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1. Introduction
Polymers are substances whose molecules consist of a large number of units of a few types:
the units themselves, consisting of a number of atoms, are usually referred to as the
segments of the polymer. In the polymerization of a mixture of two monomers, the structure
of each macromolecule contains units of both monomers. Such a polymer is called
copolymer and the process of its synthesis is called copolymerization.
Polyesters [1-3] are one of the most versatile synthetic copolymers. Polyesters are produced
in high volume that exceeds 30 billion pounds a year worldwide [3]. They are widely used
commercially as fibres, plastics, composites and for coatings applications too [4-6]. They are
heterochain macromolecules that possess carboxylate ester groups as an integral component
of their polymer backbones. Polyesters have received a great deal of attention since the early
work of Carothers, who initiated study on many step-growth polymerizations [7]. His work
involved A-B -hydroxy acids, the polymerization of certain lactones and the esterification
of A-A linear diols with B-B terminal aliphatic dicarboxylic acids. The resulting copolymers
were of low molecular weight (8,000-10,000 g/mol), hard, crystalline solids and susceptible
to conversion from the molten state to filaments which could be stretched below their
melting point with an ultimate increase in strength.
Carothers worked with aliphatic straight-chain polyesters, which were soluble in organic
liquids, low melting and had poor resistance to hydrolysis. These polyesters were not used
as textile fibres [5]. The extension of these concepts later led to the discovery of nylon-6,6 in
1935 and Whinfield and Dickson developed poly(ethylene terephthalate) (PET) in 1941[8]. A
partially aromatic organic structure was necessary to increase melting temperature (Tm)
above 250°C. A large number of polyester structures have found use in industry today
which displays a wide variety of properties and applications. More detailed discussion may
be found in a number of excellent books and reviews [3-4&6].
© 2012 Dholakiya, licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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1.1. Types of polyester resin
1.1.1. Saturated polyester resin [9]
These are the reaction products of dibasic acids or dibasic acid chlorides with diols and
largely used in textile industries e.g. Polyethylene terephthalate.
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1.1.2. Alkyd resin [9]
Alkyds are the reaction products of polyhydric alcohols with fatty acids followed by reaction
with dibasic acids. They are largely used in paint and printing ink industries [10-14].
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1.1.3. Vinyl ester resin [4]
Vinyl ester resins are becoming increasingly important in new industrial applications such
as coating, printed circuit boards, metal foil laminates, building materials, automotive parts,
rigid foams and fibre reinforced composites [15-19]. A conventional vinyl ester resin can be
prepared by end capping various epoxy resins with unsaturated mono-carboxylic acid [2022]. They combine the excellent mechanical, chemical and solvent resistance properties of
epoxy resins with the properties found in the unsaturated polyester resins. The cured vinyl
ester resin has physical properties superior to cured conventional polyester resin,
particularly corrosion resistance. Vinyl ester resins were developed in the late 1950’s and
early 1960’s i.e. just after IInd world war. The resins were prepared by reacting glycidyl
acrylate and glycidyl methacrylate with bisphenol-A. These resins are very reactive and
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have very short life. A general structure of vinyl ester obtained by reacting epoxy resin with
acrylic acid is as shown below.
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1.1.4. Unsaturated polyester resin
Unsaturated polyester resins are the condensation products of unsaturated acids or
anhydrides and diols with/without diacids. The unsaturation present in this type of
polyesters provides a site for subsequent cross-linking [23-24]. Since 1930, unsaturated
polyester resins have been used remarkably for wide range of applications making them a
thermosetting system of major importance [25-26]. These resins are compounded with
varied fillers, reinforcements and cured by using free radical initiators to yield thermoset
articles having a wide range of chemical and mechanical properties depending upon the
choice of diacids, diols, cross- linking agents, initiators and other additives [27]. This
versatility in the properties of the final thermoset product associated with comparatively
low cost has renewed the interest in these resins as an important matrix material for wide
range of applications. In 1929, Arvin and Carothers [28] developed unsaturated polyester
resins from maleic acid and ethylene glycol reacted at temperature 1750-1850C. Ford Motor
Co. Ltd.[29] synthesized unsaturated polyester resin by reacting maleic anhydride and
phthalic anhydride with propylene glycol at 1000C and then at 2500C till the acid number
diminished to the value less than 50 (mg of KOH per gm of sample). Corrado and his
assistants [30] synthesized low viscosity unsaturated polyester resins by reacting maleic
anhydride, phthalic anhydride and dipropylene glycol at 2000C. Ochsenbein and Olliver [31]
synthesized storage stable unsaturated polyester resin by reacting maleic anhydride,
propylene glycol and dipropylene glycol at 1850C under inert atmosphere. General purpose
unsaturated polyester resins were prepared by using maleic anhydride, phthalic anhydride
and propylene glycol with the molar ratio of phthalic anhydride: maleic anhydride ranging
from 1:2 to 2:1[32-33]. For thermoset products, the resultant resin was blended with styrene
for cross-linking and small amount of peroxide as initiator. These types of resins are useful
in making trays, shower stalls, boats, swimming pool, water tanks etc.
Acrylic modified unsaturated polyester resin having good cracking resistance, flexibility
and thixotropic property were synthesized using 65 parts 0.15:1.0:0.3:0.7 molar ratio of
dicyclopentadiene: fumaric acid: ethylene glycol : diethylene glycol copolymer and 35 parts
of 2-hydroxy ethylmethacrylate [34]. Chemical resistant thermosetting unsaturated
polyester resins for laminates having low content of volatile organic components were
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prepared from isophthalic acid, maleic anhydride and propylene glycol with 35% styrene as
reactive diluents [35]. Unsaturated polyester resin prepared from isophthalic acid, maleic
anhydride and neopentyl glycol was mixed with dicyclopentadiene resin and styrene to
give dielectric compound for electric machines [36]. The effect of styrene content on nonexponential and non-Arrhenius behaviour of the -relaxation of cured unsaturated
polyester resin was investigated by dynamic mechanical analysis [37].
A review on recent research progress in modification methods of unsaturated polyester
resin, with an emphasis on the toughening and reinforcement, flame proofing, improving
heat resistance and resistance to environmental medium, reducing contraction percentage of
cured unsaturated polyester resin and air drying properties was done by Q. Jun-min et. al.
[38]. The research development on unsaturated polyester resins during the year 2000-2001
was reviewed with references [39]. The review on the development trends in the production
of unsaturated polyester resins was done by Penezek [40]. Literature survey reveals that
there are many reports about the synthesis and modification methods of unsaturated
polyester resin [41-49].

