher than that of PP.The level of composite stress
also depends on the temperature at Process B. Composite
specimens produced at low temperatures during Process B,
that is, 160∘C and 185∘C, exhibit less stress, while composite
specimens produced at 195∘C, 205∘C, and 225∘C show higher
stress and almost identical stress-strain behavior, especially
at the initial stage. However, composite specimens produced
at 160∘C, 185∘C, and 195∘C exhibit a similar strain at break,
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Ramie fibers

Voids

40 𝜇m

(a) (b)
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Ramie fibers

Matrix

20 𝜇m
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Figure 4: Cross-sectional images of ramie/PP composite strands—(a) before M-PaRI process, (b) after 11th pin, (c) after 15th pin, and (d)
final product. Images in (a) and (d) are obtained using 3D laser measuring microscopy. Images in (b) and (c) were obtained using scanning
electron microscopy.
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Figure 5: Typical stress-strain curves of short ramie/PP reinforced
composites produced at different temperatures during Process B.

whereas those produced at 205∘C and 225∘C show less
fracture strain. In other words, less fracture energy is brought
from thermal exposure higher than 195∘C during Process B.

3.2.2. Tensile Strength and Young’s Modulus. Table 2 shows
averages and coefficients of variation of the tensile properties
of the small-sized PP and composite specimens. It can be

Table 2: Tensile properties of short ramie/PP composites.

Material 𝑇rip
∘C

Young’s
modulus
(GPa)

Tensile
strength
(MPa)

Fracture
strain
(%)

PP (0wt%) — 1.04
(0.071)

42.4
(0.027) >200

Composites

160 1.45
(0.11)

50.6
(0.053)

5.65
(0.083)

185 1.64
(0.080)

55.1
(0.066)

5.32
(0.077)

195 1.94
(0.072)

69.2
(0.046)

5.37
(0.040)

205 1.72
(0.12)

67.7
(0.032)

5.26
(0.039)

225 1.72
(0.086)

53.1
(0.086)

4.04
(0.093)

𝑇rip: temperature at multi-pin-assisted resin impregnation (M-PaRI) pro-
cess.
Numbers in parentheses denote coefficients of variation.

seen that tensile strength and Young’s modulus increase
with increasing temperature over the whole 160–195∘C range.
Eventually, in the composites specimens of 195∘C, not only
did tensile strength improved 1.63 times higher than that
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Figure 6: Effect of fiber content on tensile properties of short ramie/PP reinforced composites produced at 195∘C during Process B—(a)
tensile strength, (b) Young’s modulus, and (c) fracture strain.

of PP specimens, but also Young’s modulus increased 1.87
times. However, a slight decrease in tensile strength in the
specimens of 205∘C is found with a subsequent dramatic
decrease of 225∘C. From the above, the maximum properties
of composites could be obtained at 195–205∘C in the present
fabrication system.

It was observed that voids did not disappear, similar to
Figure 4(a), when the composite strands were produced at
160∘C and 185∘C.That is to say, the resin was not impregnated
completely into interfibers even after Process B. The remain-
ing voids decreased tensile strength and Young’s modulus,
as well as the whole stress level. It is inferred that, for the
composite specimens of 205∘C and 225∘C, overheating causes
degradation of ramie fibers during Process B. It is considered
that such a thermal degradation of fibers induces premature
fracture of the composite specimens.

3.2.3. Effects of Fiber Content. Figure 6 presents effects of
fiber content on tensile properties of composite specimens.
The size of the specimens was medium size of a type in
Figure 2. For the specimens, the pellets produced at 195∘C
during Process B were used. It is apparent in Figure 6(a) that
the tensile strength increases with increasing fiber content.
This trend reaches a maximum level at 40wt%. Tensile
strength of 40wt% increased 1.73 times higher than PP
specimens. Above this level of fiber content, the tensile

strength starts to decrease. As can be seen in Figure 6(b),
a continuous increase in Young’s modulus occurs as the
fiber content increases. That of 50wt% specimens increased
2.17 times higher than the PP specimen. Results for fracture
strain are shown in Figure 6(c). It is seen that fracture
strain is decreased almost linearly between 4.0 and 7.0%.
Consequently, although it exists between 30–50wt%, it can
be said that the weight fraction of fiber content giving the best
tensile properties is about 40wt%.

3.3. Fiber Dispersion and Fiber Length Distribution. Figure 7
shows a polished view of transverse section in a small-sized
specimen produced at 195∘C during Process B. The fiber
content in Figure 7 is 30wt%. The black bar-like areas show
marks of ramie fibers separated from matrix during the
polishing process. White dots denote cross-sectional area of
ramie fibers. As presented from Figure 7, a higher proportion
of white dots is visible. Such a phenomenon can also be
observed on glass fiber-reinforced composite specimens [25,
26]. This means that short ramie/PP reinforced composites
have a high degree of fiber orientation to the flow direction.

Figure 8 shows a magnified view of Figure 7. Results
show that individual fibers after injection molding are well
dispersed, despite the fact that high-density fiber bundles
were obtained afterM-PaRI process, as shown in Figure 4(d).
When being strongly bonded, it is known that the bundles act
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Flow direction

(Small-sized specimen)

Figure 7: Laser micrograph of transverse section of short ramie/PP
reinforced composites produced at 195∘C during Process B.

Figure 8: Laser micrograph of transverse section of short ramie/PP
reinforced composites produced at 195∘C during Process B.

as a reinforcing unit, which means that pull-out of bundles
occurs at much lower stresses [26]. Consequently, it should
be noted that much higher interfacial stress can be yielded on
the surface of the fibers.

To confirm the change in fiber length after the applied
fabrication processes, small-sized composite specimens pro-
duced at 195∘C during Process B were dissolved in boiling
xylene for 24 hr to remove PP resin. Then, extracted ramie
fibers were dried at 100∘C for 2 hr. Figure 9 shows an SEM
micrograph of ramie fibers. Although partial microfibril
detachment is observed, the single fibers maintain their orig-
inal structure even after Processes A and B with subsequent
injection molding processing applied.

Fiber length distribution of the specimens dissolved
above is presented in Figure 10.The total number ofmeasured
fibers was 780. Average fiber length was 1.56mm and the
standard deviation was 0.61mm. It is necessary for short
fiber-reinforced composites to be longer than the critical fiber
length. According to an earlier report [27], the critical fiber
length of ramie fiber is 0.47mm. It can be clearly seen that
over 98% of ramie fibers are longer than the critical length
in this study. This brings sufficiently high stress to composite

Figure 9: SEMmicrograph of extracted fibers from short ramie/PP
reinforced composites produced at 195∘C during Process B.
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Figure 10: Fiber length distribution of extracted fibers from short
ramie/PP reinforced composites produced at 195∘C during Process
B.

specimens because the matrix transfer mechanism does not
cause low fiber stress.

4. Conclusions

A new combination technique of resin-coating and multi-
pin-assisted resin impregnation (M-PaRI) processes was
introduced to produce a continuous ramie single yarn/
polypropylene (PP) reinforced composite strand. By addition
of M-PaRI process, we found that the resin can be impreg-
nated completely into the yarn interfibers. Furthermore,
tensile tests of injection-molded composites were conducted
using strands produced at different temperatures of M-
PaRI process. Results show that the maximum mechanical
properties of composites could be obtained between 195 and
205∘C.The fiber content giving the best tensile properties was
about 40wt%.

The new process presented in this study demonstrates
marked improvements of mechanical properties on com-
posites in comparison with conventional methods, in which
fibers are inserted directly during the extrusion process. A
fascinating point is the simplification of production for long
natural fiber-reinforced composites. The composite strands
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obtained here are expected for use as a semifinished material
for injection and compression molding products.
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Akund fiber is a new type of natural cellulose fiber. Because of its excellent properties, akund fiber has become one of the new
ecological materials which have huge development potential. Recently natural fibers have shown great promise in a variety of
applications that were previously dominated by synthetic fibers due to their important aspects of biocompatibility, possible
biodegradation, nontoxicity, and abundance. Moisture absorption and release behaviour of natural fiber plastic composites is one
major concern in their outdoor applications. So the knowledge of the moisture content and the moisture absorption and release
rate is very much essential for the application of akund fiber as an excellent reinforcement in polymers. An effort has been made to
study the moisture absorption and release behaviour of akund fiber and the mechanical performance of it at relative air humidity
from 0% to 100%. The gain and loss in moisture content in akund fiber due to water absorption and release were measured as a
function of exposure time under the environment, in which temperature is 20◦C and humidity is 65%. The regression equations
of the absorption and release process were established.

1. Introduction

Akund fiber, also called calotropis fiber, is a new type natural
cellulose fiber and is obtained from Calotropis procera and
Calotropis gigantea, belonging to the Apocynaceae family. As
one type of natural cellulose fiber, akund fiber has good
touch to skin like cotton and beautiful luster like silk. Akund
fiber has a large hollow structure with a thin wall that looks
like an air-filled pipe. It is about 2 to 4 cm long and 12 to
42 microns in diameter. Because of its excellent properties,
akund fiber has become one of the new ecological materials
which have huge development potential [1].

