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ABSTRACT
Hexafunctional epoxy resin of bisphenol-C-formaldehyde (HEBCF) and unsaturated polyester
resin of maleic anhydride and propylene glycol (PER) were synthesized and used for the preparation of
jute and glass hybrid composites. The composites were prepared by hand layup followed by
compression molding technique. Both types of the hybrid composites possess good mechanical
properties. G-HEBCF-PER possesses almost doubled mechanical properties than J-HEBCF-PER
except Barcol harness, which is comparable. G-HEBCF-PER and J-HEBCF-PER possess moderate
electrical properties due to their polar nature. G-HEBCF-PER and J-HEBCF-PER possess excellent
hydrolytic stability, high water absorption tendency (~ 18%) and long equilibrium time (456h) due to
presence of hydrophilic hydroxyl and other polar groups in the hybrid composites. The hybrid
composites may be useful for low load bearing and marine applications.
Keywords: multifunctional epoxy resin; unsaturated polyester resin; hybrid composite; mechanical and
electrical properties; hydrolytic stability
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1. INTRODUCTION
Epoxy resins have been widely applied in many areas such as aerospace and electronics
industries in the form of surface coatings, structural adhesives, advanced composites and
packaging materials due to their well-balanced properties. For example, epoxy resins possess
excellent thermal stability, moisture resistance, chemical stability, superior electrical and
mechanical properties and good adhesion to many substrates [1–4]. Multifunctional epoxy
resins are well known for their improved mechanical, chemical, thermodynamic and electrical
properties [5-8]. Other advantages of multifunctional epoxy resins are their high glass
transition temperatures, high decomposition temperatures, long term high temperature
performance and good wet strength performance. Multifunctional epoxy resins have two
important limitations because of their intrinsic brittle nature and considerable moisture
absorption tendency from environment, which adversely affect most physico-mechanical
properties of the fabricated articles. Both these drawbacks increase by enhancing the crosslink
density of the network.
Epoxy based fibre composites have become more commonly used in automobile,
electronic devices, construction and aerospace industries. This is attributed to the attractive
mechanical properties, dimensional stability and corrosion resistance of the composites [912]. Recently epoxy based hybrid composites have been extensively used in many
engineering and industrial applications. For the best choice of load bearing complex
engineering applications superior adhesive properties and better mechanical strength are the
key factors for the composite materials.
In comparison with the synthetic fibre composites; natural fibres are characterized by
their attractive price, low density and lower abrasion. The energy consumption needed for
production of synthetic fibres is much more than that needed for a similar quantity of natural
fibres [13]. Unlike the synthetic fibres, natural fibres have a wide variation in diameter and
length, which in turn affects the composite expected mechanical behaviour. The variation in
dimensions is contributed to fibre type, fibre maturity, harvesting time as well as processing
methods adopted for the extraction of fibres, which all affect the diameter, stability of the
fibre. Source, age, separating techniques, moisture content and the history of fibre also play
an important role in the filament and individual fibre properties [14,15]. The implementation
of natural fibres in thermoplastic composites is attractive for different industrial sectors like
automobiles and construction [15].
Although the tensile strength and Young’s modulus of jute are lower than those of glass
fibres. The specific modulus of jute fibre is superior to that of glass when compared on
modulus per cost basis, jute is far superior. The specific strength per unit cost of jute too
approaches that of glass. Where high strength is not a priority, jute may be used fully or
partially to replace glass fibre. The need for using jute fibres in place of the traditional glass
fibre partly or fully as reinforcing agent in composites stems from its lower specific gravity
(1.29 gcm-3) and higher specific modulus (40 GPa) of jute compared with those of glass (2.5
gcm-3and 30 GPa, respectively).
Apart from much lower cost and renewable nature of jute, much lower energy
requirement for the production of jute (only 2% of that for glass) makes it attractive as a
reinforcing fibre in composites. High moisture uptake (approx. 12.5% at 65% relative
humidity and at 20 °C) is a major drawback of natural fibres as reinforcement due to presence
of hydrophilic hydroxyl and other polar groups present in natural fibres. This leads to poor
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wettability with resin and poor interfacial adhesion bond between fibre and hydrophobic
matrices. Environmental performance of such composites is generally poor due to
delamination under humid conditions. Thus, it is essential to pre-treat the fibre to reduce its
moisture absorption and to improve its wettability with the resin.
To the best of our knowledge no work has been reported on jute and glass fibre
reinforced hybrid composites of hexafunctional epoxy resin of bisphenol-C-formaldehyde in
combination with unsaturated polyester resin. However few reports on other multifunctional
epoxy resins found in the literature [5-8]. In present investigation it was thought to be of
interesting to use hexafunctional epoxy resin of bisphenol-C-formaldehyde (Scheme-I) and
unsaturated polyester resin (Scheme-II). Jute and glass hybrid composites were fabricated by
hand layup followed by compression molding technique. The jute and glass composites are
characterized for their mechanical, electrical and water absorption properties.