1.2. Fire resistant polyester resin [48]
Fire resistant polyester resins can be prepared by using halogenated dibasic acids e.g.
tetrachlorophthalic anhydride(I), tetrabromophthalic anhydride(II) [49], dibromoneopentyl
glycol (III) [50] or tetrabromo bisphenol-A (IV) [51] in place of phthalic anhydride or
propylene glycol. Fire resistance of polyester resins can be further improved by blending
with flame retardant additives such as triphenyl phosphate and antimony trioxide [52]. Such
types of resins are generally used in fume hoods, electrical equipments, building panels and
navy boats.
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1.3. Electrical resistant polyester resin [48]
Electrical resistant polyester resins can be prepared by using dibasic acids e.g. isophthalic
acid, maleic anhydride and neopentyl glycol [53] or tetrabromobisphenol-A [51] in place of
phthalic anhydride or propylene glycol. Electrical resistance of polyester resins can be
further improved by blending with various additives such as antimony trioxide [54], kaolin
[55], mica [56] and calcium carbonate [57]. Such types of resins are generally used in printed
circuit board, electrical appliances and electronic equipments.
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1.4. Low styrene emission polyester resin
The unsaturated polyester normally blended with styrene to a reactive resin solution. The
styrene acts both as a cross-linking agent and as a viscosity reducer so that the resin can be
processed. In conventional unsaturated polyesters the styrene content varies between 3545wt %. The styrene monomer in the unsaturated polyester resin is an environmental and
occupational health problem due to evaporation and emissions, which occur during the
processing of the resin. During the end of the 1980.s the environmental problems caused by
styrene emission from the processing of unsaturated polyesters were debated a lot in the
society, especially in the Nordic countries. The producers of unsaturated polyesters started
therefore to search actively for alternatives to styrene and started to develop additives
inhibiting styrene emission.

2. Unsaturated polyester based fire resistance composites
2.1. Introduction
The fire behavior of materials is an important parameter to be considered for the safety of
individuals and it must be taken into account at the beginning of equipment development.
The use of composite materials for building equipment is becoming increasingly important
and it has been clearly demonstrated by tests on structures that composite materials with an
organic matrix behave well than traditional materials (woods in the naval area, aluminium
in the aeronautic sector), in the case of a fire. In the naval sector, it is not the case that there
are more fires on ships with composite structures than on ships with metallic structures. For
several years the use of composites in interiors of cabin and even for structures is common
in the aeronautic sector because of weight gains and there have not been more incidents
observed on equipment due to the potentially greater fire risk [58-60]. Since many years,
unsaturated polyester composites have been used in very varied technology fields as
naval constructions, offshore applications, water piping, building construction and
automotive applications. In spite of hydrolytic instability problems of these materials,
mainly due to the fact of their pre-polymer ester functions [61-62], interest in unsaturated
polyester resin comes from their low cost and easy processing. Due to their stable
structure, they display good mechanical properties and furthermore, unsaturated
polyester resin has good thermal stability. However, the use of these materials is limited
due to their poor fire performance. There are some solutions [63]. Survey of literature
revels that there are many reports about the fire resistance behavior of the glass reinforced
composites [64-88].
The aim of this work was to prepare halogen free fire resistance composites by using nontraditional fillers like fly ash, zinc borate and hydroxyapatite in combination with traditional
filler antimony trioxide in different amounts in prepolymer polyester resin and study the
thermal and the fire behavior with and without fillers in order to investigate the role played
by fillers in the thermal and fire degradation reactions.
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2.2. Synthesis of Unsaturated Polyester Resin (UPR-1)
Unsaturated polyester resin (figure-1) was prepared in the present work using technique
reported by T Sunemi Hidenari [89]. A mixture of 1.25 mol Propylene glycol (PG), 0.5 mol
Phthalic anhydride (PA), 0.2% p- Toluene sulfonic acid (PTSA) and Xylene as solvent was
charged in a three-neck reaction kettle equipped with stirrer, thermometer, nitrogen-gas
introducing tube, separator and water condenser. The mixture was mechanically stirred and
heated at 1200C under nitrogen gas stream. When reaction mass becomes clear, it was allowed
to cool to 800C and then 0.5 mol Maleic anhydride (MA) was added and continues heating at
150-2000C until an acid number of 20 was reached. During esterification reaction, water formed
as by product and was continuously removed from the reaction mass as it inhibits the rate of
reaction. The Xylene was completely distilled out and reaction product was allowed to cool.
When the temperature reached to 1600C, 20 mg of hydroquinone was added as inhibitor and
when resin temperature dropped below the boiling point of reactive diluent (i.e. Styrene), the
polyester resin were mixed with styrene by 35 weight percent of resin [90]. The polymer
obtained was characterized Gel Permeation chromatography (GPC) and IR spectroscopy.

Figure 1. Polyester Resin (UPR-1) Scheme with Cross linking [92]
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2.3. Fire resistance formulation and composite preparation
2.3.1. Fillers for fire resistance formulation
Some non-traditional filler like hydroxyapatite, zinc borate and fly ash were used in
combination with traditional filler antimony trioxide for fire resistance formulation. The
details about fillers are given as below:
2.3.1.1. Hydroxyapatite
The formula of hydroxyapatite is Ca10(PO4)6(OH)2. It forms part of the crystallographic
family of apatite, isomorphic compounds with the same hexagonal structure.
Hydroxyapatite can be found in nature or synthesized by precipitation method using
chemical reagents. It is also known as calcium phosphate. This compound is most
commonly used for biomaterial and fire resistant applications. This compound can be
physically blended in polymers to suppress, reduce, delay or modify the propagation of
flame through polymeric materials. The fire retardant property of hydroxyapatite is due to
the presence of phosphate. The technical specifications of hydroxyapatite used in this work
are given as below:
1.
2.
3.
4.

Ca/P molar ratio: 1.61-1.71.
Crystalline hydroxyapatite content: 95%.
Grain size: 1500-2000 mesh
Moisture: 1% max.

2.3.1.2. Zinc borate
Zinc borate, 2ZnO3B2O3 3.5H2O, is a white crystal powder, which does not dissolve in water
and other organic solvent but it does dissolve in hydrochloric and sulphuric acid. It has
good thermal stability, lower density and good miscibility with most of the polymers. Zinc
borate shows excellent fire resistance performance and can be therefore widely used in
polymer, rubber, fibre, paint and ceramic industries. The technical specifications of zinc
borate used in this work are given below:
1.
2.
3.
4.
5.

B2O3: 48%,
ZnO: 37%
Particle size: 1250 mesh – 1850 mesh
Loss on ignition: 13.50 - 15.50%
Moisture: 1.0% max.

2.3.1.3. Fly ash
Fly ash is the finely divided mineral residue resulting from the combustion of coal in electric
generating plant. Fly ash consists of inorganic matter present in the coal that has been fused
during coal combustion. This material is solidified while suspended in the exhaust gases
and is collected from the exhaust gases by electrostatic precipitators and is usually of silt
sizes (0.074 - 0.005mm). Fly ash is a pozzolanic material and has been classified into two
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classes F and C based on the chemical composition of fly ash. In the present study class C fly
ash was used. Class C fly ash is produced normally from lignite and sub-bituminous coals.
The technical specifications of fly ash used in this work are given below:
1.
2.
3.
4.

Silicon dioxide (SiO2) plus Al2O3 plus Fe2O3: 55.0%
Sulfur trioxide (SO3): 5.0%
Moisture content: 3.0% max.
Loss on ignition: 6.0%

2.3.1.4. Antimony trioxide
The formula of antimony trioxide is Sb2O3. It is a solid white powder and is used mainly as
fire retardant additive and as pigment. The substance comes in various grades, depending
on particle size. The breakdown of particle size affects both physical properties and pigment
property. The finer fraction is used for pigmentation. The flame-retardant property,
however, is not affected by particle size. This property is based on antimony trioxide
reacting in the event of fire with the surrounding material, with the result that a protective
layer of various antimony compounds covers the combustible materials. Since the formation
of these compounds consumes heat and because they are generally difficult to ignite, they
protect the underlying material from ignition. The technical specifications of antimony
trioxide used in this work are given as below:
1.
2.
3.