With enhancement of environment protection consci-
ousness of people recently, natural fibers have shown great
promise in a variety of applications that were previously
dominated by synthetic fibers due to their important aspects
of biocompatibility, possible biodegradation, non-toxicity,
and abundance. Currently, automotive and construction
industries have been interested in composites reinforced with
natural plant fibers as alternative materials for glass-fiber
reinforced composites in structural applications with modest

demands on strength reliability [2, 3]. It has been known that
the high level of moisture absorption by natural fibers, the
poor wettability, and the insufficient adhesion between the
untreated fibers and the polymeric matrix lead to bonding
failure with age [4]. Moreover, the absorbed moisture has
many detrimental effects on the mechanical performance of
these fibers. Therefore, an understanding of the hygroscopic
properties of natural fibers is very important to improve the
long-term performance of composites reinforced with these
fibers [5]. In this paper, an effort has been made to study
the hygroscopic properties of akund fiber and the mechanical
performance of it at relative air humidity ranging from 0%
to 100%. The gain and loss in moisture content in akund
fiber due to water absorption and release were measured
as a function of exposure time under the environment,
in which temperature is 20◦C and humidity is 65%. The
regression equations of the absorption and release process
were established. As akund fiber belongs to the plant fiber,
which is similar with cotton and kapok fiber, and both
cotton and kapok fiber are used to composite reinforce fiber,
therefore, in order to explain the akund fiber’s absorption
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Table 1: Composition and structural parameters of samples [6].

Sample Diameter
(µm)

Length
(mm)

Cellulose content
(%)

Lignin content
(%)

Akund fiber 20.63 30.36 55.45 16.15

Cotton 15.35 35.19 93.82 4.62

Kapok 19.28 19.08 43.73 11.36

and release moisture ability clearly, whole the analysis is
according to the comparison with cotton and kapok fiber.

2. Experimental

2.1. Materials. Akund fiber and kapok fiber were collected
from Yunnan province, China. The cotton fiber was collected
from Xinjiang province, China. The compositions and
structural parameters of samples studied in this work are
listed in Table 1. All the test fiber was put in the constant
temperature and humidity room, whose temperature was
20◦C and relative air humidity was 65% for 24 hours.

2.2. Instruments. Y802A type eight basket constant temper-
ature oven, AUY120 type electronic balance (uncertainty
= ±0.0001 g), HHS2100 L type constant temperature and
humidity test case, and XQ-2 single fiber strength and
elongation test instrument were used.

2.3. Experimental Process [7, 8]

2.3.1. Moisture Absorption Experiment. In the case of the
moisture absorption methods, each sample having a mass
of 1.0 g was dried in the Y802A type eight basket constant
temperature oven at 60◦C for one hour. The dried samples
were placed in the constant temperature and humidity room
(the temperature was 20◦C and relative air humidity was
65%) and weighed on the electronic balance (uncertainty
= 0.0001 g) every 5 minutes, until the fibers reached to
moisture absorption balance. The samples after reaching to
absorption balance were dried in the constant temperature
oven at 105◦C to achieve a constant mass. The moisture
content Mc at time “t” was calculated using

Mc =
[
Mw −Md

Md
× 100

]
%, (1)

where Md and Mw are, respectively, the mass of the dried
smaple (in g) and the mass of the wet sample after time t
(in g). In all cases, the mean ± standard deviation data from
three repeated experiments were taken to ensure reliability of
the results.

2.3.2. Moisture Release Experiment. In the case of the mois-
ture release methods, each sample having a mass of 1.0 g
was put in a 60 × 30 weighing bottle. The open weighing
bottle was placed in a constant temperature and humidity
test case for 48 hours in which the temperature was 20◦C and
the relative air humidity was (98 ± 2)%. Then the weighing
bottle was closed; the sample was removed to the constant

Table 2: The moisture content of absorption balance and desorp-
tion balance and the moisture absorption hysteresis property.

Samples
Moisture content

of absorption
balance/%

Moisture content
of release

balance/%

Moisture
absorption

hysteresis/%

Akund 10.44 12.21 1.77

Cotton 7.75 8.70 0.95

Kapok 9.86 12.14 2.28

temperature and humidity room (the temperature is 20◦C,
and the humidity is 65%), and weighing bottles were opened.
Every 5 minutes, the samples were weighed, until the fibers
reach to moisture release balance. Then the samples were
dried in a constant temperature oven at 105◦C to achieve
a constant mass. The moisture content Mc at time “t” was
calculated using

Mc =
[
Mh −Md

Md
× 100

]
%, (2)

where Md is the mass of the sample after drying to a constant
mass (in g) and Mh is the mass of the humidified sample
(in g). In all cases, the mean ± standard deviation data from
three repeated experiments were taken to ensure reliability of
the results.

2.3.3. Fiber Strength Test in Different Humidity. In the case of
the fiber strength test methods, each sample having a mass of
1.0 g was put in a 60×30 weighing bottle. The open weighing
bottle was placed in a constant temperature and humidity
test case for 48 hours in which the temperature was 20◦C and
the relative air humidity, respectively, were 0%, 30%, 60%,
80%, and (98 ± 2)%. Then the weighing bottle was closed;
the sample was removed to the constant temperature and
humidity room (the temperature is 20◦C, and the humidity
is 65%). And according to the GB/T 14337-2008 methods of
testing the fiber strength, 50 fibers were tested in each test.

3. Results and Discussion

3.1. The Moisture Absorption and Release Curve. The mois-
ture absorption and release curves of akund fiber, cotton, and
kapok are shown in Figures 1 and 2, and the experiment data
are listed in the Table 2.

From Table 2, it can be seen that the moisture content
of akund fiber in standard state is about 10.44% and akund
fiber has the same moisture absorption hysteresis quality
as cotton and kapok, in which the moisture content in
absorption balance is smaller than that in release balance.
The moisture hysteresis of akund fiber is 1.77%, which is
bigger than that of the cotton fiber and smaller than that of
the kapok fiber. From Figures 1 and 2, it can be found that
during the process of moisture absorption and release, akund
fiber takes longer time to equilibrate than the others, and it
has a higher equilibrate moisture content than the others.
The moisture content of akund fiber has a fluctuation of up
and down. The general shape of the water absorption and
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release curves for akund fiber is similar to those of cotton
and kapok. The moisture content of akund fiber changes
from 4.25% to 9.98% in the first 60 min, the changes is only
from 10% to 10.44% in the following 100 min, and in the
last 20 min, there are almost no changes in the moisture
content. These results exhibit the two-stage absorption and
release behaviour of akund fiber. The first stage occurred
very rapidly having a linear uptake to 60% of absorption
and release. The second stage of absorption and release began
very slowly and proceeded up to complete balance.

3.2. Establishment of the Regression Equation of Moisture
Absorption and Release Process. It is well accepted in the
literature [7, 8] that the theoretical curve of the fibers’
moisture absorption and release process is an exponential
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Figure 3: The moisture absorption rate.

curve, so the regression equation of moisture content (M)
versus exposure time (t) can be expressed using

M = a + be−ct, (3)

where a, b, and c are all constants.
Taking (3) as a function, the regression equation can be

established from the test data by custom function fitting of
the moisture content (Mc) versus the exposure time (t) using
data analysis software, Origin Pro 7.5. The fitting curves and
the regression equations are shown in Figures 1 and 2.

From Figures 1 and 2, it could be found that the fitting
curves of the moisture absorption and release are similar
to the original data, and the coefficients of determination
(R2) of the regression equations are all above 0.98. Therefore,
the regression equations can effectively express the relation
between the moisture content (Mc) and the exposure time
(t) during the moisture absorption and desorption process.

3.3. Establishment of the Regression Equation of the Moisture
Absorption and Release Rate. The moisture absorption and
release rate of fibers can be expressed by the weight of
moisture absorption and release of unit quality fiber at
instant time. So the differential equation of (3) is the
regression equation of the rate of moisture absorption and
release, which is shown

V = ∣∣bce−ct∣∣. (4)

According to the regression equation of the moisture absorp-
tion and release rate of akund fiber, cotton, and kapok, the
regression curves of the moisture absorption and release rate
of the three kind of fibers could be determined, which are
shown in Figures 3 and 4.

From Figures 3 and 4, it can be seen that the initial
moisture absorption rate of akund fiber is similar with that of
cotton in standard state and much lower than that of kapok.
And the initial moisture release rate of akund fiber is similar
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Figure 5: The breaking strength of akund fiber at different relative
air humidity values.

with that of kapok, and higher than that of cotton. The rate
of moisture absorption and release of the three fibers reduces
gradually over time. The rate decrement of the moisture
absorption and release of kapok is the fastest. Kapok reaches
the moisture absorption and desorption balance first, the
cotton is next to the kapok and the akund fiber is the slowest.
So it can be concluded that akund fiber has a quick moisture
release and slow moisture absorption performance.

3.4. The Mechanical Performance of Akund Fiber at Different
Relative Humidity. In order to determine the environmental
factor of the utility of akund fiber, the breaking strength of
akund fiber was determined at different humidity values and
the results are shown in Figure 5.

From Figure 5, it is evident that with an increase in the
relative air humidity, the breaking strength of akund fiber
increases. This is attributed to the possible changes in the
interaction between the large molecular chains as a result of
water entering into the fiber interior. The water absorption

of akund fiber leads to the improvement of unevenness of
macromolecular force and the increase in the number of the
fracture molecular chain. And it is interesting to note that
the samples have an approximately 4.3% increase in breaking
strength from the low-humidity condition (0%) to the high-
humidity condition (100%).

4. Conclusions

According to the above results and discussion, we can draw
the following conclusions.

(1) The moisture content of akund fiber in standard state
is a little more than that of kapok. The ability of
moisture absorption and release of akund fiber is
similar with that of kapok.

(2) Akund fiber has a quick moisture release and slow
moisture absorption performance. The initial rate
of moisture release of akund fiber is much higher
than that of cotton, and similar to kapok. But its
initial speed of moisture absorption is the slowest,
and closest to cotton.

