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Abstract

Jute, the pride of Bangladesh, has gained inta@rebie composite field due to its superior
specific properties compared to artificial manmdibers like glass, kevlar, etc. In this
study, jute composites made with the vacuum askigtsin infiltration (VARI) techniques
were investigated. Jute fiber preform stacking segas were (0/0/0/0), 0/+45°/-45°/0 and
0/90°/90°/0. For all cases, a total of 25% volumation of jute fiber was incorporated.
The developed composites were characterized bylddaests and the experimental results
thus obtained were compared with that of the themlevalues. After tensile tests, fracture
surfaces were cut and observed under high resol&tcG SEM. In the case of 0/0/0/0 and
0/+45°/-45°/0 lamina composites, longitudinal témsitrength has been found to be higher
than that of the transverse direction. However,%20°/90°/0 lamina composites, tensile
strengths in both directions were very close tcheather. For all developed composites,
experimental results revealed that the tensile gnt@s of the developed composites
strongly depend on the tensile strength of juterfiand that the tensile properties of jute
fiber are very much defect-sensitive. Finally, acdission of the tensile behaviors of the
composites is initiated in terms of the fracturephmlogies observed under the SEM.
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1. Introduction

Jute, a growing sector in Bangladesh, has occupigthce in composite field quite a
decade ago. Its low cost, versatility in textileldi, eco-friendly nature and moderate
mechanical properties have outhumbered the apigiiatof some artificial fibers like
glass, kevlar, etc. in many composite applicatioHewever, biodegradability and
environment friendly behaviors of jute are justeimtpted with the hydrophilic nature,
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which in turn affects the composite mechanical praps as well as the applications of
jute fiber reinforced composites [1, 2].

Jute like natural fiber has good specific mechdnizaperties, although its tensile
strength is extremely defect and span sensitivee @fnthe most sensitive defects that
affect the tensile strength of the jute fiber sslitmen or hollow space in it. Lumen present
in the BWB jute fiber can act as a source of deifiethe composite and initiates failure.
The severity of these effects on tensile strengthedds on the geometry and volume
fraction of the lumen. At the same time, the voluimgetion of lumen or availability of
lumen of critical size and shape also depends ensffan size of the jute fibers. As a
result, tensile properties are usually correctedyédting their average values [3-6].

Jute fiber bundle has a lot of entanglement. Sig, very difficult to make unidirectional
(UD) preform of the jute fiber manually with bararfd under dry condition [7]. On the
other hand, hackling under dry or wet conditiomadtices more defects in the fiber. At
the same time, jute fiber becomes gradually thif@pr~or this reason, woven jute fabric
is usually preferred. However, in this case, anggiit properties might also arrive [8, 9].
Due to natural twist and entanglement in jute lileural fibers, they are stuffed with
linseed oil. These stuffed jute fibers are therkleatby special type of machine and yarns
are made prior to woven fabric preparation [8]. ,Bihie hydrophilic nature of jute is
interfered in the presence of oil. Moreover, thesgnce of oil gives very inferior
interfaces during the reinforcement of both therkastic and thermoset polymers. So,
additional washing and drying steps become vergreasd before composite preparation
[10, 11]. As a result, UD jute preform or rovingeparation has become a valuable step,
which is gaining a great importance nowadays.

To achieve multidirectional isotropic behaviorspper fiber orientation in different
angle is necessary, which can only be done by phyltiaminate preparation [12].
Stacking the UD ply in different angles gives cosip with anisotropic physical and
mechanical properties [13]. However, multiply corsip@s of superior and moderately
superior mechanical properties, with up to 50% rwufraction of fiber reinforcement,
are possible to fabricate through conventional @doces like compression molding and
hand-lay—up for jute like natural fiber [14].

Prepegging, resin transfer molding (RTM) and vacuassisted resin infiltration
(VARI, similar to RTM, but differs in infiltratiorpressure) for making thermoset polymer
based composites [14, 15]. Although, these psmeeare quite a decade old for artificial
fiber reinforced composite, but its versatilityllstittracted the natural fiber composite
researchers to utilize these techniques [16]. Toerea combination of techniques to
make UD jute fiber preform along with suitable carsjpe fabrication is necessary for
making continuous jute—thermoset prepreg or firdgleduct for various applications.

