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ABSTRACT 

A composite material is a combination of two or more different 

materials, it gives superior quality than its constituents. Composite materials 

can be used not only for structural applications, but also in various other 

applications such as automobiles, aerospace, marine, etc. Fibre reinforced 

plastic materials are widely used in various engineering industries because of 

their superior performance and tailor made properties. Though FRPs are 

widely used in various fields, they are flammable. 

 

 This research work is sponsored by Naval Research Board (NRB) to 

develop flame retardant fibre reinforced polyester composite with nil or 

reduced smoke generation on ignition for roofing application. 

 

To meet the requirement of NRB, the Phase I work is aimed to 

develop FRP composite using the general purpose polyester resin and 

chopped glass fibre mat with different FRs to optimize the compositions by 

studying their curing, mechanical and flammability properties.  

 

With this optimized composition, the Phase II work is aimed at utilizing 

marine grade polyester resin and E- glass fiber mat with suitable FR additive 

combination of halogenated and non halogenated FRs like Alumina 

Trihydrate (ATH), Deccabromodiphenylether DeBDE, Antimony Trioxide, 

Melamine Cyanurate (MC) and their combinations for naval application in 

such a way to get flame retardant FRP with V0 rating that will generate non 

toxic vapours. And also it is aimed to achieve better curing, thermal and 

flammability properties compared to the current grade FR resin available in 

the market.  
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1. INTRODUCTION 

1.1 COMPOSITES 

 

A composite material is a macroscopic combination which has a 

recognizable interface between two or more distinct materials [1]. In many 

fields such as automotive, aerospace, marine, etc. composites are accepted 

as high performance engineering materials.  Modern composite materials 

are usually optimized to achieve a balanced property for particular 

application. 

 

Composites consist of resins, reinforcements, fillers and additives. 

Each of these ingredients plays an important role in the processing and final 

product performance. Fibre Reinforced Plastic (FRP) composites with fibres 

/ fabrics bonded with organic polymers has many inherent advantages and 

are being referred to as the materials of 21st century. FRP consists of 

a polymer matrix embedded with high-strength glass, aramid or carbon 

fibres with a sufficient aspect ratio to provide a discernable reinforcing 

function in one or more directions. FRP composites and their properties can 

be specifically tailored based on the end product requirement which is 

accomplished by adjusting the 

 

 Resin matrix, Fibre reinforcement  

 Amount of fibres, fillers or additives used 

 Fibre orientation (unidirectional, woven, etc) 

 Fabrication techniques  

 

FRP composite differs from traditional construction materials such as 

steel or aluminum and it provides the best mechanical properties in the 

direction of the fibre placement. The FRP composites can be defined as 

Glass Fibre Reinforced Polymer (GFRP), Carbon Fibre Reinforced 

Polymer (CFRP) and Aramid Fibre Reinforced Polymer (AFRP) based on 

the type of fibres used.  

 

http://www.mdacomposites.org/MDAcomposites/Glossary.htm#aspect ratio
http://composite.about.com/od/aboutcompositesplastics/a/What-Is-A-Composite.htm
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1.1.1 Advantages 

 

 Light weight, high strength-to-weight ratio 

 Directional strength, dimensional stability 

 Corrosion and weather resistance 

 Low thermal conductivity and coefficient of thermal expansion, 

high dielectric strength  

 Radar transparency, non-magnetic, part consolidation 

 High impact strength, low maintenance, long term durability 

 Small to large part geometry, tailored surface finish   

 High specific strength, design freedom, low or nil maintenance 

 

1.1.2 Applications 

 

 Aerospace and defence, land transport  

 Marine vessels and structures 

 Chemical plant and corrosion resistant structures (acid storage tanks, 

road transportation tankers, pipelines, scrubbers, etc.) 

 Building construction and infrastructure (roofing sheets, doors, water 

tanks, partitions, domes, furniture) 

 Electrical, electronic and communication 

 Mechanical engineering and energy appliances 

 Biomedical appliances including body support systems 

 Sports goods and consumer durable goods 

 

1.1.3 Resin 

 

Resin or polymer binder holds the composite together and influences 

the physical properties of the end product. It transfers the load between the 

fibres in addition to protecting them from environmental factors and carrying 

shear loads. Resins can be ‘thermoplastic’ or ‘thermoset’, according to the 

effect of heat on their properties. 

 

http://www.mdacomposites.org/MDAcomposites/Glossary.htm#dieletric
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1.1.3.1 Thermoplastic Resins 

 

Nylon, polypropylene and ABS are typical thermoplastic resins that are 

usually reinforced with short, chopped fibres such as glass. For smaller size 

parts and big production quantities PEI and PEEK are used. 

 

1.1.3.2 Thermoset Resins 

 

Mixing of resin with hardener or catalyst undergoes a non-reversible 

chemical reaction to form a hard, infusible product called as ‘thermosetting 

materials’ or ‘thermosets’.  