(3) The mechanical performance of akund fiber changes
as the relative air humidity changes. Its breaking
strength increases gradually with the increase of
relative humidity. The wet strength of akund fiber is
much higher than the dry strength.
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The effect of surface treated sisal fiber on the mechanical, thermal, flammability, and morphological properties of sisal fiber
(SF) reinforced recycled polypropylene (RPP) composites was investigated. The surface of sisal fiber was modified with different
chemical reagent such as silane, glycidyl methacrylate (GMA), and O-hydroxybenzene diazonium chloride (OBDC) to improve
the compatibility with the matrix polymer. The experimental results revealed an improvement in the tensile strength to 11%, 20%,
and 31.36% and impact strength to 78.72%, 77%, and 81% for silane, GMA, and OBDC treated sisal fiber reinforced recycled
Polypropylene (RPP/SF) composites, respectively, as compared to RPP. The thermogravimetric analysis (TGA), differential
scanning calorimeter (DSC), and heat deflection temperature (HDT) results revealed improved thermal stability as compared with
RPP. The flammability behaviour of silane, GMA, and OBDC treated SF/RPP composites was studied by the horizontal burning
rate by UL-94. The morphological analysis through scanning electron micrograph (SEM) supports improves surface interaction
between fiber surface and polymer matrix.

1. Introduction

With the international governmental policies, ecological
risks and increasing global energy crises have been the
driving force behind the more and more research inter-
est owing to their potential of serving as alternative for
natural fiber reinforced thermoplastics composites [1–7].
Accordingly, extensive studies on the attractiveness of a plant
based fiber reinforcement materials come from its low abra-
sion, multifunctionality, low density, unlimited availability,
ecofriendliness, high specific mechanical performance, and
renewability [8–16]. These properties have made fibers very
attractive candidate material for many applications such
as automotive, building, construction, and aerospace. In
spite of the advantages, natural fibers are hydrophilic in
nature as they are derived from lignocellulose, which contain
strongly polarized hydroxyl groups. These fibers, therefore,
are inherently incompatible with hydrophobic thermoplas-
tics, such as recycled polypropylene; the main difficulty with

using natural fiber arises due to improper adhesion with
hydrophobic polymer matrix and formation of agglomerates
during processing [17–23]. This has resulted in an increasing
demand towards improving the adhesion between the fiber
and matrix by the modification of the fiber and/or polymer
matrix using chemical methods. Fiber modifications include
mercerization, acetylation, silanation and treatment with
strontium titanate (SrTiO3), glycidyl methacrylate (GMA) &
O-hydroxybenzene diazonium chloride (OBDC) by different
authors for enhancing better surface interaction towards
polymer matrix [15, 19, 24–31].

In the age of “going green” it is becoming easier and
easier to recycle. A sustainable polymer product cannot
be land filled but has to be recycled. Polymer recycling
is classified into four distinct categories depending on the
level of conservation of the polymer chemical structure.
Recycling of polymeric material has been practiced for
many years by industries without any great accuracy. The
new environmental, economic, and petroleum crises have
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induced the scientific community to deal with polymer
reprocessing and sustainability. Recycled polypropylene (PP)
is of great interest, particularly for the automotive industry.
One problem with recycled resins is that tensile toughness
and impact strength usually decrease during recycling and
restoration requires additives. Polypropylene is an econom-
ical material that offers a unique combination of excellent
physical, chemical, mechanical, thermal, and electrical prop-
erties which is not found in any other thermoplastic [32].

Again, PP is one of the most versatile thermoplastics
polymers as a consequence of its recyclability and its
capability low processing cost for massive production. The
use of recycled polypropylene (RPP) obtained from the
above application is not as easy as virgin one due to the
inconsistent material properties in presence of impurities. To
overcome this limitation several methods have already been
developed but reinforcement with natural fiber are yet to be
studied [33].

The sisal fibers used in this investigation is one of the
most widely used natural fibers extracted from the leaves of
the plant Agave sisalana. This was originated from Mexico
and is now mainly cultivated in East Africa, Brazil, Haiti,
India, and Indonesia. The name “sisal” comes from a harbor
town in Yucatan, Maya, Mexico. It means cold water. Agave
plants were grown by the Maya Indians before the arrival
of the Europeans. They prepared the fibers by hand and
used it for ropes, carpets, and clothing. Some clothes were
called “nequen,” and this is where the present name of
Mexican agave, henequen, probably originates from. The
outstanding mechanical properties of SF associated with
high cellulose content and low microfibrillar angle have
been taken into consideration for enhancing strength and
performance characteristics in the current study. However,
its hydrophilic character has been the main cause of poor
compatibility between natural fibers and polymers matrix,
which leads to unsatisfactory mechanical and thermal prop-
erties of reinforced composites [34, 35].

The interaction between the natural fiber and the matrix
can be further improved by surface modification of the fibers
using chemical treatment techniques, such as acetylation,
benzylation, plasma treatment, and mercerization. Mechan-
ical properties of natural fiber-reinforced composites can be
further influenced by adhesion characteristics of the fiber-
matrix interface. Similar investigation was carried out by
Singleton et al. in his work on “On the mechanical properties,
deformation and fracture of a natural fibre/recycled polymer
composite” [8].

In this study, an attempt has been made to study
the effect of chemically treated sisal fiber on mechanical,
thermal, morphological, and flammability properties of fiber
reinforced recycled polypropylene composites.

2. Experimental

2.1. Materials. Recycled polypropylene (RPP), obtained
from M/s. Cargil Dow (Bair, US-NE), was used as a
matrix material. The MFI for RPP is between 1 and
12 g/10 min (230◦C, 2.16 kg), and density is 0.9 g/cc. Sisal

fibers (Agave sisalana) obtained from M/s Sheeba fibers and
handicrafts, Poovancode, Tamilnadu, India, with a density
of 1.5 g/cc were used as reinforcement. Surface modifiers: 3-
aminopropyltriethoxysilane (APS), a product of M/s Evonik
Degussa (China) Co., Ltd. supplied by Aroma Chemical
Agencies (India) Pvt. Ltd. and bis-(3-triethoxy silyl propyl)
tetrasulfane (Si69) from M/s Sigma Aldrich. Co., Germany,
were used as modifying agents. Common chemicals such
as sodium hydroxide, acetic acid, acetic anhydride, and
sulphuric acid were collected from Merck Specialities Pvt.
Ltd., Mumbai, India.

2.2. Methods

2.2.1. Fiber Surface Modification. Prior to chemical treat-
ment bundles of sisal fiber were cut in to a length of 13–
15 cm and scoured in mild detergent solution at 60◦C for
2 hrs to remove dust and other impurities. Finally the fibers
were washed in distilled water and dried in air for 2 days.

NaOH Treatment (Mercerization). Mercerization of the
fibers was carried out by immersing the fibers in 1 N sodium
hydroxide (NaOH) solution for 1 hr at room temperature.
Then the fibers were washed with distilled water containing
few drops acetic acid, followed by washing under continuous
stream of water until the complete removal of NaOH residue.
Subsequently, the mercerized fibers were dried at room
temperature for 24 hrs and then in a vacuum oven at 80◦C
for 12 hrs.

Acetylation. The fiber bundles were immersed in the mixture
of acetic acid/acetic anhydride of ratio 1 : 1 along with 1 mL
of conc. sulphuric acid as a catalyst. Then the fiber was
drained from the mixture, washed with distilled water until
the complete removal of unreacted reagents, and then finally
dried in a oven for 24 hrs at 80◦C.

Silane Treatment. The detergent washed fibers were dipped
in 5 wt% silane solution in alcohol water mixture (60 : 40) for
1 hr at room temperature. Bis-(3-triethoxysilylpropyl) and
3-amino propyltriethoxysilane (APS) were used as coupling
agents. The pH of the solution was maintained to 4 with
acetic acid. Then the fibers were washed in distilled water and
dried.

Strontium Titanate (SrTiO3) Treatment. The fibers were
dipped in 5 wt% alcoholic solution (ethanol) for 30 min in
presence of 2% strontium titanate (SrTiO3) as a coupling
agent. The pH of the solution was maintained between 4.5
to 5.5 with the addition of ethanoic acid; further the fiber
was washed with ethanol and dried in oven for 2 hrs.

Glycidyl Methacrylate (GMA) Treatment. Detergent washed
sisal fiber was reacted at 90◦C with 60 mL of glycidyl
methacrylate solution. Hydroquinone (2% by weight of
GMA) was added to minimize the free radical reaction at
the unsaturated end of GMA molecules. After 2 hrs, the
modified fibers were separated through filtration and rinsed
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with acetone. The residual solvent was removed with excess
of acetone and finaly dried under vacuum at 90◦C for 24 hrs.

O-Hydroxybenzene Diazonium Chloride (OBDC) Treatment.
O-hydroxybenzene diazonium chloride solution was pre-
pared by the addition of O-hydroxyaniline (dissolved in HCl)
with NaNO2 in an ice bath temperature ≤5◦C. The prepared
solution was mixed with water in the ratio of 10 : 90. Then
the fibers were dipped into the solution. After treatment the
fibers were washed with distilled water followed by drying in
oven for 4 hrs.

All the treated fibers were chopped using an electronic
fiber cutting machine in to short fiber short fiber of length
2-3 mm. The surface treatments of sisal fiber have been
confirmed using FTIR spectroscopy.

2.3. Fourier Transformation Infrared Spectroscopy (FTIR).
FTIR spectra of untreated and treated sisal fiber were
recorded using Nicolet 6700, USA spectrometer. Each spec-
trum was obtained by adding 64 consecutive scans with a
resolution of 4 cm−1 within the range of 500–4000 cm−1.