Total antimony oxide content: 99.50%
Bulk density: 0.3 - 1.0gms/cc
Average particle size: 1.1μm

Fire resistance formulations were prepared by adding non-traditional fillers like fly ash, zinc
borate and hydroxyapatite in combination with traditional filler antimony trioxide in
different amounts (10 to 30 wt %) in prepolymer polyester resin (table-1). Several
combinations were tested to determine effects of each additive in the polymer formulations.
Additives in different amount were mixed with prepolymer polyester resin in a round
bottom flask equipped with high speed agitator. The resultant formulations were
compounded with glass fibre as reinforcing materials and benzoyl peroxide as initiator for
composite preparation. Composites were prepared by hand lay-up technique using about 50
weight percent of glass fibre and filler. After application of resin on glass fibre the
composites were cured by compression moulding at 7 bar pressure and 120°C temperature
for 30 minutes. Two percent benzoyl peroxide (BPO) was used as initiator. The composites
obtained from fire resistance formulations were characterized by Limiting oxygen index,
(LOI) according to ASTM D-2863 [91], thermo gravimetric analysis (TGA) and IR
spectroscopy.

2.4. Characterization
Prepolymer polyester resin synthesized by above procedure was analyzed by GPC, FTIR
and TGA.
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Composite
UPR-1
Reinforcement
code
Composition
in Wt %
Sb2O3
in Wt %
FRC-1
FRC-2
FRC-3
FRC-4
FRC-5
FRC-6
FRC-7
FRC-8
FRC-9
FRC-10
FRC-11

100
100
100
100
100
100
100
100
100
100
100

100
70
70
70
70
70
70
70
70
70
70

30
20
10
20
10
20
10
-

Fillers in Wt %
Fly
HydroxyAsh
apatite
10
20
30
-

10
20
30
-

Limiting
Oxygen
Zinc
borate Index (LOI)
in %
21
25
27
29
31
28
30
32
10
32
20
34
30
37

* FRC=Fire resistance composites of UPR-1

Table 1. Fire Resistance Formulation and LOI [92].

2.4.1. Gel Permeation Chromatography (GPC)
GPC is one of the most powerful and versatile analytical technique available for
understanding and predicting polymer performance. It is the only proven technique for
characterizing a polymer by its complete molecular weight distribution. GPC of polyester
resin was done by using Perkin Elmer 200 GPC instrument. The HPLC grade
Tetrahydrofuran(THF) was used as a mobile phase at a flow rate of 1.0 ml/min. The GPC
system was equipped with two ultrastyragel columns packed with styrene-DVB copolymers
of 103 and 106 A0 porosity connected in series to cover an exclusion limit of 200 to 10 × 106.
Refractive Index detector was used with internal temperature of 350C for peak detection.
The GPC system was calibrated with eight different polystyrene standards having
molecular weight ranging from 2000 to 2.5 × 106. The number average (Mn) of polyester resin
sample is 1554, weight average (Mw) is 3576 and polydispersity (Mw/Mn) is 2.301. Gel
permeation chromatography of polyester resin is shown in figure -2.

2.4.2. Spectral analysis of polyester resin
An IR spectrum of prepolymer polyester resin is shown in figure-3. A Nicolet Impact 400D
FT-IR Spectrophotometer was employed for the measurements. The spectrum was run by
applying resin sample on KBr cell covering the range of frequencies from 4000-400 cm-1 with
scanning period of 20 seconds. The crushed powder sample (2-3mg) in the form of a pellet
was prepared by mixing with dry KBr (1g). The spectrophotometer was set at 100%
transmittance with pure KBr pellet. A strong absorption band at 755 cm-1 and a weak band
at 1004 cm-1 can be attributed to -C-H bending arising from 1 and 3 position in benzene ring
and –C=CH bending arising from isomerisation of maleic anhydride to fumarate during
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polymerization. A broad-spectrum absorption bend at 1145 cm-1 confirms the presence of –
C-O-C- of ester linkage. A strong absorption peak appearing at 1306 cm-1 was assigned to –
C=C– group of polyester. A medium absorption band at 1461 cm-1 can be attributed to –C-H
bending. The presence of –C=O and symmetric –CH stretching was confirmed by the
presence of strong bend at 1736 cm-1 and 2985 cm-1 respectively. The band at 1736 cm-1
confirms the presence of –C=O ester group and also confirms the formation of polyester
resin. In addition to this, disappearance of anhydride peak at 1755 cm-1 in maleic anhydride
& phthalic anhydride and hydroxyl peak at 1375 cm-1 proplyene glycol confirms the
formation of polyester.

Figure 2. GPC of Polyester Resin

An IR spectrum of cured polyester resin is shown in figure-4. The band at around 2985 cm-1
became sharper and bands due to –CH=CH- group almost disappears in composite and a
new sharp band at 1447 cm-1 becomes visible in the IR spectrum of composite. This indicates
the presence of alkane group, which clearly can be attribute to participation of –CH=CHgroup in curing process and conversion of this group to alkane during cross linking process.

2.4.3. Thermogravimetric analysis (TGA)
TGA of the cured composites was carried out on TA Instruments, USA model 5000/2960.
This instrument measures the weight loss as well as the rate of weight loss of a material
continuously as a function of increase in temperature. The present study concerns the
percentage weight loss of the material at different temperature at a heating rate of 10°C/min.
The sample for analysis was kept in an oven at 35°C under vacuum overnight. The cured
sample (about 8 to 12 mg) was placed in the sample container and suspended on the quartz
rod in an atmosphere of nitrogen gas. The weight of the sample was noted on the TGA
balance. The whole assembly was introduced into the furnace and the experiment started by
heating the system at constant and definite rate throughout the experiment. Simultaneous
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change in weight was recorded automatically with the time while temperature was
increased at a known uniform rate (10°C/min). The experiment was stopped when no further
change in weight could be observed on further heating. Proper knowledge of the thermal
stability of polymers is essential for their appropriate applications [93-95]. The thermal
behaviour of polymers with reference to their thermal stability is of paramount importance.

Figure 3. IR Spectra of UPR-1

TGA thermograms of all the composites indicate a similar decomposition pattern of two
steps degradation. The first step can be assigned to degradation of resin part and the second
one to that of filler part. The initial decomposition in almost all composites start at around
200°C with only 3-7 % loss which clearly shows very good thermal stability of these
composites up to 200°C. In unfilled composite (figure-5) loss of weight at 100, 200, 300, 400
-34.71, -82.60 and -83.60% respectively. In filled composite
and 450 OC is -3.09, -11.37,
(figure-6) loss of weight at 100, 200, 300, 400 and 450 OC is -0.96, -10.30, -28.58, -65.00 and 66.02% respectively. Filled composites show very good thermal stability than unfilled
composites.

2.5. Fire resistance properties of composites
In this work, fire behaviour of composites was evaluated. Many procedures exist to evaluate
fire behaviour of the composite materials [96-97].The key fire resistance properties of
interest for polymers to be used in fire resistance applications are ease of ignition, flame
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spread, ease of extinction, smoke obscuration, smoke toxicity, heat release rate and limiting
oxygen index. In the present study limiting oxygen index (ASTM D-2863) was determined
to characterize the composites.