 

 Unsaturated polyester resin 

 

Approximately 1 million tons of unsaturated polyester resins (UPR) are 

being used worldwide as matrices per year [2]. Polyesters are low molecular 

weight linear polymers which contains carboxylic ester linkages and carbon - 

carbon double bonds along the polymer chain. Reinforced polyester provides 

high strength with light weight, low tooling cost, parts consolidation. The 

different types of unsaturated polyester resins are  

 

1.  General purpose polyester resins (trays, boats, water tanks, etc.)  

2. Flexible polyester resins (decorative furniture castings and frames) 

3. Resilient polyester resin (helmets, guards, aircraft and automotive parts) 

4. Low shrinkage polyester resin 

5. Weather resistant polyester resin (gel coats, outdoor structural panels) 

6. Chemical resistant polyester resin (fume hoods, reaction, tanks & pipes) 

7. Fire resistant polyester resin (building panels, navy boats) 

8.   Marine grade polyester resins 

 

 Epoxy resin 

 

Epoxy resins are used extensively in composite materials for a variety 

of demanding applications, because of their physical properties, mechanical  
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capabilities and processing conditions.  

 

 Vinyl ester resin 

 

Unlike polyesters, vinyl ester resins possess low ester content and 

vinyl functionality which results in greater resistance to hydrolysis, less 

shrinkage, excellent chemical resistance over a wide temperature range, low 

maintenance requirement and design flexibility.  

 

 Phenolic resin 

 

Phenolic resins are the low cost resin with the advantages of low 

manufacturing cost, excellent chemical resistance and high thermal stability, 

good electrical and mechanical strength. 

 

 Silicone resin 

 

Silicone resins are available in the form of solvent diluted fluids with 

the advantages of excellent thermal, oxidation and weathering resistance, 

retention of mechanical properties at elevated temperature and outstanding 

electrical properties. 

 

1.1.4 Fibre Reinforcement  

 

The fibres are the major constituent of a composite and they are the 

main load carrying elements which are essential to improve the mechanical 

properties of the resin and to provide a product for useful applications. Fibres 

can be arranged in three general forms such as unidirectional, bi-directional 

and multi directional.  

 

1.1.4.1 Classification of Reinforcements 

 

Reinforcements are generally classified into three types such as 
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 Natural fibres: Jute, sisal, coconut, banana fibres 

 Inorganic fibres : Glass, asbestos, boron fibres 

 Organic fibres : Carbon, aramid, nylon, polyester fibres 

The most common types of fibres used as reinforcements in 

composites are glass and carbon fibres. Generally, fibres can be of different 

forms as long, short, chopped, milled or elongated single crystals form. Few 

fibres are discussed below,  

 

1. Glass fibre 

 

Glass fibres are unique materials that exhibit the following properties 

of transparency, bulk glass properties of hardness, chemical and moisture 

resistance, outstanding dimensional stability and inertness, flexibility, light 

weight and process ability. The types of glass fibre most commonly used are 

  

 E-glass - alumino-borosilicate glass with low alkali oxides, used for good 

electrical and mechanical properties. 

 A-glass - alkali-lime glass, it is susceptible to moisture attack and hence 

its usage as reinforcement is very limited. 

 E-CR-glass - alumino-lime silicate with low alkali oxides, it provides high 

acid resistance. 

 C-glass - alkali-lime glass with high boron oxide content, it provides 

chemical resistance over E-glass and used for glass staple fibres.  

 D-glass - borosilicate glass, it provides high dielectric constant. 

 R-glass - alumino silicate glass without MgO and CaO, it provides high 

mechanical requirements 

 S-glass - alumino silicate glass without CaO but with high MgO content, it 

gives superior strength. 

The various forms of glass fibres are as follows. 
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 Glass rovings 

It consists of a group of untwisted parallel strands (200 filaments) 

wound into a spool. Different types of rovings are produced by varying the 

number of strands and spool size.   

 Chopped strands 

 Chopped strands are supplied in the range of 3-50 mm length, they 

are used in DMC and as reinforcement for thermoplastic materials. 

 Chopped strand mat (CSM) 

CSM is composed of randomly distributed chopped rovings of about 

50mm fibre length bonded together using the resin binder to form a uniform 

mat. It is widely used in all reinforcements for GRP.  

 Continuous strand mat 

Continuous strand mat consists of multiple layers of continuous glass 

fibres deposited randomly in a swirl like pattern with improved drape and 

handling characteristics and it is suitable for making complex designs. 

 Woven glass fabrics 

Woven glass fabrics are of two types, those made from E glass 

rovings by weaving the untwisted rovings into cloth and those from 

continuous filament glass fibre are yarns which has been sized with a textile 

size and then twisted before winding onto the bobbins. 

 

2. Carbon fibres 

 

Carbon fibres are prepared as continuous filament twist free tow. They 

provide high strength, high modulus and are available in different forms from 

continuous filament tows to chopped fibre mat and as hybrids consisting of 

alternate tows of glass / carbon fibres. 
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3. Aromatic polyamide (aramid) fibres 

 

Aramid fibres offer higher strength/weight ratio over glass fibres, 

combined with excellent impact resistance. They are available under the 

trade name of kevlar 29, kevlar 49 in the form of yarns, rovings and woven 

fabrics. Normally, they are used as reinforcement in epoxide resin matrices. 