2.4. Fabrication of Composites. RPP/SF composites were
prepared by melt mixing in a batch mixer (Haake Rheomex
600, Germany) at various percentages of fiber loading from
10, 20, and 30 to 40 wt%, respectively. The mixing was
carried out at 180◦C with a rotor speed of 40 rpm for
10 mins. The melt mixer obtained was cooled to room
temperature, granulated, and conditioned at 80◦C for 2 hrs
prior to specimen preparation. Finally molded sheets of 3 ±
0.1 mm thickness were prepared using a 100 T compression
press (M/s Delta Malikson, Mumbai) at 190◦C, 80 kg/cm2

pressure over a total cycle time of 15 min. Further, specimens
were prepared from these sheets as per various ASTM
standards using a count ceast copy milling machine (M/s
ceast, Italy).

2.5. Mechanical Testing. Tensile properties were measured as
per ASTM-D 638 with gauge length of 50 mm, at a cross head
speed of 50 mm/min by using the Universal Testing Machine
(3382 Instron, UK). Notched izod impact strength of the
specimens was evaluated using an impactometer (Tinius
olsen, USA) as per ASTM-D 256 with a notch depth of
2.54 mm and notch angle of 45◦.

2.6. Thermal Characterization. The melting, crystallization,
and thermal stability of RPP and RPP/SF composites have
been studied using differential scanning calorimetry (DSC
Q 20, TA Instruments, USA) and TGA (TGA Q 50, TA
Instruments, USA), respectively. DSC analysis was carried
out using 5–10 mg of samples at a scanning rate of 10◦C/min
with a temperature range of 30–200◦C under nitrogen
atmosphere. Similarly TGA of 5–10 mg samples were carried
out from 30 to 600◦C at a heating rate of 10◦C under nitrogen
atmosphere. An HV-2000A-C3, GOTech, (Taiwan) analyzer
was used to measure the heat-deflection temperature (HDT)
of the composites.

2.7. Flammability Study. Flammability of the samples was
studied by a horizontal burning test as per UL-94. In the
horizontal burning test, the sample was held horizontally and
a flame fuelled by natural gas was applied to light one end
of the sample. The time for the flame to reach from the first
reference mark (25 mm from the end) to the second reference
mark, which is at 100 mm from the end, was measured.

2.8. Morphological Analysis: Scanning Electron Microscopy
(SEM). The SEM of impact fractured composite specimens
was carried out using EVO MA 15, Carl zeiss SMT (Ger-
many). The samples were sputtered with platinum and were
dried for half an hour at 70◦C in vaccum, before study.

3. Result and Discussion

3.1. FTIR Analysis. Untreated and treated Sisal fiber were
investigated by FTIR analysis as shown in Figure 1 from
wave number 4000 to 450 cm−1 and the possible reaction
mechanism represented in Figure 2. Peaks in the region of
1030–1150 cm−1 are mainly due to the C–O–C and C–O
symmetric stretching of primary and secondary hydroxyl
group in the cellulose, lignin, and their glycoside linkages.
Peak near to the 1654 cm−1 corresponds to –C=O stretching
due to the presence of aliphatic carboxylic acid in cellulose
chain, whereas ketonic groups indicate –OH stretching peak
at around 3400 cm−1. The peak area around 1600 cm−1

reveals absorbed moisture content in SF. In addition, –C–H
stretching absorption around 2900 cm−1 also can be seen in
the SF spectra.

Surface modification of SF exhibits the absence of char-
acteristic peaks at 1643 and 1156 cm−1, accompanied with
reduction in peak intensity at 1425 cm−1. This is because
of the decomposition of hemicellulose and partial leaching
out of lignin by sodium hydroxide [7]. The disappearance of
the peak at 1643 cm−1 is due to the dissolution of a portion
of uranic acid, a constituent of hemicelluloses xylan. The
shift of the peak from 2900 cm−1 to 2515 cm−1 indicates
participation of some free hydroxyl groups in the chemical
reaction [24].

Similarly, acetylation of SF also leads to changes in the
appearance or increment in absorbance peak in the region
around 1735–1737 cm−1. The appearance of peak at around
1500 cm−1 is associated with the bending of aromatic C–H
bond, present in lignin. The peak corresponding to 1735–
1737 cm−1 is due to the esterification of the hydroxyl groups,
which results in an increased stretching vibration of the
carbonyl (C=O) group present in the ester bonds. The
spectrum of fibers near to 1732 cm−1 is primarily assigned
to the C=O stretching vibration of the carboxyl and acetyl
groups in “xylan” of hemicelluloses. The appearance of the
peak at around 2372 cm−1 for the acetylated SF confirms
formation of ester linkage between the acetyl and hydroxyl
groups in the fibres [25].

Silane treated SF introduces organosiloxy group to the
fiber surface. The expected change in FT-IR spectra with
silane treatment of SF is symmetric –(Si–O) and (–C–
Si) stretching frequencies and asymmetric O–Si–O– and
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Figure 1: FTIR spectra of (a) untreated, (b) NaOH, (c) Acty, (d) Si, (e) SrTiO3, (f) GMA, and (g) OBDC treated sisal fiber.
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Figure 2: Mechanism of chemical treatments (a) NaOH, (b) acetylation, (c) Silanation, (d) SrTiO3 treatment, (e) GMA treatment, and (f)
O-hydroxybenzene diazonium chloride (OBDC) treatment.



Advances in Mechanical Engineering 5

–Si–O–C– stretching frequency in a region around 510–
1160 cm−1. Thus the peaks around 825 cm−1 and 1020 cm−1

are attributed to the Si–C symmetric stretching also con-
tributes a peak around 891 cm−1 of the spectra. The
asymmetric stretching frequencies of (–Si–O–C–) are due
to the condensation reaction between the Silane and SF.
These condensed Siloxanes also contribute to the Si–O–Si
symmetric stretching frequency. In addition the above
general characteristics peaks of Siloxane like C–N stretching
frequencies around 2187 cm−1 can also have been observed
[24, 25].

Treatment of SF by SrTiO3 shows the disappearance of
peak in the region of around 1630–1750 cm−1 conforming
the partial dissolution of hemicelluloses group to carbonyl
functionalities. The –OH stretching band becomes broad
in a region around 2800–2900 cm−1 indicating the presence
of increased number of hydroxyl group occurs due to the
reaction of cellulosic group with sensitive SrTiO3 [20].

Whereas treatment of SF by GMA shows a remarkable
absorption peak in the carbonyl region at around 1728 cm−1

and peaks at 1418 and 1595 cm−1, which are associated with
the methacrylic ester bond and C=C group of GMA. The
peak intensity in the modified samples increased with the
reaction time, thus supporting a high reaction extent of the
epoxide groups of GMA with the OH groups on the fiber
surface [26].

However treatment with OBDC indicates absorption
band at around 1700–1600 cm−1 and 1400–1000 cm−1 for
N–O and C–O stretching, respectively; thus the result gives
a clear indication of chemical modification of SF with O-
hydroxybenzene diazonium chloride [15].

3.2. Mechanical Properties

3.2.1. Effect of Untreated Sisal Fiber Loading on Mechanical
Properties of RPP/SF Composites. Figure 3 represents the
mechanical properties of RPP/SF composites at a variable
percentage of fiber loading from 10 to 40 wt%. Test results
indicate that RPP has tensile strength, tensile modulus, and
impact strength of 18.90 MPa, 1204.61 MPa, and 16.31 j/m
respectively. Incorporation of SF into the RPP matrix reduces
the tensile strength to about 41.57% at 30 wt% of fiber
loading as compared with RPP. Likewise the percentage in
tensile strain at break is found to be decreased confirming
the discontinuity of dispersion in polymer matrix [28].
However tensile modulus and impact strength are found to
be increased to small extent at 30 wt% of SF loading due to
the reinforcing effect of fiber where stress is transfer from the
matrix to the fiber. The results imply that untreated fiber
does not have better interaction with the polymer matrix
due to the presence of surface impurities. At higher fiber
content the agglomeration of fiber is found to be more, which
further results in deterioration in mechanical properties
at 40 wt% of fiber loading [24]. The quality of a fiber
reinforced composites depends considerably on the fiber
matrix interface because only a well form interface allows
better stress transfer from matrix to the fiber. Therefore good

interfacial adhesion between the matrix and fiber is essential
to improve the mechanical strength of composites.

3.2.2. Effect of Compatibilizer (MA-g-PP) on Mechanical
Properties of RPP/SF Composites. The hydroxyl acid and the
polar groups located in the branched heteropolysaccharide
present in the Sisal fiber are active sites of water absorption,
which results in incompatibility with hydrophobic RPP
matrix. This incompatibility leads to weak interface and poor
mechanical properties. With the addition of compatibilizer
(MA-g-PP) in RPP/SF composites at 3–7 wt% of MA-g-
PP loading result in significant improvement in mechanical
properties, represented in Figure 4. Here addition of MA-g-
PP acts as a dispersing agent between the polar fibers and the
nonpolar matrix resulting in improved interfacial adhesion,
which contributes towards enhanced stress transfer from the
matrix to the fiber [6, 14].