2. Experimental
2.1. Materials and methods

In this research work retted, water washed anddsiea Bangla White Grade B (BWB)
jute was collected from Bangladesh Jute Reseasthute (BJRI). From the bunch of the
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collected jute, single jute fibers were separated #ensile tests were carried out. The
strength values obtained from single jute fiberstentest are not identical from fiber to
fiber. As a result, the scatter band is very wible.avoid this problem, many researchers
in this field corrected the experimental valuessbyne mathematical relationships [6]. In
this research work, single fiber tensile test rsswere also corrected following them. For
the fabrication of the jute fiber reinforced comsjtes, four layer laminate preforms of
size 400mmX400mm were made with jute fiber bunath stacked them in the following
sequence 0/0/0/0, 0/+45°/-45°/0 and 0/90°/90°/6hesvn in Fig. 1. It is to be mentioned
here that the jute fibers were wetted with watemtake the preforms. After making the
preforms, they were dried at 60°C overnight priocomposite fabrication.

Fig. 1. Stacking sequence of BWB jute preform;/@)@O0, b) 0/+45°/-45°/0 and ¢) 0/90°/90°/0.

Before the composite fabrication, epoxy resin (Bmk828Lvel, Bisphenol A and
Epichlorehydrin) and diaminocyclohexane hardenerewmixed together. Then jute
epoxy based composite was made with VARI technagughown in Fig. 2.

Fig. 2. VARI setup and resin front during jute ep@omposite fabrication process; a) VARI setup
and b) resin front (indicated by arrow).

It is to be noted that VARI is a well accepted t@gne for composite fabrication. In
this research work, the preform was put insidevilieuum bag that was kept fixed with
the mold surface. Then vacuum was applied to remosa&le air along with free
moisture. In order to accelerate the vacuum prodbespreform was heated to 40°C and
the process was run for half an hour. Then resiminfiltrated under vacuum. As soon as
the infiltration was completed, both sides of thacmum bag were clamped and
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temperature was increased to 135°C at a heatiegafab — 10°C/ min for necessary
curing. At this temperature, the composite wag/falired. Following this technique, 25%
volume fraction of BWB jute fiber composites weradwe for different fiber orientations.

1=~ <l
c

a
Fig. 3. Stacking sequence and tensile loading tiire¢ASTM D3039) of jute epoxy composite; a)
0/0/0/0, b) 0/+45°/-45°/0 and c) 0/90°/90°/0.
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Tensile specimens were prepared following ASTM DB@8&ndard (dimensions of
specimen: length 250mm, thickness 4+0.5mm, width115mm, gage length 100mm).
The specimens were cut using small toothed taleasal finishing was done with 1200
grade emery paper and stored over night in an at&0°C prior to test. Fig. 3 shows the
loading direction of the tensile test specimens.tésile tests were carried out with the
help of Instron universal testing machine (modeéA4having 30kN load cell attached in
it and extensometer gage length 50mm. It is to leationed that all tensile tests were
performed at a cross-head speed of 0.85mm/minalFaases at least 5 specimens were
tested.

After tensile tests, composite fracture surfacesewmit off and they were observed
under a very high resolution FEG (field emissiom)g8EM of model PHILIPS XL30
FEG.

3. Resultsand Discussion

Tensile tests of BWB jute fiber epoxy composite evexarried out in the computer
controlled (Instron data acquisition software) @mgal testing machine. The stress strain
curves thus generated during the tensile testsepresented in Fig. 4.
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Fig. 4. Typical stress strain curve of BWB jute epaomposite; a) longitudinal and b) transverse
direction.
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Table 1 shows the summary of the longitudinal ferteist results. A common remark
is that the strength and strain to failure in then@pal (0°) loading direction has a
decreasing trend with increasing lamina angle. fEmsile properties of the developed
composites in the transverse directions are predent Table 2. The common remark
from Table 2 is that the strength values in thadvarse direction have an increasing
trend with the increasing jute fiber angle.

Table 1. Longitudinal tensile behavior afinates.

Lamina Strength SD Strain to SD Young's SD
type MPa failure modulus GPa

0-0 112.69 18.31 0.82% 0.17% 14.59 2.28
0-45 64.31 13.18 0.64% 0.15% 10.46 0.56
0-90 42.54 6.42 0.43% 0.05% 11.13 1.47

Table 2. Transverse tensile behavior wihates.

Lamina  Strength SD Strain to SD Young's SD
type MPa failure modulus GPa

0-0 11.06 3.30 0.35% 0.04% 3.25 0.62
0-45 21.33 2.08 0.80% 0.38% 4.46 0.64
0-90 39.10 10.85 0.53% 0.19% 8.97 0.74

3.1. Mechanical properties of UD and 0-90 composites
Before going to in-depth discussion for the UD &®0 composites we must know the
tensile properties of BWB jute fiber and the epoxgtrix separately, which are shown in

Table 3.

Table 3. Average tensile propertiespikete 828 Lvel epoxy resin and BWB jute fiber.