 

4. Polyester fibres  

 

Polyester fibres are used to make surfacing tissues. Even though, it   

provides improved chemical and abrasion resistance, their use as 

reinforcement is limited. 

 

1.1.4.2 Prepregs 

 

Prepregs are a ready-made material which is made by passing the 

reinforcing fibres or fabrics through a resin bath under closely controlled 

conditions. This partly polymerized resin impregnated materials can be 

subsequently molded to complete the cure and shape the end product. 

  

1.1.5 Additives  

 

Additives are added during manufacturing to modify the performance 

of polymers. Additives such as release agent, plasticizers, fire retardants, 

fillers, etc are added upto 20% - 40% weight of the material in order to 

improve their process ability, end use properties, durability, UV & weathering 

protection, surface smoothness,  temperature and fire resistance. 

 

1.1.6 Fabrication Techniques 

 

For the manufacture of FRP products, various techniques are 

available which may be considered under two main headings such as open 

http://www.mdacomposites.org/MDAcomposites/Glossary.htm#Impregnate
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and closed mould techniques. A brief description of FRP processes is given 

below: 

 

1. Hand lay up: Material laid by hand and brushed into the mould, 

consolidated with the roller. No heating or pressure is applied. 

2. Spray up: Chopped GF sprayed along with the resin onto the mould 

and consolidated with the roller. Heating or pressure is not required. 

3. Vacuum bag moulding: The vacuum is applied after lay up of 

materials using a bag to remove air voids and to compact the lay up. 

4. Pressure bag moulding: After lay up of materials, the pressure is 

applied on the lay up using a flexible pressure bag. 

5. Autoclave moulding: After lay up of materials in an autoclave, 

vacuum, pressure and temperature are applied. 

6. Compression moulding: The fibre and resin are laid up in mould 

cavity after closing, the mould pressure is applied. 

7. Injection moulding: Chopped strand with resin and fillers are made 

into dough moulding compound and then it is injection moulded. 

8. Resin transfer moulding: Fibre is arranged in the closed mould and 

then the resin is injected under pressure and allowed to cure. 

9. Filament winding: Rovings wetted with resin/tapes/prepregs before 

they are wound on a rotating cylindrical / spherical mandrel. 

10. Pultrusion: It is a highly automated continuous process in this the 

fibre wetted with resin is pulled through a die and simultaneously 

cured. 

 

1.2   FLAME RETARDANT COMPOSITES 

1.2.1 Burning Basics 

A fire requires four major components 

such as fuel, heat, oxygen and a sustainable 

chain reaction for initiating the fire (Figure 1.1). 

FR uses different mechanisms to interrupt the 

cycle by acting in different stages of a fire. Figure 1.1: Basics for burning 
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1.2.2 Course of a Fire 
 

The three phases involved in the course of fire are; the initiating fire, 

the fully developed fire and the decreasing fire that are described related to 

some basic parameters governing a fire in the time temperature curve 

(Figure 1.2). In estimating the fire hazards of combustible materials like 

plastics which always burn in a fully developed fire, only distinct steps are to 

be considered in the early stages of combustion up to the flash- over point. 

 

 

Figure 1.2: Course of a fire 

 

1.2.3 Combustion Process 

 

The five different stages of burning process are as follows  

  Heating stage 

  Decomposition stage 

  Ignition stage 

  Combustion stage 

 Propagation stage 

The combustion of plastics is initiated by the endothermic heating and 

decomposition for overcoming the high bond binding energies between 

individual atoms (200 to 400 kJ/mole) and forms the flammable gases which 

leads to ignition by mixing with the atmospheric oxygen. Ignition leads to 

exothermic processes which overrides the endothermic pyrolytic reaction. 



10 

 

Figure 1.3: Combustion process 

The flame propagation takes place by thermal feedback (heat release) 

and the flame spreads over the decomposed polymer surface. The high 

energy H and OH radicals support the diffusion flame which confers a high 

velocity on the flame front. The schematic diagram of the combustion 

process is shown in Figure 1.3. 

 

1.2.4 Flame Retardance 

 

Any substance other than water that reduces the fuel flammability or 

delays their combustion is referred as “flame retardant” (FR). This includes 

typically chemical retardants and also substances that work by physical 

action which retards the flame by blocking the fire either physically or by 

initiating a chemical reaction. The flame retardants enhance the fire 

safety level of combustible materials like plastics in many 

applications and thus protect the life, health and property efficiently.  

 

1.2.4.1 Mode of Action of Flame Retardants  

 

  Depending on the nature of combustion process, the flame 

retardants can interfere with combustion at any of the following 

http://en.wikipedia.org/wiki/Flammability
http://en.wikipedia.org/wiki/Combustion
http://en.wikipedia.org/wiki/Chemical_reaction
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stage: during heating, decomposition, ignition or flame spread by 

either acting chemically or physically in the solid, liquid or gas phase.  

 

1. Physical Action 

 

The combustion process can be retarded by the following 

physical ways. 

 

a) Cooling 

 

Some FRs actually cools the substrate to a temperature below 

that is required for sustaining the combustion process. 