Figure 4. IR Spectra of FRC-1

Figure 5. Thermogram of FRC-1
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Figure 6. Thermogram of FRC-5

2.5.1. Limiting Oxygen Index (LOI) ASTM D-2863 [91]
Fennimore and Martin developed this method [98]. LOI is defined as measure of minimum
amount of oxygen in an environment (O2 + N2) necessary to initiate and support the burning
(flame) under specified conditions. ASTM D2863 is a method to determine the minimum
concentration of oxygen in an oxygen/nitrogen mixture that will support a burning of test
specimen. The specimen used for LOI test having size150 mm length, 10 mm wide and 4
mm thick. The apparatus used for LOI was Stanton Redcroft FTA flammability unit. The test
sample is positioned vertically in a glass chimney and an oxygen/nitrogen environment is
established with a flow from the bottom of the chimney. The top edge of the test sample is
ignited and the oxygen concentration in the flow is decreased until the flame is no longer
supported. Oxygen Index is calculated from the final oxygen concentrations tested. This is
very simple and advantageous method for assessing fire resistance of polymers. The critical
amount of oxygen was measured. LOI is expressed in percentage as:

LOI=

O2 
 100
O2    N 2 

Table-1 represents limiting oxygen index of filled and unfilled composites. In the present
study values of limiting oxygen index of filled composites are in the range of 25-37. In
practice material is often called the self extinguish materials if LOI is greater than 26 [99].
Thus the results of present study are in good agreement with the reported values. The
results clearly indicate that the composites of present study can be used in all fire
resistance applications. Composites prepared using fillers give better fire resistance than
unfilled composites and also there is increase in fire resistance with increase in amount of
filler.
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2.6. Mechanical properties of fire resistance composites
Mechanical properties measured in this study include Izod impact strength, Rockwell
Hardness and Flexural strength.

2.6.1. Izod impact strength
The impact properties of the polymeric materials are directly related to the overall
toughness of the material. The objective of the Izod impact test is to measure the relative
susceptibility of a standard test specimen to the pendulum type impact load. The results are
expressed in terms of kinetic energy consumed by the pendulum in order to break the
specimen. A study of Izod impact strength was carried out in terms of resistance to breakage
under high velocity impact conditions, according to ASTM D-256 [100].
Zwick model No. 8900 Impact Machine was used for the present study. For the
measurement, a specimen was cut from the fabricated composite (6.4 x 1.27 cm2) and V
notched (2.5 mm) at the middle. The test specimen was clamped into position so that
notched end of the specimen remained facing the striking edge of pendulum. The impact
test indicates the energy to break standard test specimen of specified size under the
stipulated conditions of specimen mounting and pendulum velocity at impact. All the
measurements were carried out at room temperature.

2.6.2. Rockwell hardness
Hardness of a material is defined as the resistance to deformation, particularly permanent
deformation, indentation or scratching. The Rockwell hardness test measures the net
increase in depth impression as the load on an indentor is increased from a fixed minor to a
major load and then returned to minor load. Rockwell Hardness study was carried out at
room temperature according to standard method of testing ASTM D-785 [101].
In the present study, Rockwell hardness tester model RAS/Saroj Engg. Udyog Pvt. Ltd.,
Jaysingpur was used. Load of 100kgf was applied for each measurement. The specimen with
parallel flat surfaces was placed on the avail of the apparatus and minor load (10kgf) was
applied by lowering the steel ball onto the surface of the specimen. The dial was adjusted to
zero on the scale under minor load and the major load (100kgf) was immediately applied by
releasing the trip lever. After 15 second the major load was removed and the specimen was
allowed to recover for 15 second. Rockwell hardness was read directly on the dial.

2.6.3. Flexural strength
It is one of the most important mechanical properties of interest for any comparison of rigid
materials or modulus of rupture. Flexural strength is the ability of the material to withstand
bending forces applied perpendicular to its longitudinal axis. The test specimens were
conditioned in accordance with the ASTM D 790 [102].
A Dutron’s Tensile Tester Model No. 130 was used in the present study. For the
measurement, a strip of the dimensions 8.0 x 1.25 cm2 was cut from the composites. It suited
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the gauge length of 7.5 cm i.e. the experiment was carried out a distance between two jaws
to be 7.5 cm apart. The results were recorded with the chart speed of 2 mm/min at room
temperature. The test was initiated by applying the load to the specimen at the specified
crosshead rate. The deflection was measured by gauge under the specimen in contact with it
in the centre of the support span. Table–2 represents Izod impact strength, Rockwell
hardness and Flexural strength.
Composite code Izod Impact in Jcm- Flexural Strength in MPa

Rockwell Hardness(M)

1

FRC-1
FRC-2
FRC-3
FRC-4
FRC-5
FRC-6
FRC-7
FRC-8
FRC-9
FRC-10
FRC-11

5.09
4.15
5.00
4.00
3.50
7.00
10.05
11.50
7.25
10.10
11.80

238.85
230.85
238.75
230.15
225.00
240.00
245.85
247.90
242.00
246.15
247.90

59
57
59
57
50
60
62
64
61
63
66

Table 2. Mechanical Properties of Fire resistance Composites [92]

The mechanical properties of composites improve remarkably with increase in the filler
content except in antimony trioxide and fly ash. Increase in mechanical properties with
increase in filler content is due to the reinforcement action provided by the filler particles to
the polymer matrix [103-104]. Composites prepared using non-traditional fillers in
combination with traditional filler gives better performance than unfilled composites and
also there is increase in mechanical properties with increase in amount of fillers. Antimony
trioxide gives poor results compared to other fillers and also mechanical performance
decreases with increase in amount. For antimony trioxide and fly ash best results obtained
for 20:10 % weight of antimony trioxide to fly ash in composites.
The results also revealed that the fire retardancy of the polyester based composites can be
improved by using non traditional fillers like zinc borate, hydroxyapatite and fly ash. They
have an advantage over a traditional filler antimony oxide to increase the fire retardancy
without decreasing mechanical and thermal properties of the composites. There is however,
considerable variation in the efficiency of these fillers. The adequacy of the fire resistance
performance of these filled composites is dependent on both types of filler and
incorporation level of the fillers. The use of antimony oxide and fly ash increases the fire
resistance behaviour but there is decrease in mechanical properties and thermal stability.
The optimum result obtained was with 30% zinc borate as filler with good improvement in
fire resistance with considerable increases in mechanical properties and thermal stability.
The use of such fillers can also solve the problems of toxic emissions of halogenated fire
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retardants and also it lowers the cost of polyester resin. The composites can be used for
facade elements, dome light crowns, in the transportation sector, in the electrical industry,
e.g. for cable distribution cupboards, for boats and shipbuilding, tanks, tubes, vessels and
others electrical, electronic and electro technical applications like circuit breakers, switch
board cabinets, automotive distributor caps, printed circuit board etc.