2. EXPERIMENTAL
2. 1. Materials
Solvents and chemicals used were of laboratory grade and purified prior to their use
[16]. Bisphenol-C was synthesized and crystallized according to our previous publication
[17]. Maleic anhydride, propylene glycol and toluene were supplied by Loba Chemie, Mubai.
Formaldehyde, sodium hydroxide, methanol and 1,4-dioxane were supplied by was supplied
Allied Chemicals Vadodara, Epichlrohydrin was supplied by Spectrochem, Mumbai. Woven
silane treated E-glass fabric (7mil) was supplied by (Unnati Chemicals, India Ahmedabad)
and jute fabric was purchased from local market, Rajkot.
2. 2. Synthesis of hexafunctional epoxy resin of bisphenol-C (Scheme I)
A 2 lit three neck flask equipped with a mechanical stirrer and condenser was placed
into a thermostat bath. To this flask 1.0 mol (268 g) bisphenol-C, 5.0 mol (405.5 ml of 37-41
% fomaldehyde and 200 ml of 47% NaOH were placed and stirred at 55 °C for 1h. Then, 6.5
mol (510 ml) epichlorohydrin was added slowly with stirring and stirred the reaction mass at
70 °C for 1h, cooled to room temperature and neutralized using dilute hydrochloric acid
solution. Separated brownish viscous resin was collected into a 2 lit plastic beaker and
washed well with hot distilled water several times and dried at 70 °C. The resin is soluble in
1,4-dioxane, N,N-dimethylformamide and dimethylsulfoxide. Hereafter resin is designated as
HEBCF. Epoxy equivalent of HEBCF was determined according to pyridine-pyridinium
chloride method. Average epoxy equivalent weight of three measurements was 2128.
2. 3. Synthesis of unsaturated polyester resin (Scheme II)
A 2 lit three neck round bottomed flask equipped with a Dean and Stark apparatus,
mechanical stirrer and thermometer was placed in an oil bath. To this flask 2.2 mol (205.6 g)
maleicanhydride, 1.0 mol (76 ml) propyleneglycol and 0.5% (1.74 g) p-toluenesulphonic acid
catalyst were charged and temperature was raised to reflux with stirring for 2h with
continuous removal of released water. The yield was 365 g. The acid value was determined
titrimetrically by using 0.1 M methanolic potassium hydroxide and phenolphthalein as an
indicator. The average acid value of three measurements was 29.6 and carboxyl equivalent
was 12.6 g/100 g resin.
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Scheme – I. Synthesis of hexafunctional epoxy resin of bisphenol-C (HEBCF).
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Scheme II. Synthesis of unsaturated polyester resin (PER).

2. 4. Fabrication of jute and glass hybrid composites
A 2lit beaker containing 425.6 g HEBCF was dissolved in 425.6 ml 1,4-dioxane. Into
another beaker 100.8 g PER was dissolved in 100.8 ml 1,4-dioxane. Two solutions were
mixed together and stored in a 2.5 lit bottle. The required quantity of mixed matrix material
(Table 1) was applied to 24 cm x 24 cm glass/jute fabrics with a smooth brush. The solvent
was allowed to evaporate at 100 °C for 1h and ten glass / eight jute prepregs were stacked one
over the other between two teflon sheets which were kept between two preheated stainless
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steel plates and pressed under 2 bar pressure at 120 °C for 6 h and at 150 °C for 2h. Hereafter
hybrid composites are designated as G-HEBCF-PER and J-HEBCF-PER. The samples were
machined according to standard test methods.
Table 1. Experimental detail of glass and jute hybrid composites.