Materials Strength Young’'s modulus Strain to failure
MPa GPa %

Epoxy (Epikote 81.72+13.16 3.89+0.53 2.23+0.50

828Lvel)

BWB jute 844.72+142.47 55.66+2.11 1.67+0.31

(extrapolated)  (corrected for span
length)
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The strength of jute fiber is dependent on therfiteucture, its flaw density, griping
pressure and slippage during tension test anchstaé@. As a result, jute fiber shows a
wide scatter band in tensile strength as like asrobatural fibers. In order to obtain the
maximum possible tensile strength value of therfilb@erage tensile strength values of
various fiber spans were plotted first. From thlstpthe maximum possible tensile
strength value was obtained by means of extrapolain to the Y-axis. Consequently,
during the test a range of stiffness values for B fiber were obtained. But, for a
single material the stiffness value should be arique value rather than a range. In order
to eradicate the effect of these flaws and additifexctors on stiffness values of jute fiber
a correction procedure developed by other [5, & felowed.

In the case of composites two or more materialslifiérent properties are mixed
together to get required properties, which are liysd#ferent from that of the constituent
materials. For the determination of mechanical progs of composites, rule of mixture
provides very useful idea for the researchers. @rke important mathematical relations
for this is given below:

o,=0V,+to.V, 4 stands for stress] 1)

where subscript, f, and m stand for composite, fiber and the matnict\é is the volume
fraction.

As per the rule of mixture the calculated compositength for UD composite should
be 272.47 MPa for 25 volume percentage BWB jutenfoeced epoxy. But the
experimental value is 112.69 MPa, which is only 44fthe theoretical value. This type
of low efficiency of fiber strengthening has alseeb mentioned by other [17]. The
reasons behind the decreased value of tensileg#trerfi the composite are the presence
of defects in both the matrix and fiber of varimencentrations and geometries. Fig. 5
indicates the types of defects that were obsemeBWB jute fiber during the research
work.

Fig. 5. SEM micrographs showing the defects in Bj\ fiber used; a) lateral defect and b) x-
sectional defect.
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Fig. 6. Tensile strength variations of BWB juteatéle to span lengths.

Fig. 6 represents the strength of BWB jute fibemdsinction of span lengths. From
this figure, it is very clear that the tensile sgth of the jute fiber decreases with increase
in the span length. Defoirdtt al. [6] also observed this type of effect in the ca$e
different natural fibers. From this figure, anotldrservation is that the scatter for each
span is relatively higher for lower span length paned to that of the higher span length.
In Fig. 6, the range of strength values were pibfte each span length. From this trend
line (also from the trend equation given in Fig. i6)s clear that the average strength for
5mm span is around 800MPa, but the extrapolatedrmam value is 844.72 (when the
span size is very small, i.e. close to zero).

Here, it is important to mention that it is veryfidult and in many cases, impossible
to develop engineering product to be defect frektaat the possibility of having higher
proportion or larger size defects in long span $p&cimen is also high. Moreover, it is
also obvious that the surface conditions of jubers are not always identical. As a result,
compatibility and adhesion between jute fiber am@matrix vary, which also contributes
to lower tensile strength of the developed compssit

Similar to the longitudinal tensile strength, téasitrengths in the transverse direction
is also lower than that of the theoretical valdbgem Table 2, it is clear that, in transverse
direction the tensile strength is significantly kmthan that of the longitudinal direction.
The reason behind this is that the fiber-matrieiifétces and defects inside the jute fiber
mostly dominate the tensile strength of the contpssiln this type of composites,
especially with inhomogeneous fiber content, ladkbonding between matrix/fiber
interfaces, voids, inherent defects of the juteerfibetc. seriously degrade the tensile
strength of the composite [18, 19]. These defeamiy generate during the fabrication
process and are accumulated mostly around theriilagnix interface [20, 21]. As a result
of the combined degrading effects, the experimeetadile strength of the composites in
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the transverse direction becomes significantly lowlean that of the longitudinal
direction. So, in any direction, the maximum fibgtrength efficiency has not been
achieved [22, 23].

The higher values of tensile strengths in the lomtjhal direction can also be
explained by its fracture morphologies. For O/thilka composites, two step type of
fracture morphology has been observed. At firshomeling at the matrix/fiber interfaces
took place. Then matrix was broken because ofeitgtively lower tensile strength. At
last, jute fiber having relatively higher tensildremgth value was broken. This
phenomenon is shown in Fig. 7. As the jute fibes hahigh tensile strength, so the
composite showed higher tensile strength in thgitadinal direction.