3. Unsaturated polyester resin based electrical laminates
3.1. Introduction
The unbeatable combination of characteristics such as ease of fabrication, low cost, light
weight and excellent insulation properties have made composite materials to be one of the
most desirable materials for electrical applications. The electrical properties of polymers are
related to the behaviour of polymers as an electrical insulating material for the general interest.
The purpose of electrical insulation may generally be described as the prevention of unwanted
contacts between the electrical conductors at different potentials. A simple example such as
two mounted terminals can usefully serve as an illustration. The insulation must maintain the
separation under a wide variety of environmental hazards which include humidity,
temperature, vibration, radiation, presence of gases, moisture and other contamination. It must
be sufficiently strong physically to withstand the mechanical forces which may be exerted by
the conductors and at the same time must prevent any significant flow of current between the
conductors. No insulator is perfect, but what constituents a significant flow of current depends
upon the application. A few micro amps in an electrical supply circuit would be negligible. In
every case the current must be sufficiently small to eliminate secondary effects such as
temperature rise, mechanical stress and electrochemical action.
The primary function of thermosetting plastics in electrical applications has been that of an
insulator. Thermosetting plastics not act as effective insulators but also provide mechanical
support for field carrying conductors. For this reason the mechanical properties of
thermosetting plastics materials used as insulators become very important.
The use of glass-reinforced laminates in the field of dielectric materials has been of prime
importance in the engineering materials. The choice of dielectric material depends upon its
dielectric and other properties over a wide range of temperature and dielectric field
frequencies. Investigation of dielectric properties is one of the most convenient and sensitive
methods in studying structural property relationship of the glass reinforced for engineering
purpose. Typical electrical application of fibre reinforced composite include terminals,
connectors, industrial and house hold plugs, switches and printed circuit boards. Now a day
unidirectional glass reinforced polymer composites have become a popular alternative to
porcelain in the manufacture of high voltage insulators [105-127]. Several investigations on
the effects of electrical properties and mineral fillers have been reported [128-129]. Survey of
literature revels that there are some reports about the dielectric behaviour of the glass
reinforced laminates [130-149]. The glass fibre reinforced laminates were studied for the
electrical properties. There are several experimental and numerical procedures which can be
used to evaluate the laminates in terms of electrical properties [150-165].
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The aim of this work was to prepare electrical resistance composites and study the thermal
and electrical behavior with and without electrical resistance additives in order to
investigate the role played by additives in the electrical resistance. This chapter discusses
the electrical resistance composites which were prepared by using unsaturated polyester
resin and fillers (up to 40% by wt.) like mica, raw kaolin and surface treated kaolin with
glass fiber and were evaluated for arc resistance, surface resistivity and volume resistivity
according to ASTM standards.

3.2. Synthesis of Unsaturated Polyester Resin (UPR-2)
UPR was prepared in the present work using technique reported by T Sunemi Hidenari [89].
A mixture of 42.8 gm (1.3 mol) Propylene glycol (PG), 35.96 gm (0.5 mol) Isophthalic acid,
0.2 gm (0.2%) p- Toluene sulfonic acid (PTSA) and Xylene as distillating solvent was
charged in a three - neck reaction kettle equipped with stirrer, thermometer, nitrogen-gas
introducing tube, Dean & Stark apparatus and water condenser. The mixture was
mechanically stirred and heated at 120 0C under nitrogen gas stream and esterification was
carried out while removing water formed by the reaction from the reaction system. When
reaction mass becomes clear, it was allowed to cool. When the temperature was dropped to
800C, 21.24 gm (0.5 mol) Maleic anhydride (MA) was added and continues heating at 2002250C until an acid number of 25 were reached. The Xylene was completely distilled out and
reaction product was allowed to cool. When the temperature reached to 1600C, 20 mg of
hydroquinone was added as inhibitor and when resin temperature dropped below the
boiling point of reactive diluent (i.e. Styrene), the polyester resin was mixed with styrene by
35 weight percent by resin [90].

Figure 7. Reaction mechanism for UPR-2

184 Polyester

3.3. Electrical resistance formulation and composite preparation
3.3.1. Fillers for electrical resistance formulation
3.3.1.1. Raw kaolin and surface treated kaolin
Raw Kaolin is the common name for the mineral products comprised totally or substantially
of the aluminium-silicate clay. Kaolin is an inherently fine particle-size, platy, chemically
inert mineral. The work reported here seeks to improve the mechanical performance of
composites by using surface treated kaolin. Surface treated kaolin was prepared by treating
raw kaolin with surface active coupling agent. Commercially available silane was chosen as
a surface active coupling agent because these materials have a history of applications in
other polymer composites [166].

3.3.1.2. Mica
Mica is phyllosilicate mineral that have a layered or platy texture. The value of mica is in its
unique physical properties. The crystalline structure of mica forms layers that can be split or
delaminated into thin sheets. Mica is also chemically inert and is stable when exposed to
electricity, light, moisture and extreme temperatures.
Electrical resistance formulations were prepared by adding various additives viz: raw
kaolin, surface treated kaolin and mica in different amounts (10 to 40 wt %) in unsaturated
polyester resin (table-3). Several combinations were tested to determine effects of each
additive in the polymer formulations. Additives in different amount were mixed with
unsaturated polyester resin in a round bottom flask equipped with high speed agitator.
The resultant formulations were compounded with glass fibre as reinforcing materials
and benzoyl peroxide as curing catalyst for composite preparation. Composites were
prepared by hand lay-up technique using about 50 weight percent of glass fibre and filler.
After application of resin on glass fibre the composites were cured by compression
moulding at 7 bar pressure and 120°C temperature for 30 minutes. Two percent benzoyl
peroxide (BPO) was used as initiator. The composites obtained from electrical resistance
formulations were characterized by surface resistivity, volume resistivity, arc resistance
and IR.

3.4. Characterization
3.4.1. Gel Permeation Chromatography (GPC)
Gel permeation chromatography of unsaturated polyester resin is shown in figure-2. Gel
permeation chromatography of polyester resin was done by using Perkin Elmer 200 GPC
instrument. PL GEL mixed B type of column, Tetrahydrofuran as solvent and refractive
index detector were used in this analysis. Volume of sample injected was 20μl/min. with
retention time 9.309 minutes. The number average (Mn) of polyester resin sample is 1554,
weight average (Mw) is 3576 and polydispersity (Mw/Mn) is 2.301.
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Composite UPR-2 Composition Reinforcement
Code
in Wt %
in Wt %

Fillers in Wt %
Mica

Raw Kaolin Surface Treated
Kaolin

ERC-1

100

100

-

-

-

ERC-2

100

70

10%

-

-

ERC-3

100

70

20%

-

-

ERC-4

100

70

30%

-

-

ERC-5

100

70

-

10%

-

ERC-6

100

70

-

20%

-

ERC-7

100

70

-

30%

-

ERC-8

100

70

-

40%

-

ERC-9

100

70

-

-

10%

ERC-10

100

70

-

-

20%

ERC-11

100

70

-

-

30%

ERC-12

100

70

-

-

40%

ERC: Electrical Resistance Composites of UPR-2

Table 3. Electrical Resistance Composite Formulation

3.4.2. Spectral analysis of polyester resin
An IR spectrum of unsaturated polyester resin (UPR-2) is shown in figure-8. A Nicolet
Impact 400D FT-IR Spectrophotometer was employed for the measurements. The spectrum
was run by applying resin sample on KBr cell covering the range of frequencies from 4000400 cm-1. A strong absorption band at 742.54 cm-1 and a weak band at 1031.34 cm-1 can be
attributed to –C-H bending arising from 1 and 3 position in benzene ring (isophthalic acid
moieties) and –C=CH bending arising from isomerization of maleic anhydride to fumarate
during polymerization. A broad-spectrum absorption bend at 1105.22 cm-1 confirms the
presence of –C-O-C- of ester linkage. A strong absorption peak appearing at 1246.2 cm-1 was
assigned to –C=C– group of polyester. A medium absorption band at 1447.76 cm-1 can be
attributed to –C-H bending. The presence of –C=O and symmetric –CH stretching were
confirmed by the presence of strong bend at 1736.57 cm-1 and 2979.1 cm-1 respectively. An IR
spectrum of cured polyester resin is shown in figure-9.