Composite

Glass fabric, g

Jute fabric, g

Resin solution, ml

G-HEBCF-PER

134

-

268

J-HEBCF-PER

-

217

434

3. MATERIALS CHARACTERIZATION
Fourier transform infrared (FTIR) spectra (KBr pellet) of HEBCF-PER and J-HEBCFPER were scanned on a Shimadzu FTIR-8400 spectrometer over the frequency range from
4000 to 400 cm-1.
Tensile (ASTM-D-638-01) and flexural (ASTM-D-790-03) tests were carried out on a
W & T Avery LTD Type 1010 Model No E-46234 (Birmingham, England) at a speed of 10
mm/min. Izod impact (ASTM-D-256-96) measurements were carried out on an Izod Impact
Tester, Type A1300, Model E-46204 (Birmingham, England).
Barcol hardness (ASTM-D-2583-95) tests were performed on a Barcol Hardness Tester
Model 934-1. Dielectric strength (IEC-60243-Pt-1-1998) measurements were carried out on a
high voltage tester (Rajsan electromech Makarpura, Baroda) and volume resistivity (ASTMD-257-2007) measurements were carried out on a Hewlett Packard high resistance meter in
air at 25 °C after charging for 60 sec at 500 V DC applied voltage. Water absorption (ASTMD-570-98) study was carried out at 30 °C by a change in mass method.

4. RESULTS AND DISCUSSION
4. 1. Mechanical and electrical properties
The mechanical performance and durability of composite materials are mainly governed
by types of reinforcement, the matrix, and interfacial bond strength [18]. Strength, stiffness,
and stability of fibres and matrix are very important for long term service of composites.
Tensile properties of materials are most widely useful for engineering design and
understanding quality characteristics of polymeric materials.
Flexural properties are useful for quality control and classification of materials with
respect to bending strength and stiffness. Impact strength is the ability of a material to resist
fracture under applied stress at high speed. The hardness is related to the strength and elastic
characteristics of the polymers.
The tensile strength, flexural strength, flexural modulus, impact strength and Barcol
hardness of the glass and jute composites are presented in Table 2. It is observed that both JHEBCF-PER and G-HEBCF-PER showed good above mentioned mechanical properties due
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to good interfacial adhesion. G-HEBCF-PER showed approximately two times mechanical
properties than J-HEBCF-PER except Barcol hardness. Improved flexural property is due to
flexible PER blocks in the crosslinked resin matrix and as a result observed modulus was low
in both the composites. The interaction of jute with resin is also confirmed by spectra of
HEBCF-PER and J-HEBCF-PER (Figure 1).
The peak shape and shifting of OH and C=O stretching frequencies of HEBCF-PER
from 3555, 3271 and 1732 cm-1 to 3545, 3341 and 1740 cm-1 in J-HEBCF-PER confirmed
interaction of OH groups of jute with the OH and ester groups of the resin, i.e. H-bond
formation. Mechanical properties of the composites depend upon nature of matrix material
and reinforcement, interfacial adhesion, degree of cure, fillers, compatibilizers, humidity,
temperature, test conditions, etc.
For engineering application of the material scratch and wear resistance are very
important. International Cast Polymer Alliance (ICPA) [19] has recommended Barcol
hardness between 45 and 65 for scratch and wear resistant materials. A lower number
indicates incomplete cured material, while higher number indicates too brittle material [19].
The surface hardness also depends on the resin, concentration of filler materials and other
factors. Barcol hardness of both the composites below recommended range signified under
curing of HEBCF and therefore both the hybrid composites may not be very useful as scratch
and wear resistant material.
Table 2. Mechanical, electrical and water absorption data of G-HEBCF-PER and J-HEBCF-PER.