 

b) Formation of a protective layer (coating)  

 

The combustible material is prevented from ignition by forming a 

solid or gaseous protective layer over the substrate and thus allows the 

condensed phase to cool. This evolves smaller quantities of pyrolysis 

gases and excludes the oxygen necessary for the combustion 

process and hence heat transfer is impeded. Phosphorous and boron 

compounds are the examples.  

 

c) Dilution  

 

Addition of inert substances such as fillers and additives 

release water and / or carbon dioxide on decomposition which dilutes the 

fuel in the solid and gaseous phases, so that the lower ignition limit 

of the gas mixture is not exceeded. Example for this type is ATH. 

 

B. Chemical action  

  

The most important chemical reactions that take place in the 

solid and gas phases by interfering the combustion process are:  

 

http://en.wikipedia.org/wiki/Water_vapor
http://en.wikipedia.org/wiki/Carbon_dioxide
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a) Reaction in the gas phase  

 

In the gas phase, the flame retardant interrupts the free 

radical mechanism of the combustion process. Thus stops the 

exothermic processes and cools down the system by reducing the 

supplies of flammable gases, examples are halogenated flame 

retardants.  

 

b) Solid phase reaction 

 

  Two types of reaction can take place. In first type, the flame retardants 

break down the polymer molecules and allow the polymers to flow away from 

the flame. In the second type, the solid phase flame retardants (eg. 

phosphorus compounds) cause a layer of carbonaceous char over the 

polymeric surface. The flame retardant generates double bonds in the 

polymer through the dehydrating action. Due to this action the carbonaceous 

layer is formed which is much harder to burn and prevents further burning.  

 

Intumescent types of flame retardant materials cause swelling up 

behind the protective char layer by the addition of chemicals which provides 

much better insulation behind the protective barrier.  

 

C)  Condensed phase mechanisms 

 

     The phosphorus compounds are known to be effective FR for the 

formation of char in both cellulose and thermoplastics. The more effective 

phosphorus compounds must form the polyphosphoric acid initially, then the 

phosphorylated cellulose breaks down to water, phosphoric acid and an 

unsaturated cellulose analogue. By repetition of these steps the char 

formation takes place which also act as a physical barrier to heat and gases. 

 

D) Gas phase mechanisms 

  

 The flame retardant bromine compounds in any gas-phase  

http://en.wikipedia.org/wiki/Carbonaceous
http://en.wikipedia.org/wiki/Intumescent
http://en.wikipedia.org/wiki/Thermal_insulation
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mechanism, releases the volatile bromine-containing species, which then 

inhibit the flame reactions. Generally it is assumed that liberated hydrogen 

bromide reacts with the free radicals that are responsible for the propagation 

of combustion, by replacing them with relatively unreactive bromine atom. 

 

RBr + HE
. 
      HBr + RE

.
 

HE
.
 +  Hbr       H2  +  BrE

.
 

   OHE
.
 +  Hbr       H2O + BrE

. 

 

   When the polymer with Br compound is heated to sufficiently higher 

temperatures some of these compounds are thermally stable and volatilizes 

whereas the others decompose to give either lower molecular weight organic 

bromine compounds or hydrogen bromide. Generally the bromine 

compounds breakdown at quite low temperatures (typically 200-300°C) due 

to their low C-Br bond energy. This temperature range overlaps well with the 

decomposition of many common polymers which makes the effectiveness of 

Br compounds superior compared with that of chlorine compounds. 

 

E) Co-additives for use with flame retardants 

 

 Addition of co-additives increases the effectiveness of brominated FRs 

so that they are more often used in conjunction with other compound notably 

phosphorus, antimony and certain other metals. Studies of the effects of 

phosphate esters and bromine compound in polyesters showed that more 

char is formed on the combustion of polyesters, it means that the bromine 

remains in the char, which suggests that the condensed-phase process has 

affected by the bromine-phosphorus compound. Antimony is always used in 

conjunction with a halogen compound and is a much more effective co-

additive than phosphorus. The use of it greatly reduced the higher loading 

levels of bromine compounds normally needed for effective flame retardance 

in the gas phase. While burning of organic polymer with these compounds, 
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the major part of the antimony is volatilized, probably as SbBr3 or SbOBr 

which then provides hydrogen bromide and also produces a fine particle of 

solid SbO, which can catalyze the free radicals that are responsible for flame 

propagation, via the formation of SbOH. The metal-bromine compounds such 

as zinc oxide with bromine shows more specific modes of action in inhibiting 

polymer combustion. 

 

F) Smoke suppressants 

 

         Number of parameters are available for the determination of smoke 

production. There is no comprehensive theory that exists for describing the 

formation and constitution of smoke. Ferrocene, for example, effectively 

suppress the smoke by oxidizing soot in the gas phase as well as by charring 

in the condensed phase. Intumescent systems form the protective char which 

suppress the smoke.  

 

1.2.4.2 Most Important Flame Retardants 

 

 A distinction is made between reactive and additive flame 

retardants. Combinations of flame retardants may produce a 

synergistic effect of great importance for practical use.  