------- Debonding

Fiber splitting

Det WD Exp pb——————— 10 m
SE 93
s

Fig. 7. Composite failure under longitudinal loaglin

In the case of transverse direction, tensile failof 0/0 lamina jute fiber composites
fiber slicing (indicated by circle Fig. 8a) and delding (indicated by arrow Fig. 8b) at
fiber-matrix interfaces have been found to be damirmodes of fracture, Fig. 8. Here, a
significant proportion of the load bearing sectisncovered by the weak fiber/matrix
interface. As a result, for 0/0 lamina of jute film®mposites, a drastic decrease in tensile
strength was observed. The summary of tensilertaisteps are shown schematically in
Fig. 9.
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Fig. 9. Schematics of sequential failure event8\WWB jute epoxy composite.

3.2. Mechanical properties of 0/+45/-45/0 composite

In the case of 0/+45/-45/0 composites, the longitaidtensile strength are inferior to that
of UD composite. The reason behind this is that/ih both the relatively high strength
jute fiber and weaker epoxy matrix control the tienstrength. However, in the case of
0/+45/-45/0 fiber-matrix interfaces mainly domindle composite strength and that the
concentration of defects are higher on these imted. As a result, for 0/+45/-45/0
composite, the tensile strengths are poor in lodgial directions.

On the other hand, the transverse strength of thd50-45/0 composite, showed
higher value than the UD composite. The reasonnigettiis is that in UD most of the
defects are at the fiber matrix interface. Butthe case of 0/+45/-45/0 composite the
+45/-45 ply acts as a source of resistance in e -45° directions. As a result, for
0/+45/-45/0 composite, the transverse tensile gthers slightly higher than UD in the
transverse direction.
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For laminates, the simple rule of mixture is noplagable. In case of 0/+45/-45/0
composite, there are two interior layers (respetyiv+45° and -45°), where the interior
layer behaves differently under stress. Their resps are also different and complex. In
order to avoid the complex behavior of reinforcifigers in the composite, the
experimental results have been explained in terihphysical morphologies of the fibers
and fracture surfaces of the composites.

Det WD f—————f 100 um
SE 114 1

= ¥

Fig. 10. Fracture surface of 0/+45/-45/0 compokitainate; a) fiber debris and b) share-lip type
wavy surface.

Fig. 10 indicates the typical fracture surface 6f4®/-45/0 composite. From this
figure, it is clear that failure is dominated bydi-matrix and matrix-matrix shearing,
matrix and fiber failure, and fiber-matrix interfaéilure. Fiber-matrix interface failure is
indicated by shear-lip type wavy fracture surfaoeliCated by triangle) [24]. Some fiber
pullout in £45° direction is also observed (marksdarrows). Since there is fiber matrix
shearing, so fiber debris is also observed on theture surface (indicated by square).
Fig. 10 also indicates a large island of matrixdigated by circle), which indicates that
the fiber matrix distribution is non uniform. Thi®n uniform fiber matrix distribution is
also responsible for lower tensile property ofjtite epoxy composite.

Spherulitic type of matrix failure around fiber indtes the presence of compressive
force as shown in Fig. 11a (indicated by circlefisTcompressive zone is more brittle
than the surrounding matrix. When tensile strespjsied this compressive zone shows
the tendency of matrix cracking around the fibedi¢ate by black arrow Fig. 11a). The
presence of compressive force is confirmed by ntazone around fiber, (indicated by
rectangle in Fig. 11b). Additionally some brittlédodr failure was also observed as
indicated with triangle in Fig. 11c.
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Fig. 11. Crazing of jute epoxy composite undergvanse tensile loading a) spherulitic failure,
b) crazing and c) Fiber failure.

4. Conclusions

In this research work, jute fiber reinforced epawrgitrix composites were developed by
vacuum assisted resin infiltration (VARI) technigusith preformed stacking sequences
(0/0/0/0), 0/+45°/-45°/0 and 0/90°/90°/0. These posites were characterized by tensile
tests and observation of fracture surfaces undgh hésolution FEGSEM. From this
research work, the following conclusions are made.

a. In the case of 0/0/0/0 and 0/+45°/-45°/0 lamina posites, longitudinal tensile
strength have been found to be higher than thathef transverse direction.
However, for 0/90°/90°/0 lamina composites, direwtil difference in tensile
strength was not observed.

b. For all developed composites, experimental restdtgealed that the tensile
properties of the developed composites are strodgiyendent on the tensile
strength of fiber and that the tensile propertiefute fiber are very much defect
sensitive.

c. Concerning the tensile properties of composites, ttieoretical values obtained
from the rule of mixture deviate from that of theerimental values and that this
deviation is more significant in the case of trarse direction.

d. Compressive fracture mode is attributed to sphérulipe appearance and crazing
around jute fiber.

e. For UD jute epoxy composite the sequences of faithat were matrix cracking,
matrix crazing at fiber-matrix interface, partiabdr breaking, fiber slicing and
pullout from matrix. However, in transverse directi it is composed of fiber
slicing and formation of fiber debris.
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