As the RPP/SF composite at 30% fiber loading shows
increased tensile modulus and impact strength, so this com-
position has been taken for preparation of RPP/SF/MA-g-PP
composites for further characterization studies. Incorpora-
tion of MA-g-PP at 5 wt% shows increased tensile strength
of 28.22% and tensile modulus of 2.11% as compared
to RPP/SF composites without compatibilizer, which is as
per the strength observed in case of RPP. This behaviour
primarily attributed to the fact that the anhydride group
of MA-g-PP reacts with the hydroxyl group of sisal fibers
forming an ester linkage at the interface. Furthermore,
the high molecular weight MA-g-PP has more flexible PP
chains, which are able to diffuse into the matrix leading
to interchain entanglements, thereby contributing to the
mechanical continuity of the systems. Gassan and Bledzki
[36] have reported similar behaviour for jute and flax
reinforced PP composites. However, increase in the MA-g-
PP content to 7 wt% resulted in the decrease of mechanical
strength of composites. This is due to self-entanglement
among the compatibilizer chains rather than with polymer
matrix resulting slippage. Similar results are also indicated
by Biswal et al. in their work on “Influence of Organically
Modified Nanoclay on the Performance of Pineapple Leaf
Fiber-Reinforced Polypropylene Nanocomposites” [7].

3.2.3. Effect of Surface Treated Sisal Fiber on Mechanical
Properties of RPP/SF/MA-g-PP Composites. The different
chemical modifications of natural fibers aimed at improving
the adhesion with a polymer matrix were performed by
a number of researchers [7, 15, 19, 24, 27, 33]. Some
examples of chemical modification of fiber surface such as
Mercerization, Acetylation, Silane, Strontium titanate, GMA
and O-hydroxybenzene diazonium chloride treatments are
represented in our current study. Different chemical treat-
ments of SF intrinsically increase the interacting ability of
the fiber with the polymer matrix which results improved
mechanical properties as represented in Figure 5.

NaOH Treated SF. Mercerization of SF results in an
improvement in interfacial debonding of fibers with RPP,
which is probably due to the additional sites created for



6 Advances in Mechanical Engineering

Tensile strength

Te
n

si
le

 s
tr

en
gt

h
 (

M
Pa

)

Tensile modulus

Te
n

si
le

 m
od

u
lu

s 
(M

Pa
)

A B C D E

Composites (wt%)

12

13

14

15

16

17

18

19

20

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

Im
pa

ct
 s

tr
en

gt
h

 (
j/

m
)

Impact strength
Tensile strain

Te
n

si
le

 s
tr

ai
n

 (
%

)

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

A B C D E

15

20

25

30

35

40

45

50

55

Composites (wt%)

Figure 3: Mechanical properties of RPP/SF composites at a different wt% fiber loading whereas A: RPP, B: RPP/SF (90/10), C: RPP/SF
(80/20), D: RPP/SF (70/30) and E: RPP/SF (60/40).

1690

1692

1694

1696

1698

1700

1702

1704

1706

1708

1710

18

18.2

18.4

18.6

18.8

19

F G H

Tensile strength

Te
n

si
le

 s
tr

en
gt

h
 (

M
Pa

)

Tensile modulus

Te
n

si
le

 m
od

u
lu

s 
(M

Pa
)

Composites (wt%)

F G H
1.42

1.44

1.46

1.48

1.5

1.52

1.54

1.56

1.58

1.6

48

49

50

51

52

53

54

55

56

Im
pa

ct
 s

tr
en

gt
h

 (
j/

m
)

Impact strength
Tensile strain

Te
n

si
le

 s
tr

ai
n

 (
%

)

Composites (wt%)

Figure 4: Mechanical properties of RPP/SF/MA-g-PP composites at different wt% of MA-g-PP loading whereas F: RPP/SF/MA-g-PP
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mechanical interlocking [25]. This treatment increases the
tensile strength 5.5%, tensile modulus 32.02%, and impact
strength 72.75% as compared to RPP. Mercerization also
provides better fiber surface adhesion characteristics by
removing natural and artificial impurities, thus producing
better surface topography.

Acetylated SF. Incorporation of acetylated SF (Acty-SF) into
RPP indicates improvement of 0.21% in tensile strength,
28.93% in tensile modulus, and 65.64% in impact strength
as compared to RPP. This improvement in tensile strength is
due to the loss of hemicelluloses from the fiber surface [25]
and tensile modulus due to the cross-linking reaction during
melt mixing [24], whereas impact strength increases due to

the minimum interfacial debonding according to Mishra et
al. [37].

Silane Treated SF. Silane treated SF significantly increased
the tensile strength, tensile modulus, and impact strength to
10.97%, 31.61%, and 78.72%, respectively as compared to
RPP. This is due to that the ethoxy group of the silane reacts
with the carbonyl group of the cellulosic fiber in ethanol
media which further interact with RPP through hydrogen
and covalent bonds. The sulphur atom present in silane can
also impart polarity in the system to enhance the interaction
with the RPP matrix. Thus it forms a bridge between fiber
and matrix, enhancing the interfacial interaction between
them [24–26]. Furthermore it can also be explained by
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increased nucleation ability as a result of silane surface treat-
ment yielding smaller and better crystals in a transcrystalline
interphase region improving the bonding capability between
the fiber and matrix.

SrTiO3 Treated SF. The improvement in tensile strength,
tensile modulus, and impact strength is found to be 19.43%,
26.12%, and 74.03% with the addition of SrTiO3 treated
SF. These results indicate improved bond durability and
increased interaction between fiber and polymer matrix. This
is also responsible for the hardening of fiber morphology and
decreased elasticity [20].

GMA Treated SF. GMA treated SF indicates the improve-
ment of tensile strength to 19.81%, tensile modulus to
30.48%, and impact strength to 77.55% respectively. This
improvement is probably due to the effect of interfacial inter-
actions in the presence of compatibilizer. The interactions
between the epoxy groups grafted on fiber and the hydroxyl
group on cellulose fibers are enhanced as the compatibilizer
ratio increased [26].

OBDC Treated SF. Mechanical results due to OBDC treated
fiber indicate improvement in tensile strength, tensile mod-
ulus and impact strength to 31.37%, 31.88%, and 81.13%,
respectively. This indicates that interfacial bonding between
the fiber and matrix has significantly improved upon chem-
ical treatment leading to increased stress transfer efficiency
from the matrix to the fiber. This further confirms the
capability of the fiber to absorb energy that can stop crack
propagation [15, 24, 25].

3.3. Thermal Analysis

3.3.1. Differential Scanning Calorimetry (DSC). The DSC
heating and cooling thermograms of RPP, RPP/SF, and

RPP/untreated and treated SF/MA-g-PP composites are
depicted in Table 1 and Figure 6. The glass transition
temperature (Tg), crystalline temperature (Tc), and melting
temperature (Tm) of all samples are listed in Table 1.
RPP shows a Tg value of −12.18◦C, which is decreased
to about −14.23◦C with the incorporation of untreated
SF. This indicates the plasticization effect occurs with the
incorporation of natural fiber. Plasticization due to untreated
fiber increased the chain mobility and free volume of the
matrix chains by loose packing of fiber within the matrix
confirms the improper surface interaction. This interaction
can be further enhanced by addition of compatibilizer (MA-
g-PP) and surface treatment of SF. In case of RPP/Si-SF/MA-
g-PP composites, Tg of RPP increased from −12.18◦C to
−3.91◦C. This confirms efficient adhesion between fiber
and matrix upon treatment with silane. RPP/GMA-SF and
RPP/OBDC-SF composites with MA-g-PP also an increase
of −3.36◦C and −4.48◦C due to the poor adhesion and
moisture absorption effect by GMA and OBDC surface
treated fiber, respectively [15, 27].

The crystalline temperature (Tc) of RPP, RPP/SF, and
RPP/untreated and treated SF/MA-g-PP are represented in
Table 1. The results indicate that the Tc of RPP/SF with
and without MA-g-PP and treated SF (Silane, GMA, OBDC)
was slightly increased as compared with RPP. This may
be due to the reorganization of amorphous domains in to
crystalline regions with increased macromolecular flexibility
and mobility at higher temperature [7–9].

Melting temperature (Tm) of RPP was observed around
167.8◦C whereas its RPP/SF decreased to 165.83◦C due
to loss of chain alignment and conformational purity of
RPP matrix during melt process with SF. This indicates
the formation of crystallites with different sizes and/or
perfection of ordering [38]. The melting transition has
been enhanced by addition of MA-g-PP and surface treated
SF as compared with RPP/SF composites. The improved
interfacial interaction of fiber with polymer matrix leads
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Figure 6: DSC graph temperature versus exothermic heat flow for (a) melting temperature (Tm) and (b) crystalline temperature (Tc).

to the enhancement in melting temperatures due to the
addition of MA-g-PP and surface treated fiber [7].

3.3.2. Thermogravimetric Analysis (TGA). The thermal sta-
bility of RPP, RPP/SF, RPP/SF/MA-g-PP (65/30/5), and
RPP/SF (Silane and GMA and OBDC treated SF)/MA-g-
PP (65/30/5) composites were investigated using TGA and
DTG curve as represented in Table 2 and Figure 7. It is
evident that the thermal degradation of RPP started at 356◦C
with the final degradation temperature of 460◦C. It also
can be seen that the weight loss of RPP occurred in a one-
step degradation process from 356◦C to 450◦C. The mass
loss of RPP 234.2◦C continues very slowly at temperature
below 401.5◦C. Above 400.6◦C this process takes place very
rapidly and the residue amount is almost zero at 460◦C.
On the other hand the thermal degradation of RPP/SF
composites occurred in two-step degradation process. This
result is also confirmed from DTG curve as represented in
Figure 7. Addition of SF up to 30 wt% decreases its thermal
stability as compared to RPP. This may be due to the lower
decomposition temperature of SF present in the composites
[32].