 

a) Reactive flame retardants 

 

Reactive flame retardants are chemically built with other 

starting components of the polymer molecule. It serves as a reactive 

component by preventing them from bleeding out of the polymer 

and volatilizing, thus the flame retardance is retained. They are 

mainly used in thermosets because of their easy incorporation. They 

do not affect the thermal stability of the polymer. 

  

b) Additive flame retardants  

 

The incorporation of additive flame retardants in the plastic 
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can be done either prior to, during, or more frequently following the 

polymerization. They are mostly used in thermoplastics compared to 

thermosets. Based on the compatibility with the plastic, they act 

either as plasticizers or fillers.  

 

c) Combinations of additive or reactive flame retardants 

 

Synergistic or antagonistic effect can be produced by the 

combinations of additive and reactive flame retardants. The 

synergists show no or only negligible effectiveness when used alone 

so, they are used together with specific flame retardants to get the 

synergistic effect.  

 

 Halogen containing flame retardants  

 

The halogen-containing flame retardants show their 

effectiveness in the increasing order as F < CI < Br < I. Chlorine and 

bromine based FRs are commonly used; whereas the fluorine and iodine 

based flame retardants are not used. The halogen containing FR 

removes the radicals. The FR breaks down as shown below where 

X is either Cl or Br.  

                                        RX       R
.
+ X

.
 

         The hydrogen halide is formed by reacting with halogen 

radical which in turn interferes with the radical chain 

mechanism: 

                                      X
.
 + RH       R

.
 + HX 

                                      HX + H
.
          H2 + X

.
 

                                      HX + OH
.
       H2O + X

.
 

                                 X
.
 + RH        R

.
 + HX 

By reaction with HX the high energy H
.
 and OH

.
 radicals are 

removed and replaced with low energy X radicals. Thus the hydrogen 
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halide, HX produces the actual flame retardant effect. By reaction with 

hydrocarbon the HX consumed is regenerated. Thus the hydrogen 

halide acts as a catalyst as shown above.  

 

 Brominated flame retardants  

 

The aliphatic halogen compounds are more effective, easier to 

break down and less temperature resistant than aromatic flame 

retardants. They are virtually used in all polymers because of their 

very good technical properties. But the aromatically bound bromine 

FR has the highest market share. Examples of brominated FRs are 

dibromoneopentyl glycol and hexabromocyclododecane. 

  

 Chlorinated flame retardants 

 

Chlorinated FR offers good light stability but higher quantities 

are needed for achieving comparable flame retardancy as brominated 

flame retardants. Depending on the chlorine content, the aliphatic 

chlorinated hydrocarbons may be in liquid or solid form.  

 

 Phosphorus containing flame retardants  

 

The phosphorus containing flame retardant is converted to 

phosphoric acid by thermal decomposition, they extract water from the 

pyrolysing substrate in the condensed phase, causing it to char. In 

PUs and thermosets, reactive phosphorus compounds are used.  

 

 Nitrogen containing flame retardants  

 

   Nitrogen based organic products such as melamine, melamine 

cyanaurate, melamine phosphate and other melamine based derivatives 

are used for reduced smoke generation at the time of burning. But their 

mode of action is still not well understood.  
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 Melamine 

 

  Melamine based flame retardants are fast growing with the specific 

advantages of lower cost, smoke density and toxicity, corrosion resistance, 

safe to handle and environmental friendly over the existing flame retardants. 

They are classified as pure melamine, melamine derivatives, i.e. salts with 

organic or inorganic acids such as boric acid, cyanuric acid, phosphoric acid 

or pyro/poly-phosphoric acid. Melamine based FR has the ability to interfere 

with the combustion process in all stages and in many different ways, thus it 

shows excellent flame retardant properties as shown in Figure 1.4. 

 

   

 
 
 
 
 
 
 
 
 

Figure 1.4: 
Flame retardant action of melamine based FR  

     on polymer substrate 
 

Melamine can retard the ignition initially by causing a heat sink 

through endothermic dissociation followed by endothermic sublimation of the 

melamine itself at around 350°C. Then by the subsequent decomposition of 

the melamine vapours, larger heat sink effect is generated. Heat of 

combustion is only 40% for melamine compared to that of hydrocarbons; 

hence it can be regarded as a "poor fuel". During combustion and breakdown 

of the melamine compound, nitrogen and ammonia produced will act as inert 

diluents. 

 

In the intumescent process, melamine can form a char layer which 

acts as a barrier between oxygen and polymeric decomposition gases. 

During the self-condensation of melamine, multi-ring structures like melem 

and melon are formed which enhances the char stability and the melamine 
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also enhances the heat barrier functionality of the char layer by acting as a 

blowing agent. 

 

 Inorganic flame retardants  

 

Inorganic flame retardants such as alumina trihydrate, magnesium 

hydroxide, ammonium polyphosphate and red phosphorus are used about 

50% by volume in worldwide.  

 

Except antimony trioxide, other inorganic flame retardants such 

as ATH, magnesium hydroxide as well as boron containing 

compounds act via physical reaction whereas red phosphorus and 

ammonium polyphosphate involve both chemical and physical 

modes of action. The inorganic flame retardants do not evaporate 

under the influence of heat as organic compounds; rather they 

decompose endothermically to give out non-flammable gases like 

water, carbon dioxide, sulphur dioxide, hydrogen chloride etc. And in 

the gas phase, these act by diluting the flammable gases and by 

providing protective layer.  