3.5. Electrical resistance properties of composites
The key electrical properties of interest for plastics to be used in electrical applications are
dielectric strength, dielectric constant, dissipation factor, volume resistivity, surface
resistivity and arc resistance. In the present study, volume resistivity, surface resistivity and
arc resistance were determined to characterize the composites.
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Figure 8. IR Spectra of UPR-2

Figure 9. IR Spectra of ERCM-1

3.5.1. Volume resistivity and surface resistivity
The volume resistivity and surface resistivity were measured in terms of resistance of
composites by a Hewlett Packard Model No. 4329 High resistance meter according to the
standard method of testing ASTM D-257 (1978) [167]. A sample sheet was cut from the
composite sheet and all dimensions measured as the average of several measurements of
length, breadth and thickness.
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For volume resistivity, the specimen was placed between two cylindrical copper electrodes.
The electrodes were cleaned before each experiment. The entire rod of the electrode was
covered with Teflon and one end of each rod was used for the connection with resistance
meter. Volume resistivity was calculated using the following formula.
Volume Re sistivity     cm  

A
 Rv 
t

Where, A = Area of the specimen, cm2, t = Thickness of specimen, cm, Rv = Volume resistance
()
For surface resistivity, the electrodes were placed on the same surface of the specimen at a
fixed distance and direct voltage was applied between the two electrodes. The resulting
current between the electrodes after a given fixed time of application of the voltage was
measured ignoring the possible polarization effects. Surface resistivity was calculated using
the following formula
Surface resistivity 

normal voltage gradient
current per unit width of current path

The tests were carried out with all the prepared composite sheets and the data are reported
in the Table-4.

3.5.2. Arc resistance
The arc resistance of composites was measured according to standard method of testing
ASTM D- 495 (1989) [168], which is high voltage, low current dry arc resistance of solid
electrical insulating Material. Figure 10 Illustrates a typical setup for an arc resistance test.
Voltage was applied to test sample and its severity increased in steps until the failure
occurred. Arc resistance was measured as the time (sec) at which the surface between two
electrodes becomes conductive. The results of arc resistance of all composites under study
has been obtained and reported in Table-4.

Tungston
electordes

Test specimen
Figure 10. Arc Resistance Test
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Table-4 represents arc resistance, surface resistivity and volume resistivity of filled and
unfilled composites. In the present study, the values of surface resistivity and volume
resistivity are in the range 1.8×1018-10.9×1017. The reported values for asbestos filled
melamine are 1.2 x1012. Urea-formaldehyde resins show the values in the range of 1012-1013.
Thus the result of present study are in good agreement with the reported value of PF, MF
and UF resins. The results clearly indicate that the composites of present study can be used
in all electrical applications where PF, MF and UF resins are used. Plastics such as epoxies,
polyethylenes and fluorocarbons are excellent arc-resistant materials with arc resistance of
120-200 sec and above. It has been reported that arc resistance of plastics can be improved
substantially by the addition of fillers such as glass, mineral, wood flour, asbestos and other
inorganic fillers. In the present study all the composites show arc resistance in the range of
158-169 sec indicating very good arc resistance.
Sample Arc
Resistance in
Sec.
ERC-1 150
ERC-2 162
ERC-3 164
ERC-4 167
ERC-5 158
ERC-6 161
ERC-7 163
ERC-8 Leaching of
filler
ERC-9 161
ERC-10 165
ERC-11 168
ERC-12 169

Surface
Resistivity in
Ω ∙ 1017
2.1
7.9
8.7
9.9
7.8
8.5
8.9
Leaching of
filler
8.9
9.9
10.8
11.2

Volume
Resistivity in
Ω Cm ∙ 1018
1.3
2.0
3.3
3.5
1.8
2.6
3.0
Leaching of
filler
2.1
3.6
4.5
4.9

Izod Impact Flexural
in J/cm
Strength in
MPa
5.44
239.89
8.35
238.90
11.00
240.00
12.25
241.15
5.67
241.86
6.95
244.98
7.38
246.68
Leaching of Leaching of
filler
filler
7.15
242.91
10.10
246.84
11.73
248.88
12.20
249.92

Rockwell
Hardness
(M)
60
65
69
72
61
63
64
Leaching of
filler
63
66
68
69

Table 4. Electrical and Mechanical Properties of Composites [169-170]

3.6. Mechanical properties of electrical resistance composites
Mechanical properties measured in this study include Izod impact strength, Rockwell
Hardness and Flexural strength (table-4). The unbeatable combination of characteristic such
as ease of fabrication, low cost, light weight and excellent insulation properties have made
composite materials to be one of the most desirable materials for electrical application such
as insulators, printed circuit boards, circuit breakers, cabinets etc. Arc resistance, surface
resistivity and volume resistivity were evaluated for all the composites filled with different
weight percentages of fillers. The arc resistance, surface resistivity and volume resistivity
increases with increase in amount of filler because kaolin, surface treated kaolin and mica
are electrically inert materials whose increased amount in laminates improves electrical
behaviour. Surface treatment of fillers improves the mechanical as well as electrical
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performances because surface treatment of kaolin with the coupling agents will bridged
polymer molecules and mineral particles and have the unique ability to substantially
improve the bond strength between organic polymer and kaolin particles. Due to these
fillers can be easily and uniformly dispersed throughout the polymer matrix and leaching of
filler from the polymer matrix is prevented. This will ultimately improve the performance of
composites. Composites prepared using fillers give better electrical performance than
unfilled composites and also there is increase in electrical resistance with increase in amount
of filler, but when amount of filler exceeds 30 weight percent, untreated fillers i. e. raw kaolin
and mica leaches out from the polymer matrix. While surface treated kaolin doesn’t leach out
of the polymer matrix. The effects of concentration of filler and surface treatment of filler on
mechanical properties have been examined. The results revealed that concentration of filler
and surface treatment of filler remarkably influence the mechanical and electrical behaviour of
composites [103-104]. Also cost-effective electrical composites can be formulated with
competitive performance by using cheaper and widely available fillers. The composites can be
used for electrical, electronic and electro technical applications like circuit breakers, switch
board cabinets, automotive distributor caps, printed circuit board etc.