However RPP/SF composites with MA-g-PP exhibited
increased thermal stability with an initial degradation tem-
perature of 246.8◦C and final degradation temperature of
412.5◦C. This is probably due to dehydration from cellulose
unit and thermal cleavage of glycosidic linkage by transgly-
cosylation and scission of C–O and C–C bonds. At 436.5◦C,
RPP got completely decomposed, whereas in the composites
a charred residue of carbonaceous product of 2.13% was left
[7]. The RPP/SF composites with treated SF such as silane,
GMA, and OBDC indicate higher thermal stability. Treated
Silane is found to be increased to about 362.6◦C and 472.5◦C
in initial and final degradation temperature. This behaviour

Table 1: Glass transition, melting, and crystallization properties of
RPP/SF composites.

Sample Tg (◦C) Tm (◦C) Tc (◦C)

RPP −12.18 167.86 128.18

RPP/SF (70/30) −14.23 165.83 127.42

RPP/SF/MA-g-PP (65/30/5) −5.66 166.85 128.28

RPP/Si-SF/MA-g-PP (65/30/5) −3.91 166.32 128.87

RPP/GMA-SF/MA-g-PP (65/30/5) −3.36 165.54 128.29

RPP/OBDC-SF/MA-g-PP (65/30/5) −4.48 166.49 128.44

is probably due to the increase in molecular weight by cross-
linking reaction between matrix and fiber or molecular chain
extension of the matrix itself, whereas GMA and OBDC
are found to be increased in 363.4◦C and 494.3◦C in initial
temperature and 379.2◦C and 512.8◦C in final degradation
temperature. This is due to better surface adhesion towards
the polymer matrix [15].

3.3.3. Heat Deflection Temperature (HDT). Heat deflection
temperature (HDT) of RPP and RPP/SF composites was
investigated using HDT analysis, which is depicted in
Figure 8. The HDT values of RPP are found to be lesser with
the addition of 30 wt% of SF and 5 wt% of MA-g-PP, whereas
with the incorporation of treated fiber in RPP/SF composites
show a significant increase in thermal stability to about
25◦C–42◦C. RPP/Si-SF/MA-g-PP, RPP/GMA-SF/MA-g-PP,
and RPP/OBDC-SF/MA-g-PP composites indicate improved
HDT to about 3.35%, 6.7%, and 14.77% as compared to
RPP, respectively. The HDT value depends on the modulus
and glass-transition temperature of a material. The modulus-
temperature relationship plays a critical role in determining
the HDT. Thus the improvement in the HDT values for
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Table 2: Thermogravimetric analysis (TGA).

Sample
Initial degradation

temperature
(◦C)

Maximum degradation
temperature 1

(◦C)

Maximum degradation
temperature 2

(◦C)

Final degradation
temperature

(◦C)

RPP 356 419.17 — 460

RPP/SF (70/30) 234.20 401.53 436.54 412.5

RPP/SF/MA-g-PP (65/30/5) 246.74 403.53 443.30 425.7

RPP/Si-SF/MA-g-PP (65/30/5) 362.13 399.57 446.95 472.6

RPP/GMA-SF/MA-g-PP (65/30/5) 363.67 400.68 451.41 494.3

RPP/OBDC-SF/MA-g-PP (65/30/5) 379.44 397.15 456.48 512.8
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PP.

the RPP/SF composites approches towards higher modulus
values at elevated temperature as discussed earlier in case of
mechanical properties [27].

3.4. Flammability Study. The burning rate of all the systems
was investigated through horizontal burning test using UL-
94 standards. All the systems burned up to 100 mm marks.
Burning rates of RPP and RPP/SF composites measured
by horizontal burning test are represented in Table 3 and
Figure 9. The composites with the loading of 30 wt%
of SF showed lower burning rate than that of the RPP.
This indicated the lower sensitivity of sisal fiber filled
RPP composites, to the flame. On the other hand the
burning rate of the RPP/SF composites compatibilized with
MA-g-PP was slightly decreased as compared to that of
the uncompatibilized composites and was even less than
that of RPP. This revealed the addition of compatibilizer
help to reduce the burning rate of the RPP. Among the
composites filled with treated fibers, the RPP/Si-SF/MA-
g-PP showed the lowest rate of burning as it decreased
by 16% and 7.42% as compared with RPP and RPP/SF
composites, respectively. Therefore among all the systems
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Table 3: Rate of burning properties of RPP/SF composites.

Sample
Rate of burning

(mm/min.)
SD Burning behaviour

RPP 10.00 0.43 Drips and ignites cotton, high flame, no residue, do not produce smoke

RPP/SF (70/30) 9.26 0.11 Slow dripping, ignites cotton, less spreading flame, residue remains, produce
smoke

RPP/SF/MA-g-PP
(65/30/5)

9.47 0.35 Drips in a slower rate, ignites cotton, less spreading flame, residue gray colour,
produce smoke

RPP/Si-SF/MA-g-PP
(65/30/5)

8.62 1.22 Very less dripping, do not ignite cotton, very less flame spreading, less smoke
produced

RPP/GMA-SF/MA-g-PP
(65/30/5)

9.31 0.41 Very less dripping, do not ignite cotton, very less spreading flame, high smoke
production

RPP/OBDC-SF/MA-g-PP
(65/30/5)

9.76 0.30 Do not drip, do not ignite cotton, high flame spread, large amount of residue,
high smoke production
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Figure 9: Rate of horizontal burning.

RPP/Si-SF/MA-g-PP composite showed the highest stability
towards flame [39].

3.5. Morphological Study (SEM). The surface morphology of
fractured RPP/SF composites reflects the reason about higher
mechanical properties. The Morphological impact fractured
surface of RPP/SF (70/30), RPP/SF/MA-g-PP (65/30/5),
RPP/Si-SF/MA-g-PP (65/30/5), RPP/GMA-SF/MA-g-PP
(65/30/5), and RPP/OBDC-SF/MA-g-PP (65/30/5) com-
posites and treated sisal fiber shown in Figure 10, SEM
images of RPP/SF, RPP/SF/MA-g-PP implies poor interfacial
bonding between the matrix and the untreated fiber. On
the other hand chemically treated SF composites show
almost no sign of fiber agglomeration and microvoids in the
fractured surface of the composites. These results suggest

that interfacial adhesion between the chemically treated SF
and RPP matrix has become much more favorable upon
treatment of the fiber with Silane, GMA and OBDC [7]. In
general, fiber treatments can significantly improve adhesion
at the former interface and also lead to ingress of the matrix
into the fibers, obstructing pullout of the cells. This further
confirms the removal of wax, oils and other low molar mass
impurities which make the fiber surface rougher towards
better adhesion with the matrix. The micrographs show
that the untreated fibres are covered with a layer, whose
composition is probably mainly waxy substances, as has
been reported also previously [15–32]. It can be seen that
the layer is not evenly distributed along the fibre surface,
but its thickness varies from point to point. As seen in SEM
images the surface of the treated fiber became smoother as
compared to that of untreated fiber. Removal of the waxy
and oil substances on the surface of lignocellulosic materials
and replacement of surface hydroxyl groups by acetyl and
propionyl groups could explain smoothening of the fibre
surface after treatments [40].

4. Conclusions

In this present study the mechanical, thermal, flammability,
and morphological properties of the RPP/SF (untreated
and treated) with and without compatibilizer composites
have been investigated. RPP/SF composites were prepared
using melt compounding techniques. Composites prepared
at 30 wt% of fiber loading with 5% MA-g-PP showed
optimum mechanical performance. Incorporation of treated
sisal fiber such as silane and GMA and OBDC additionally
increases the mechanical and thermal properties of PP
matrix. Thermal degradation temperature of RPP/SF com-
posites shows higher values as indicated by TGA and HDT
analysis. DSC study shows higher Tg and Tc as compared
to RPP indicating increased macromolecular flexibility and
mobility. The flammability of RPP/SF composites studied by
horizontal burning (UL-94) method shows the decrease level
of burning rate of RPP/SF composites due to the presence
of flammable sisal fiber. The morphological observations by
SEM indicate efficient removal of cementing agents from
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Figure 10: SEM image of impact fractured RPP/SF composites, untreated and treated sisal fiber, whereas (a) RPP/SF, (b) RPP/SF/MA-g-PP,
(c) RPP/Si-SF/MA-g-PP, (d) RPP/GMA-SF/MA-g-PP, and (e) RPP/OBDC-SF/MA-g-PP, (f) untreated SF, (g) NaOH-SF, (h) Acetylated SF,
(i) Si-SF, (j) SrTiO3-SF, (k) GMA-SF, and (l) OBDC-SF.
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raw sisal fibers enhances the fiber adhesion properties with
matrix due to surface treatment. Thus RPP/SF composites
with balanced mechanical and thermal properties can be
achieved at an optimal concentration of treated SF and
compatibilizer with RPP matrix.
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In the present work, a series of bamboo-fiber-reinforced epoxy composites are fabricated by using red mud and copper slag particles
as filler materials. A filler plays an important role in determining the properties and behavior of particulate composites. The effects
of these two fillers on the mechanical properties of bamboo-epoxy composites are investigated. Comparative analysis shows that
with the incorporation of these fillers, the tensile strength of the composites increases significantly, whereas the flexural strength
and impact strength decrease with increase in filler content (red mud and copper slag fillers) in the epoxy-bamboo fiber composites.
The density and hardness are also affected by the type and content of filler particles. It is found that the addition of copper slag
filler improves the hardness of the bamboo-epoxy composites, whereas the addition of red mud filler reduces the hardness value
of bamboo-epoxy composites. The study reveals that the addition of copper slag filler in bamboo-epoxy composites shows better
physical and mechanical properties as compared to the red-mud-filled composites.