 

1. Alumina hydroxide  

 

Alumina hydroxide is the most widely used inorganic FR which 

provides easy incorporation and cost effectiveness. Around 180 to 

200°C, an endothermic reaction takes place which gives out 

aluminium oxide with the release of water vapour that will quench the 

flame and the residue of alumina (Al203) forms a protective layer.  

  

                        2 Al(OH)3         Al2O3 + 3 H2O - 298 kJ/mole 

 

It is used in many applications such as wires, cables, 

thermosets, polyolefins (except PP) and in large quantities in PVC 

but very high loading of ATH affects the physical properties of the 

plastics.  



19 

 

2. Magnesium hydroxide  

  

Magnesium hydroxide decomposes at a higher temperature 

range of 300-330°C and it acts in the same way as alumina 

hydroxide. Hence, it can be used for higher temperature plastics 

processing like polypropylene and engineering plastics than ATH. But 

it requires higher loadings to meet the fire performance requirements, 

which can heavily affect the plastic properties.  

 

    Mg(OH)2           MgO + H2O - 200 kJ/mole 

 

For example, to meet the UL 94 V0 test PP requires about 60-

65% loading of Mg(OH)2.  

 

3. Boron containing compounds  

 

Boron based FRs can be more effective in the condensed 

phase than in the gas phase. They act by the endothermic, stepwise 

release of water which forms a glassy protective coating on the 

substrate to protect the char against oxygen attack and heat. Boric 

acid shows dehydrating and charring action with oxygen-containing 

substrates similar to the polyphosphoric acid. Boric acid and borax 

mixture are used as flame retardants for cellulose and some 

engineering plastics. 

 

4. Antimony oxides  

 

Antimony trioxide is used as the synergist with the halogenated 

compounds to create higher flame retardant properties. Typically 2-10% by 

weight of it is used with organo chlorine and organo bromine compounds for 

applications in plastics, rubbers, textiles, paper and paints.  
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5. Inorganic phosphorus compounds  

 

For PA 6, PA 6,6 and for other oxygen containing polymers red 

phosphorus is commercially used. Ammonium polyphosphate is used 

in intumescent systems, PP formulations and PU foams. 

 

6. Other inorganic flame retardants  

 

Together with ammonium polyphosphate or red phosphorous 

and magnesium hydroxide, expandable graphite can be used for 

polyolefins, styrenics and polyamides. In certain formulations, zinc 

sulphide and zinc oxide can be used as a substitute to antimony 

trioxide. 

 

1.3 COMPOSITES FOR NAVAL APPLICATIONS 

 

1.3.1 Introduction 

 

In marine industry, the use of composite materials is only from 1940’s 

during this period only the glass reinforced plastics (GRP) were first used in 

navy personnel boats and their growing usage has faced many technical 

challenges. Even though the larger vessels of ships are constructed using 

the traditional shipbuilding materials such as wood, steel, and aluminum, 

composites parts are sometimes used in ship super structures and interior 

components. 

 

1.3.2 Composites in Marine Applications 

 

Throughout the marine industry, the composite materials are being 

used in numerous applications including yachts, pleasure craft, performance 

craft (i.e. racing boats), hull shells, internal structure, superstructures, piping, 

shafts, foundations, ducts, and gratings. Composites are mostly used in 

fishing trawlers and there is a rapid growth of composites in offshore 

structures and naval vessels.  
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  The following Table 1.1 gives the details about the FRP usage and 

suitability for different marine applications.  

  
Table 1.1 - FRP use and suitability for marine applications 

 

Marine/ 

off-shore 

Application 

FRP Suitability 

Advantages Examples 

Boating/sports 

related  

moisture resistance, ease of 

use and repair, high strength/ 

stiffness, light weight, 

corrosion resistance  

boats, seating and 

storage 

compartments, 

fishing rods etc.  

Naval 

applications  

high strength/stiffness, light 

weight, corrosion resistance, 

ease of navigation, longer 

service life  

ship decks, aircraft 

landing platforms, 

cabins, gun 

housings, walking 

platforms, rails etc.  

Off-shore 

applications  

moisture resistance, ease of 

use, high strength/stiffness, 

corrosion resistance, ease of 

construction, longer service 

life, minimum maintenance, 

ease of repair, fire 

resistance.  

piles, retaining walls, 

pedestrian 

walkways, bridges, 

pavement panels for 

oil fields and off-

shore structures, 

buoys and floats etc.  

Hydraulic 

structures & 

supporting 

structural 

elements  

moisture resistance, high 

strength/stiffness, light 

weight, corrosion resistance, 

longer service life, minimum 

maintenance and ease of 

construction.  

hydraulic gates, 

pumps, pipes, 

dampers, grating 

structures, access 

structures etc.  
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Resin type Market share 

Polyester 65% 

Vinyl ester 19% 

Epoxy  12% 

Others  4% 

 

Fibre material Market share 

Glass 73% 

Kevlar 16% 

Carbon 8% 

Others 3% 

 

1.3.3 Differences between Composites and Traditional Marine Materials 

 

Composite materials show the following advantages over the 

traditional marine materials which can be the reason for their increased 

popularity in marine applications. 