4. Acrylic modified low styrene emission unsaturated polyester resin
having improved fire resistance and mechanical properties
4.1. Introduction
Unsaturated polyester resins are one of the most important matrix resins for commodity
glass fibre reinforced composites [171]. They are obtained in a two step process; first
unsaturated and saturated acids or anhydrides are reacted with diols in a polycondensation
reaction, secondly the resulting linear polyester prepolymer is dissolved in styrene into
syrup-like resin [172-173]. The styrene acts both as a cross-linking agent and as a viscosity
reducer so that the resin can be processed. In conventional unsaturated polyesters the
styrene content varies between 35- 45wt %. The styrene monomer in the unsaturated
polyester resin is an environmental and occupational health problem due to evaporation
and emissions, which occur during the processing of the resin. In 1992 it was found that
about 75% of the workers in the reinforced plastic industry in Finland are exposed to styrene
concentrations exceeding the current occupational exposure limit of 20ppm [174]. Much
improvement of the work environment has been made by using proper ventilation systems
together with styrene absorbing collection systems, by improvement of the work practice
and the housekeeping, by using personal respiratory protection and by using low styrene
emission resins in the industry. During the end of the 1980.s the environmental problems
caused by styrene emission from the processing of unsaturated polyesters were debated a
lot in the society, especially in the Nordic countries. The producers of unsaturated
polyesters started therefore to search actively for alternatives to styrene and started to
develop additives inhibiting styrene emission.
This work deals with the development of low styrene emission unsaturated polyester resins
with improved fire resistance and mechanical properties. These studies showed clearly that
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the styrene emission cannot be avoided as long as the basic chemical composition is kept
unchanged. Structural modifications are therefore needed. The fire behaviour of composites
can also be improved by using a halogenated resin [175] in place of a traditional resin. The
main disadvantage of this solution is that a fire could create toxic and possibly corrosive
smoke [176]. Recently, environmental problems relating to brominated flame retardants
(BFRs) have become a matter of greater concern than ever before, because of the recent
marked increase in levels of polybrominated diphenyl ethers (PBDEs) found in human milk
in Sweden and North America [177]. It is shown in this work that non-halogen flame
retardants are very effective and does not create any toxic and corrosive smoke in
unsaturated polyester resins. Their advantages lie in their high effectiveness, which enables
very low concentrations to be used, while at the same time meeting the most stringent
requirements.
The experimental work in this article deals synthetic modifications of unsaturated polyester
resin in order to achieve better fire resistance and mechanical properties, lower styrene
emission, better styrene solubility and lower processing viscosity. These new ecological
unsaturated polyester resins will be used for marine, automotive, electric and electronic,
building construction, sport and leisure, domestic and sanitary appliances, furniture as well
as military applications. Two concepts were used for development of these new ecological
unsaturated polyester resins; Introduction of acrylic monomers viz; Methyl methacrylate
(MMA), Butyl methacrylate (BMA) and Acrylonitrile (AN) into the unsaturated polyester
resins to reduce styrene emission and use of halogen free fire resistance fillers (Zinc borate
and antimony trioxide) in place of halogenated fillers. The main disadvantage of
halogenated fillers is that a fire could create toxic and possibly corrosive smoke. Liquid
crystalline unsaturated polyester resins were possible to synthesize and it was also possible
to prepare solutions of unsaturated polyesters in styrene. By modification with acrylic
monomers it is possible to prepare resins with a styrene content as low as 20 wt %. The
mechanical and fire resistance properties of the cured samples depending on the type of
acrylic monomer and amount and type of filler. Modification of unsaturated polyesters in
this way is a possibility to get unsaturated polyester resins with low styrene emission, better
fire resistance and mechanical properties, lower shrinkage, reduced brittleness and
increased flexibility.

4.2. Synthesis of acrylic modified low styrene emission unsaturated polyester
resin
Unsaturated polyester resin was prepared in the present work by the technique reported by
B.Parkyn [171]. A mixture of 1.25mol Propylene glycol (PG), 0.5mol Phthalic anhydride,
0.2% p-Toluene sulfonic acid (PTSA) and Xylene as distillating solvent was charged in a
three-neck reaction kettle equipped with stirrer, thermometer, nitrogen-gas introducing
tube, Dean & Stark apparatus, and water condenser. The mixture was mechanically stirred
and heated at 1200C under nitrogen gas stream, and esterification was carried out while
removing water formed by the reaction from the reaction system. When reaction mass
becomes clear, it was allowed to cool. When the temperature was dropped to 800C, 0.5mol
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Maleic anhydride (MA) was added and continues heating at 150-2000C until an acid number
of 20 were reached. The Xylene was completely distilled out and reaction product was
allowed to cool. When the temperature was dropped to 1600C, 20mg of hydroquinone was
added. When the temperature was dropped to below 1000C, an amount of styrene was
added to a styrene content of 20%.
Unsaturated polyester resin was modified by replacing 15% styrene (table-5) by different
acrylic monomers viz. Methyl methacrylate (MMA), Butyl methacrylate (BMA) and
Acrylonitrile (AN). Modification of unsaturated polyester resin was carried out in three neck
flask equipped with stirrer. Firstly required quantity of styrene diluted unsaturated
polyester resin (20% styrene) was added and then 15% of acrylic monomers were added
with constant stirring at room temperature. The resultant modified unsaturated polyester
resin was named as low styrene emission unsaturated polyester resin (LSEUPR).
Low Styrene Emission
Unsaturated Polyester Resin

Styrene
in Wt %

Acrylic Monomer in Wt %
MMA

BMA

AN

LSEUPR-1

20

15

-

-

LSEUPR-2

20

15

-

-

LSEUPR-3

20

15

-

-

LSEUPR-4

20

15

-

-

LSEUPR-5

20

15

-

-

LSEUPR-6

20

-

15

-

LSEUPR-7

20

-

15

-

LSEUPR-8

20

-

15

-

LSEUPR-9

20

-

15

-

LSEUPR-10

20

-

15

-

LSEUPR-11

20

-

-

15

LSEUPR-12

20

-

-

15

LSEUPR-13

20

-

-

15

LSEUPR-14

20

-

-

15

LSEUPR-15

20

-

-

15

Table 5. Low Styrene Emission Unsaturated Polyester Resin [178]

4.3. Fire resistance formulation and composite preparation
In present study low styrene emission unsaturated polyester resins were used with
antimony trioxide and zinc borate for composite preparation (table-6). Several combinations
were tested to determine effects of additives in the polymer formulations. Fire resistance
formulations were prepared by adding these additives in different amounts (10 to 30 wt %)
in low styrene emission unsaturated polyester resin. Additives in different amount were
mixed with low styrene emission unsaturated polyester resin in a round bottom flask

192 Polyester

equipped with high speed agitator by means of agitation. The resultant formulations were
compounded with glass fibre as reinforcing materials and benzoyl peroxide as curing
catalyst for composite preparation.
Composites were prepared by hand lay-up technique using about 50 weight percent of glass
fibre and filler. After application of resin on glass fibre, the composites were cured by
compression moulding technique at 100 psi pressure and 120oC temperature for 30minutes.
1% Benzoyl peroxide (BPO) was used as an initiator. The composites obtained from fire
resistance formulations were characterized by Limiting oxygen index according to ASTM D2863[91].
Composite
Code