1. Introduction

In the recent years, for making the low-cost engineering
materials the use of natural fibers in polymers composites
has brought forth a lot of interest. The new environmental
legislation as well as consumer demands has pressured
manufacturing industries (especially automotive, packaging
and construction) to search new materials that can replace
the conventional nonrenewable reinforcing materials such as
glass fibre, carbon fiber, and so forth [1]. The advantages of
natural fibers over the traditional glass fibers are low density,
good specific strength and modulus, economical viability,
enhanced energy recovery, and good biodegradability [2].
There are also some disadvantages of natural fiber-reinforced
polymer composites such as the incompatibility between the
hydrophilic natural fibres and hydrophobic thermoplastic
and thermoset matrices requiring appropriate use of physical
and chemical treatments to enhance the adhesion between
fibre and the matrix [3]. Generally the cellulosic fibers, like

henequen, sisal, coconut fiber (coir), jute, palm, bamboo,
wood, paper in their natural condition, and several waste
cellulosic products such as shell flour, wood flour, and
pulp have been used as reinforcement materials in different
thermosetting and thermoplastic resins [4–11].

Being a conventional construction material since ancient
times, bamboo fiber is a good campaigner for use as a
natural fiber in composite materials. The reason that many
studies focus on bamboo is because it is an abundant natural
resource in Asia, and its overall mechanical properties
are comparable to those of wood. Bamboo is a naturally
occurring composite material, which grows abundantly in
most of the tropical countries. This is one of the oldest
building materials used by human kind. The attractive
physical and mechanical properties that can be obtained with
bamboo-fiber- reinforced composites, such as high specific
modulus, strength, and thermal stability, have been well
documented in the literature. Jain et al. [12] have compared
the Bamboo fiber reinforced epoxy composites (BFRP)epoxy
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with Bamboo-fiber-reinforced unsaturated polyester com-
posites. (BFRP)USP in terms of their cost and mechanical
strength. Jindal [13] has observed that tensile strength
of bamboo-fiber-reinforced plastic (BFRP) composite is
comparatively equivalent to that of the mild steel, whereas
their density is only 12% of that of the mild steel. Hence,
the BFRP composites can be extremely useful in structural
applications. Takagi and Ichihara [14] have studied the effect
of fiber content and fiber length on mechanical properties
of bamboo-fiber-reinforced green composites (BFGC). Fiber
length up to 15 mm has given positive effect on tensile
strength and flexural strength.

In the fiber-reinforced polymer composites, fillers play
an important role. The addition of particulate fillers has
shown a great promise and has been a subject of considerable
interest due to the improvement in performance of polymers
and their composites in industrial and structural applications
due to the addition of fillers. Filler materials are used in
composite materials to reduce material costs, to improve
mechanical properties to some extent, and in some cases to
improve processability. They also increase the properties like
hardness and abrasion resistance and reduce the shrinkage.
The physical and mechanical characteristics can further be
modified by adding a solid filler phase to the matrix body
during the composite preparation. Biswas and Satapathy [15]
study the effect of red mud filler particles on the epoxy-
bamboo fiber composites and epoxy-glass fiber compos-
ites. Also Biswas et al. [16] studied the effect of ceramic
fillers on mechanical properties of bamboo-fiber-reinforced
epoxy composites and results show that the addition of
ceramic fillers in bamboo-fiber-reinforced epoxy composites
enhanced the mechanical properties of the composites.
Although a great deal of work has been published on the
effect of various types and content of fillers on polymer
composites, the potential of ceramic-rich industrial wastes
for such use in polymeric matrices has rarely been explored.
Industrial development over the last decades has generated
huge amounts of toxic and hazardous inorganic waste like, fly
ash, cement by pass dust, copper slag, red mud, and so forth,
which contain appreciable amounts of hazardous elements.

Production of alumina from bauxite by the Bayer’s
process is associated with the generation of red mud as
the major waste material in alumina industries worldwide.
Depending upon the quality of bauxite, the quantity of
red mud generated varies from 55 to 65% of the bauxite
processed [17]. The enormous quantity of red mud dis-
charged by these industries poses an environmental and
economical problem. Red mud, as the name suggests, is
brick red in colour and slimy having average particle size
of about 80–100 μm. It comprises of the iron, titanium, and
the silica part of the parent ore along with other minor
constituents. Depending on the source, these residues have
a wide range of composition: Fe2O3 20–60%, Al2O3 10–
30%, SiO2 2–20%, Na2O2 10%, CaO 2–8%, and TiO2 traces
2–8%. Copper slag is produced during matte smelting and
conversion steps in the pyro-metallurgical production of
copper. During matte smelting, two separate liquid phases,
copper-rich matte (sulphides) and slag (oxides) are formed.
It has been estimated that for every tonne of refined copper

produced, about 2.2 tonne of slag is generated and every
year, approximately 24.6 million tonne of slag is generated
in copper production worldwide. Slag containing <0.8%
copper is either discarded as waste or sold as products with
properties similar to those of natural basalt (crystalline) or
obsidian (amorphous). Copper slag having average particle
size of about 80–100 μm. The composition of the copper slag
is as follows: Fe2O3 35.3%, SiO2 36.6%, CaO 10%, Al2O3

8.1%, CuO 0.37%, MgO 4.38%, Na2O 0.47%, K2O 3.45%,
PbO 0.12%, Zn 0.97%, and Cu 0.24%. The objectives of
this study were to investigate the physical and mechanical
properties of particulate (red mud and copper slag) filled
epoxy-bamboo fiber hybrid composites and present the
comparison between the effect of red mud and copper slag
filler on bamboo-epoxy composites.

2. Preparation of Composites

The filler composites of four different compositions are
prepared for this study. Bamboo fiber was collected from
local supplier and is used as the common reinforcing phase
in all the four compositions. The bamboo fiber has an elastic
modulus 1.9 GPa and possesses a density of 1.32 g/cm3.
Epoxy resin (Elastic modulus 3.42 GPa, density 1.36 g/cm3),
manufactured by Ciba Geigy and locally supplied by North-
ern Polymers Ltd. New Delhi, India, is the matrix material.
Here the red mud and copper slag are used as filler materials.
The composites are made by conventional hand lay-up
technique. The low temperature curing epoxy resin and
corresponding hardener (HY951) are mixed in a ratio of
10 : 1 by weight as recommended. After that red mud and
copper slag fillers are mixed in the epoxy resin before the
bamboo fiber is reinforced in the matrix, the composites are
prepared in two different sets. In first set, the red mud, (0,
5, 10, and 15 wt.%) is used as filler materials and mixed in
the epoxy resin before the bamboo fiber is reinforced in the
matrix. In second set, copper slag (0, 5, 10, and 15 wt.%)
is used as a filler materials and mixed in the epoxy resin
before the bamboo fiber is reinforced in the matrix. For all
the composition, bamboo fiber-loading (weight fraction of
bamboo fiber in the composite) is kept fixed, that is, 45 wt.%
of bamboo fiber. The castings are put under load for about
24 h for proper curing at room temperature. Specimens
of suitable dimension are cut using a diamond cutter for
physical, mechanical characterization, and erosion testing.

3. Physical and Mechanical Characterization

3.1. Density. The theoretical density of the composite mate-
rials in terms of weight fraction can easily be calculated as in
the following equation given by Agarwal and Broutman [18]:

ρct = 1(
Wf /ρ f

)
+
(
Wm/ρm

) . (1)

In this equation, W and ρ represent the weight fraction
and density of the fiber and matrix materials. Equation (1)
is suitable only for two phase composite materials, but in
the present investigation the composites consist of three
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Table 1: Density and void fraction of red mud filled short epoxy-bamboo fiber composites.

Designation
Composition Theoretical density

(g/cm3)
Experimental density

(g/cm3)
Voids fraction

(%)

EBR-1 Epoxy + 45 wt.% Bamboo fiber + 0 wt.% red mud 1.17 1.15 1.71

EBR-2 Epoxy + 45 wt.% Bamboo fiber + 5 wt.% red mud 1.21 1.18 2.48

EBR-3 Epoxy + 45 wt.% Bamboo fiber + 10 wt.% red mud 1.23 1.17 4.88

EBR-4 Epoxy + 45 wt.% Bamboo fiber + 15 wt.% red mud 1.25 1.16 7.20

EBR: Red mud filled Bamboo fiber reinforced Epoxy composites.

Table 2: Density and void fraction of copper slag filled short epoxy-bamboo fiber composites.

Designation
Composition Theoretical density

(g/cm3)
Experimental density

(g/cm3)
Voids fraction (%)

EBC-1 Epoxy + 45 wt.% Bamboo fiber + 0 wt.% copper slag 1.17 1.15 1.71

EBC-2 Epoxy + 45 wt.% Bamboo fiber + 5 wt.% copper slag 1.27 1.21 4.72

EBC-3 Epoxy + 45 wt.% Bamboo fiber + 10 wt.% copper slag 1.34 1.25 6.72

EBC-4 Epoxy + 45 wt.% Bamboo fiber + 15 wt.% copper slag 1.49 1.38 7.38

components, that is, matrix, fiber and particulate filler.
Therefore, the theoretical density of the theses composites
can be calculated easily by using the following modified form
of (1) written as

ρct = 1(
Wf /ρ f

)
+
(
Wm/ρm

)
+
(
Wp/ρp

) , (2)

where the suffix “ρ” indicates the particulate filler materials.
Whereas the actual density (ρce) of the composites

can be determined experimentally by using simple water
immersion technique. The volume fraction of voids (Vv) in
the composites is calculated using the following equation:

Vv = ρct − ρct

ρct
. (3)

3.2. Micro-Hardness. Micro-hardness measurement is done
using a micro-hardness tester equipped with a square-based
pyramidal (angle 136◦ between opposite faces) diamond
indenter by applying a load of 10 N.