 

•    Specific stiffness and strength are higher along the primary load path 

     compared to metals.  

•    Greater tailorable geometric and stiffness properties with lower 

     maintenance costs. 

•    Resistance to marine environment is higher and has better  

     low temperature properties than the metals.  

 

Most commonly used marine composite materials are glass/polyester 

& carbon/epoxy and traditional marine materials are aluminium & steel. 

1.3.4 Resins Used in Marine Application  

As already discussed, resins act as the matrix that holds the fibre 

bundles in alignment. The cured resin must have good bonding, shear 

properties and extended shelf life which can be achieved by adding various 

fillers, extenders and solvents to the resin system. Based on the 

requirements, the reformulation of the resins is done continuously. Table 1.2a 

shows the distribution of resins in marine applications. 

Table 1.2 – Market share in marine industry (a) resins and (b) fibres 

(a)                                                      (b) 

 

 

 

 

 

 

The polyester resins show higher usage in marine applications due to 

their lower cost, good chemical resistance and easy handleability. They are 
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mostly used for making the GRP hulls and small commercial vessels made 

are exclusively of GRP materials. 

 

1.3.5 Reinforcement Used in Marine Applications 

 

In marine applications, the reinforcement made of glass, aramid and 

carbon fibres are basically used to provide primary stiffness and strength in 

polymer composites. Table 1.2b shows the each fibre share in the marine 

industry based on industry survey. In general, E-glass is the most commonly 

used material; S-glass used only in strength-to-weight critical structures and 

generally kevlar and carbon has limited usage in stiffness-to-weight ratio 

structures.  

 

The woven roving form of fibres is available in heavier weights and is 

used most commonly in marine applications. They provide different 

directional strengths and more impact resistant than cloth or mats because 

the fibres are continuously woven. The strength characteristics of mats are 

not as good as a woven fabric due to the random arrangement of fibres and 

the non continuous fibres. Thus a combination of chopped strand mat and 

woven roving are being used in most ship and boat construction applications. 

 

1.4. LITERATURE OVERVIEW 

 

 The literature survey related to this research work for the period of 

1982 - 2012 is shown below. 

 

H. Horacek et.al [3] explained that the FR containing nitrogen 

compounds are environmentally friendly, low toxic, emits low smoke and they 

do not interfere with the stabilizers in the plastic material and can also be 

recycled because of their higher decomposition temperatures. The authors 

have also explained that the nitrogen based FRs: melamine, melamine 

cyanurate, melamine phosphates, guanidine sulfamate are used in the PU 

flexible foams, nylons, polyolefines, intumescent paints, textiles and 

wallpapers. 
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Lucie Tibiletti, et.al [4] incorporated the flame retardant nano sized 

alumina and submicron sized alumina trihydrate particles into an UPR at 

various loading levels and studied TGA, Py-GC/MS, cone calorimeter and 

pyrolysis combustion flow micro calorimeter. The synergistic effect was 

observed for the 50/50 ratio at a 10% wt loading with 32% reduction in pHRR 

of the resin and increased char formation in the residue. 

 

Bruce curry [5] incorporated the combination of 60% ammonium 

polyphosphate (APP) and ATH into the non-halogenated GP polyester resin. 

He did not found improvements in fire and smoke properties of the resin with 

the increase of APP. 

 

 Cristiane M. Becker, et.al [6] synthesized organo modified - Layered 

double hydroxides (LDH) MgAl intercalated with glycinate to formulate epoxy 

composites with distinct LDH content and evaluated their mechanical, 

thermal and flame-retardant properties. They have found that the chloroform 

and dimethylformamide increased interlayer spacing with better diffusion of 

epoxy molecules between the LDH layers with much lower burning rate 

compared to pristine epoxy. And concluded LDH as a halogen-free and 

environmentally friendly flame-retardant for epoxy formulations.   

  

 Li Chen, et.al [7] used aluminium salt of hypophosphorous acid (AP) 

as flame retardant for glass-fibre-reinforced poly (butylene terephthalate) via 

melt compounding and tested their flame retardance and combustion 

behavior using LOI, vertical burning UL-94 test and cone calorimetric test. 

They investigated the thermal behaviors and thermal decomposition kinetics 

using TGA under N2 atmosphere which showed the decreased onset 

decomposition temperature and found AP as an effective FR for the above 

composite, which showed V0 classification, increased LOI of 32.5% and the 

char indication from XPS and FT-IR analysis.  

 

Chiu H.T, et al [8] studied the thermal degradation and combustion 

behavior of an interpenetrating network (IPN) structure of UPR and a resole 

type of phenolic resin using TGA and LOI test. From the results they found 
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that the UP/phenol IPN blends improved the heat resistance and also 

suppressed the smoke, toxic gas and heat release during the combustion.  