Low Styrene
Reinfo- Fillers in Wt Catalyst Limiting Izod Flexural Rockwell
Emission
rcement
%
in Wt % Oxygen Impact Strength Hardness
Unsaturated
Wt % Sb2O3 Zinc
Index in J/cm in MPa
(M)
Polyester Resin
(LOI)
in
borate
Composition 100
%
Wt %

LSEUPRC-1 LSEUPR-1 (100)

100

-

-

2

21

5.09

238.85

59

LSEUPRC-2 LSEUPR-2 (100)

70

30

-

2

25

4.15

230.85

57

LSEUPRC-3 LSEUPR-3 (100)

70

20

10

2

28

7.25

242.00

61

LSEUPRC-4 LSEUPR-4 (100)

70

10

20

2

30

10.10

246.15

63

LSEUPRC-5 LSEUPR-5 (100)

70

-

30

2

32

11.80

247.90

66

LSEUPRC-6 LSEUPR-6 (100)

100

-

-

2

22

4.90

240.00

58

LSEUPRC-7 LSEUPR-7 (100)

70

30

-

2

26

4.00

231.85

56

LSEUPRC-8 LSEUPR-8 (100)

70

20

10

2

29

7.15

242.25

60

LSEUPRC-9 LSEUPR-9 (100)

70

10

20

2

31

10.00

246.55

62

LSEUPRC-10 LSEUPR-10 (100)

70

-

30

2

34

11.55

248.10

65

LSEUPRC-11 LSEUPR-11 (100)

100

-

-

2

21

5.65

235.90

60

LSEUPRC-12 LSEUPR-12 (100)

70

30

-

2

25

4.85

228.15

58

LSEUPRC-13 LSEUPR-13 (100)

70

20

10

2

27

7.65

240.00

63

LSEUPRC-14 LSEUPR-14 (100)

70

10

20

2

29

10.20

244.35

66

LSEUPRC-15 LSEUPR-15 (100)

70

-

30

2

31

11.85

246.15

68

LSEUPRC: Low Styrene Emission Unsaturated Polyester Resin Composites

Table 6. Fire Resistance Formulation and Properties with Mechanical Properties [178]

4.4. Fire resistance properties of composites
In this work, fire behaviour of composites was evaluated. Many procedures exist to evaluate
fire behaviour of the composite materials [96-97].The key fire resistance properties of
interest for polymers to be used in fire resistance applications are ease of ignition, flame
spread, ease of extinction, smoke obscuration, smoke toxicity, heat release rate and limiting
oxygen index. In the present study limiting oxygen index (ASTM D-2863) was determined
to characterize the composites. Table-6 represents limiting oxygen index of filled and
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unfilled composites. In the present study values of limiting oxygen index of filled
composites are in the range of 25-34. Material is normally considered as flame resistance if
LOI is greater than 26[99]. Thus the results of present study are in good agreement with the
reported values. The results clearly indicate that the composites of present study can be
used in all fire resistance applications. Composites prepared using fillers give better fire
resistance than unfilled composites and also there is increase in fire resistance with increase
in amount of filler.

4.5. Mechanical properties of composites
Mechanical properties measured in this study include Izod impact, Rockwell Hardness and
Flexural strength. Table-6 represents Izod impact strength, Rockwell hardness and flexural
strength. Mechanical properties of laminates improve remarkably with introduction of
acrylic monomers and fillers. Increase in strength with increase in filler content is due to the
reinforcement action provided by the filler particles to the polymer matrix. Laminates
prepared using LSEUPR and fillers give better mechanical performance than traditional
unfilled laminates and also there is increase in mechanical properties with increase in amount
of filler. Also acrylic modification by using various acrylic monomers viz; methyl
methacrylate, butyl methacrylate and acrylonitrile of unsaturated polyester resins greatly
influences mechanical properties and also reduced styrene emission. Butyl methacrylate
modified LSEUPRC gives better flexural strength than methyl methacrylate and Acrylonitrile
modified LSEUPRC. Methyl methacrylate modified LSEUPRC gives better flexural strength
than acrylonitrile modified LSEUPRC but lower than butyl methacrylate modified unsaturated
polyester resin. Acrylonitrile modified LSEUPRC shows better Izod impact strength and
Rockwell hardness than methyl methacrylate and butyl methacrylate modified LSEUPRC.
Mechanical properties of composites improve remarkably with increase in the filler content
except in antimony trioxide. Increase in mechanical properties with increase in filler content
is due to the reinforcement action provided by the filler particles to the polymer matrix [103104]. Composites prepared using fillers antimony trioxide and zinc borate gives better
performance than unfilled composites and also there is increase in mechanical properties
with increase in amount of fillers. Antimony trioxide gives poor results compared to zinc
borate and also mechanical performance decreases with increase in amount as antimony
trioxide is poor in mechanical performance. The results revealed that concentration and type
of filler remarkably influence the mechanical and fire behaviour of composites. The study
reveals that acrylic modification of unsaturated polyester resin by partially replacing styrene
monomer drastically reduces styrene emission and greatly influences mechanical properties.

5. Conclusion
Composites prepared using fillers antimony trioxide, fly ash, zinc borate, hydroxyapatite,
mica, surface treated kaolin and raw kaolin gives better performance than unfilled
composites and also there is increase in mechanical properties with increase in amount of
fillers, but leaching of fillers observed in mica and raw kaolin when amount exceeds more
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than 30 weight %, while the surface treated kaolin filled composites doesn’t show such
problem. Antimony trioxide and fly ash gives poor results compared to other fillers and also
mechanical performance decreases with increase in amount as antimony trioxide has poor
binding property. Also composites prepared using surface treated kaolin gives better
performance than composites prepared from antimony trioxide, fly ash, zinc borate,
hydroxyapatite, mica and raw kaolin due to surface treatment.
The results also revealed that the fire retardancy of the polyester based composites can be
improved by using non traditional fillers like zinc borate, hydroxyapatite and fly ash. They
have an advantage over a traditional filler antimony oxide to increase the fire retardancy
without decreasing mechanical and thermal properties of the composites. There is however,
considerable variation in the efficiency of these fillers. The adequacy of the fire resistance
performance of these filled composites is dependent on both types of filler and
incorporation level of the fillers. Hydroxyapatite and zinc borate gives good results as
compared to other fillers. Tests show that the fire results are good with a decrease in heat
and smoke production during combustion and also decomposition does not release
additional toxic gases.
Composites prepared using fillers give better electrical performance than unfilled
composites and also there is increase in electrical resistance with increase in amount of filler.
Surface treatment of fillers improves the mechanical as well as electrical performances
because surface treatment of kaolin with the coupling agents will bridged polymer
molecules and mineral particles and have the unique ability to substantially improve the
bond strength between organic polymer and kaolin particles. Due to this filler can be easily
and uniformly dispersed throughout the polymer matrix and leaching of filler from the
polymer matrix is prevented. This will ultimately improve the performance of composites.
The study reveals that acrylic modification of unsaturated polyester resin by partially
replacing styrene monomer drastically reduces styrene emission and greatly influences
mechanical properties. From overall study we conclude that composites prepared from
unsaturated polyester resin using additives like hydroxyapatite, zinc borate, fly ash,
antimony trioxide, mica, surface treated kaolin and raw kaolin are of better/upgraded in fire
resistance and electrical resistance with good mechanical properties and acrylic modification
by partially replacing styrene monomer reduces styrene emission.
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