3.3. Tensile Test. The tensile test is performed on flat
specimens. During the tensile test, a uniaxial load is applied
through both ends of the specimen. The ASTM standard test
method for tensile properties of fiber resin composites has
the designation D 3039-76. The length of the test section
should be 200 mm. The tensile test is performed in the
universal testing machine (UTM) Instron 1195, and results
are analyzed to calculate the tensile strength of composite
samples.

3.4. Flexural Strength. The flexural strength is calculated by
three point bend test, and the data is recorded during the
test. The flexural strength (F.S) of any composite specimen
is determined using the following equation. The test is

conducted as per ASTM standard (D2344-84) using the same
universal testing machine (UTM)

F.S = 3PL

2bt2 , (4)

where P is maximum load, b the width of specimen and t the
thickness of specimen, and L the span length of the sample.

3.5. Impact Test. Low velocity instrumented impact tests are
carried out on composite specimens. The tests are done as
per ASTM D 256 using an impact tester. The pendulum
impact testing machine ascertains the notch impact strength
of the material by shattering the V notched (45◦) specimen
with a pendulum hammer, measuring the spent energy, and
relating it to the cross section of the specimen. The standard
specimen for ASTM D 256 is 60 mm × 10 mm × 4 mm and
the depth under the notch is 2 mm.

4. Results and Discussions

4.1. Effect of Filler Content on Void Faction of Particulate Filled
Epoxy-Bamboo Fiber Composites. Determining the proper-
ties of the composites, density is the most important factor.
Density generally depends upon the relative proportion of
the matrix and the reinforcing materials. The theoretical and
measured densities along with the corresponding volume
fraction of voids for red mud filled and copper filled epoxy-
bamboo fiber composites are presented in Tables 1 and 2. It
is noticed that the density calculated theoretically using (1)
is not in agreement with the experimental calculated density
value. Therefore, the difference between the theoretical and
experimental density value is the measure of the voids and
pores present in the composites.

It is seen from Tables 1 and 2 that the volume fraction of
voids increases with increasing the filler concentration in the
epoxy-bamboo fiber composites. In case of 0 wt.% red mud
and copper slag filled epoxy-bamboo fiber composite, the
volume fraction of voids is less. However, with the addition
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Figure 1: Variation of Micro-hardness with red mud and copper
slag filler percentage.

of filler materials, more voids are found in the composites.
As the filler content increases from 5 wt.% to 15 wt.%, the
volume fraction of voids is also found to be increasing
proportionately. The composites filled with 15 wt.% of red
mud and copper slag filled epoxy-bamboo fiber composites
showd the maximum volume fraction of voids as compare
to the others composites. Hence, based up on the above
analysis, it is clearly demonstrated that with increase in filler
concentration the void content of the composites goes on
increasing. On comparison of red mud and copper slag
filled epoxy-bamboo fiber composites, it is seen that the
composites filled copper slag filler shows the higher values
of voids as compared to the red mud filled composites. This
is due to the higher density of the copper slag fillers as
compared to the red mud filler.

The mechanical performance of the composites is gener-
ally influenced by the presence of voids, and the estimation
of the quality of the composites is based upon the knowledge
of void contents in the composites. The air-filled cavities
formed inside the composite is known as porosity, and it is,
often unavoidable part in all the composites during the fabri-
cation process. The void may be originated during the mixing
and integration of two or more different material parts.
Higher void contents usually mean lower fatigue resistance,
greater susceptibility to water penetration, and weathering
[18]. It is understandable that a good composite should have
fewer voids. However, presence of void is unavoidable in
composite making particularly through hand-lay-up route.

4.2. Effect of Filler Content on Hardness of Particulate Filled
Epoxy-Bamboo Fiber Composites. Surface hardness of the
composites is considered as one of the most important
factors that govern the nature and properties of the com-
posites. The measured hardness values of both the red mud
and copper slag filled and unfilled epoxy-bamboo fiber
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Figure 2: Variation of Tensile strength with red mud and copper
slag filler percentage.

composites are shown in Figure 1. It is seen that in case of
red mud filled composites, the hardness value decreases with
increase in the filler contents.

Whereas in case of copper slag, the hardness value
increases with increases in the fillers contents. In case of
hardness test, a compression or pressing stress is in action.
So the matrix phase and the solid filler phase would press
together and touch each other more significantly. Thus the
interface can transfer pressure more effectively although the
interfacial bond may be poor.

4.3. Effect of Filler Content on Tensile Strength of Particulate
Filled Epoxy-Bamboo Fiber Composites. Tensile properties
of red mud and copper slag filled epoxy-bamboo fiber
composites were studied. Tensile strength of the bamboo-
epoxy filled with red mud and copper slag filler content
ranged from 0 wt.% to 15 wt.% is shown in Figure 2. It is seen
that the tensile strength of all the composites increases with
increase in the both the fillers contents.

However, the composite filled with 5 wt.% of red mud
filler contents shows the lower tensile strength value as
compared to 0 wt.% of red mud filled epoxy-bamboo fiber
composite. The decreased in tensile strength with 5 wt.%
of red mud filler content is due to the poor adhesion
between the fiber, filler, and the matrix, because without
proper adhesion at higher loads reinforcements promote
void formation. The particle loading and particle size, the
particle, fiber and matrix interfacial adhesion significantly
affects the strength of the composites. The effective stress
transfer is the most important factor, which leads to the
strength of composites materials. When the bonding between
the particles and matrix is poor, the stress transfer at the
particle/polymer interface is insufficient. Therefore, discon-
tinuity in the form of debonding exists because of non-
adherence of particle to polymer. Due to this (debonding),
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Figure 3: Variation of Flexural strength with red mud and copper
slag filler percentage.

the particle cannot carry any load and the composite strength
decreases with increasing particle loading [19]. However,
for composites containing well-bonded particles, addition of
particles to a polymer will lead to an increase in strength of
the composites. So due to the good bonding of red mud and
copper slag fillers particles with matrix, the tensile strength
of all the composites increases with increases in the both the
fillers contents.

4.4. Effect of Filler Content on Flexural Strength of Particulate
Filled Epoxy-Bamboo Fiber Composites. Figure 3 shows the
flexural strength of red mud and copper slag filled epoxy-
bamboo fiber composites obtained experimentally from
three bend tests.

It is observed that the epoxy-bamboo fiber composites
filled with 5 wt.% and 10 wt.% of red mud and copper
slag particles have the lower value of flexural strength as
compared to the 0 wt.% of red mud and copper slag filled
epoxy-bamboo fiber composites, whereas the composite
filled with 15 wt.% of red mud and copper slag particles
shows the higher value of flexural strength as compared
to the 0 wt.% of red mud and copper slag filled bamboo-
epoxy composites. This increase in the flexural strength may
be related to the presence of red mud and copper slag
particulates located at the interface of the fiber and matrix.
The reduction in the flexural strengths of the composites
with filler content is probably caused by an incompatibility
of the particulates and the epoxy matrix, leading to poor
interfacial bonding. The lower values of flexural properties
may also be attributed to fiber-to-fiber interaction, voids,
and dispersion problems. Also it is observed that the cooper
slag filled composites show the better flexural strength as
compare to the red mud filled bamboo epoxy composites.
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Figure 4: Variation of Impact Strength with red mud and copper
slag filler percentage.

4.5. Effect of Filler Content on Impact Strength of Particulate
Filled Epoxy-Bamboo Fiber Composites. The ability of a
material to resist breaking under a sudden loading or the
ability of material to withstand the fracture under the action
of high speed stress is known as the impact strength. In the
polymer materials, the impact strength is the most widely
specified mechanical property [20]. The impact performance
of particulate filled fiber-reinforced composites depends on
many factors like the nature of the constituent, the filler,
fiber, matrix interface, the fabrication, geometry of the
composite, and the test conditions. The impact failure of
a composite occurs by factors like matrix fracture, and
fibre/matrix debonding. The applied load transferred by
shear to fibres may exceed the fibre/matrix interfacial bond
strength and debonding occurs. When the stress level exceeds
the fibre strength, fibre fracture occurs, which involves
energy dissipation [21].

Figure 4 shows the impact strength of both the red mud
and copper slag filled epoxy-bamboo fiber composites. The
value of impact strength shows a reduction with the addition
of both the red mud and copper slag in epoxy-bamboo fiber
composites. It is seen that with the increase in the both
the filler contents, the impact strength of all the composites
decreases. Increased filler contents in the matrix resulted in
composites becoming stiffer and harder. This will reduce
the composite’s resilience and toughness and lead to lower
impact strength.

5. Conclusions

This study shows that successful fabrication of epoxy-
bamboo fiber composites filled with red mud and copper
sag particles is possible. Addition of these fillers modifies the
physical (density and hardness) and mechanical properties
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(tensile, flexural, and impact strength) of the bamboo-
epoxy composites. The tensile strength of both the red mud
and copper slag filled composites increases with increase
in the filler contents, whereas the flexural strength and
impact strength of both the filled composites decrease with
increase in the fillers filler contents. The micro-hardness
and density of the composites are also greatly influenced by
the type and content of fillers. In case of micro-hardness,
with the addition of copper slag fillers the hardness value
of epoxy-bamboo fiber composites increases, whereas with
the addition of red mud filler the hardness value decreases
with increase in the filler contents. Hence, while fabricating
a composite of specific requirements, there is a need for the
choice of appropriate filler material and for optimizing its
content in the composite system.
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