Property

G-HEBCF-PER

J-HEBCF-PER

Thickness, mm

6.34

6.87

Tensile strength, MPa

76.3 ±1.3

34 ±1.7

Flexural strength, MPa

134 ±1.2

74.3 ±0.6

Flexural modulus, MPa

4210

2574

Impact strength, kgm-2

40.3 ±2.1

20.7 ±2.1

Barcol hardness

35

28

Electric strength, kVmm-1

8.36

5.63

Volume resistivity, Ωcm

3.7 x 109

2.4 x 108

%Water absorption@ 24h

9.23

13.36

18.2

18.4

456

456

1.98

0.48

% Equilibrium water
absorption
Equilibrium water
absorption time, h
Diffusivity Dx, m2 s-1, 10-12
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Figure 1. FTIR spectra of HEBCF-PER and J-HEBCF-PER.

Volume resistivity and electric strength data are useful for comparing relative insulation
quality of material selection, to evaluate the effect of material composition and environment.
Mechanical and electrical properties of the materials are useful to material scientists to design
materials with specific properties.
Electric strength and volume resistivity data of G-HEBCF-PER and J-HEBCF-PER are
presented in Table 2. It is observed that both the hybrid composites showed moderately good
studied electrical properties due to presence of polar groups in the resins and jute fibre. GHEBCF-PER showed 15.4 and 1.5 times volume resistivity and electric strength, respectively
than that of J-HEBCF-PER.
Electrical properties of the fibre reinforced composites depend upon several factors like
humidity, impurities, degree of resin cure, temperature, nature of resin, fillers and additives,
geometry, electrode area and electrode material, sample thickness, time of voltage application,
current frequency, and extent of ageing. Both the composites may be useful for low load
bearing housing applications.
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5. WATER ABSORPTION
The % water absorbed in the composites with the passage of time at 30 °C for GHEBCF-PER and J-HEBCF-PER is presented in Figure 2 from which it is observed that the
% water absorption increased with time, reached maximum and remained practically constant,
when equilibrium was established. The % water absorption 24h, equilibrium water content
and equilibrium time for both the composites are reported in Table 2. G-HEBC-PER (18.2%)
and J-HEBCF-PER (18.4%) showed same water absorption tendency and equilibrium time
(456h). Absorbed water plays a significant role in influencing mechanical behaviour and longterm durability of the polymers and polymer matrix composites. High water absorption
tendency of G-HEBCF-PER and J-HEBCF-PER is mainly due to presence of polar
hydrophilic hydroxyl groups present in HEBCF and jute, solvation phenomenon and probably
also due to microcracks formation [20,21].

Figure 2. The plots of % water absorbed against time for G-HEBCF-PER and J-HEBCF-PER
at 30 °C.

Water absorption in polymeric composites is shown to be Fickian as well as nonFickian in character. Viscoelastic nature of polymers and cracks are responsible for nonFickian diffusion. Water absorption continues till the cell walls are saturated with water.
Beyond saturation point, water exists as free water in the void structure leading to
delamination or void formation [22].
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Absorbed water leads to weakening of interface and accelerates delamination, which
decreases the strength of the composites [23]. Absorbed water causes hydrolytic degradation
of both matrix and interface during service [24].
Formation of voids and blistering result into high water absorption tendency [20,25].
Water absorption in fibrous composites depend upon temperature, fibre loading, fibre
orientation, permeability of fibres, surface protection, area of the exposed surface, diffusivity,
void content, hydrophilicity of the individual components, etc.
Assuming unidirectional diffusion, water absorption in semi-infinite plate exposed on
both sides to the same environment was calculated according to Eq.1:

where: M = % water absorbed at time t, Wm = weight of moist sample and Wd = weight of dry
sample. Diffusivity of water in the composites was determined according to Eqs. 2 and 3.
√ √

(

) (

)

where Mm = equilibrium water content, Dx = diffusivity, t = time (s) and h = sample thickness
(m).
The diffusivity of water in the composites is reported in Table 2 from which it is
observed that G-HEBCF-PER showed four times diffusivity as compared to J-HEBCF-PER
probably due to void and microcracks formation in the glass composites. Excellent hydrolytic
stability of both the composites suggested that composites may be useful for marine
applications.

6. CONCLUSIONS
HEBCF showed good solubility in common solvents and high epoxy equivalent. Both
the composites showed good mechanical and moderate electrical properties. Both composites
showed high water absorption tendency, excellent hydrolytic stability and long equilibrium
time due to presence of hydrophilic hydroxyl and other polar groups in the composites. The
composites showed same water absorption behaviour and equilibrium time.
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