 
Lian - Lian Wei et al [9] prepared a flame-retardant poly(lactic acid) 

(PLA) by direct melt compounding using an aryl polyphenylphosphonate, 

poly(9-oxa-10-(2,5-dihydro-xyphenyl) phospha-phenanthrene-10- oxide) 

phenylphosphonate (WLA-3). The flame-retardant PLA blends showed good 

LOI value (LOI ≥ 25), UL-94 V-0 rating and accelerated the decomposition of 

PLA blends to induce dripping that leads to a decrease in ignition by the 

addition of low amounts of WLA-3.  

 

Isao Tsuyumoto et.al [10] deposited a mixture of starch and 

amorphous sodium polyborate (SPB) in aqueous solution and dried on 

organic polymer materials such as PET nonwoven, rigid PU foam, PP 

nonwoven and achieved high flame retardancy. 

 

Zhi Yong Wu et.al [11] say that they have developed an improved 

method for preparing melamine cyanurate based flame retardant polyamide 6 

(FRPA6) materials. In this method, PA6 chains were linked to in situ formed 

MCA nanoparticles and they have investigated their fire behavior and found it 

to be much better than that of common MCA/PA6 composite. Also they have 

explained that the flame retardancy is not only affected by flame retarding 

agent loading, but also affected by the dispersion and compatibility between 

the additive agent and the matrix resin. 

 

Yoshikatsu Nagasawa et.al [12] applied a new technique of fast 

thermolysis/FT-IR spectroscopy to quantify the evolution of thermal 

decomposition gases from melamine-cyanurate (MC) FR and blend of MC 

with Nylon-66. They have observed variations in decomposition products with 

the heating rate and at a fast heating rate they found that the MC salt 

dissociates to give volatile melamine and cyanuric acid, whereas the Nylon-

66 resin further accelerates the decomposition of cyanuric acid to cyanic 

acid. 
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Horold.S [13] explained that the non-halogen, phosphorus compounds 

do not affect the curing reactions of the resins and can be used in both cold 

and hot cured systems. He found in most of the thermoset resins, the 

combination of red phosphorus with ATH as excellent  flame retardant with 

relatively low amounts of fillers (e.g. 50±70 phr compared to 150±250 phr 

using ATH alone).Thus he concluded that the low filler levels reduces the 

viscosity of the formulations and the density of the laminates.  

 

Marta [14] polymerized the UPR by free radical initiators: benzoyl 

peroxide (BPO) or cumene hydroperoxide (CHP) and epoxy polyester (EP), 

cured with acid anhydrides: tetrahydrophthalic anhydride (THPA) or maleic 

anhydride (MA) to form the interpenetrating polymer networks (IPNs) 

consisting 10,30,50,70,90 wt% of EP. He has investigated the effect of EP 

component in the IPNs and the type of curing agent on the curing, thermal 

and viscoelastic properties. He obtained more cross-linked polymer networks 

with BPO/MA or CHP/MA curing systems with higher stiffness, cross-linking 

density, Tg and lower tan max values compared to those cured with 

BPO/THPA or CHP/THPA systems. He also obtained the thermal behavior of 

the blends and the neat resins comparable. 

 

K. Rot et.al [15] examined the tensile strengths of polyester laminates 

with respect to the interfacial properties of E-glass fibre – UPR. They have 

observed that the UPR compositions with higher amount of linear ether glycol 

and lower degrees of unsaturation have increased the flexibility of UPRs, 

thus improved the adhesion with E-glass fibre and consequently increased 

the tensile strength of the polyester laminates.  

 

Haiyun Ma et.al [16] synthesized a novel diphosphaspiral structure 

containing intumescent flame retardant, poly (4,4-diaminodiphenyl methane 

spirocyclic pentaerythritol bisphosphonate) (PDSPB). They have studied the 

thermal degradation behavior for the PDSPB and ABS/PDSPB systems 

which revealed that the addition of PDSPB enhanced the thermal stability of 

ABS resin at high temperature with intact intumescent char of polyphosphoric 
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or phosphoric acid. Thus they have confirmed that the synthesized PDSPB 

as an efficient intumescent flame retardant. 

  
Qilong Tai et.al [17] prepared melamine polyphosphate (MPP) flame-

retarded GF reinforced polyamide 6 (GFPA6) using zinc borate (ZnB) and 

organically modified iron-montmorillonite (Fe-OMT) as synergists. They have 

proved that the GFPA6 containing 28 wt.% of MPP and 2 wt.% of either ZnB 

or Fe-OMT has achieved UL-94 V0 rating with better flame retardancy as 

compared with GFPA6 containing 30 wt.% of MPP alone. 

 

Christophe et.al [18] examined the polyester and vinylester resins for 

boat hull construction and found that the orthophthalic polyesters are mostly 

used due to their low cost and low styrene content. They have also found that 

the isophthalic polyester and vinyl ester resins are more expensive but   

provide improved aging resistance and included for the comparison on 

mechanical performance.  

 

S.A. Mazrouh [19] have obtained enhanced fire retardancy and low 

mechanical properties by using the GF filled UPR with halogenated flame 

retardants such as polyvinylchloride (PVC) and antimony trioxide Sb2O3.  

 

 Pieter et.al [20] explained the difference in degradation mechanisms of 

MC with PA6 and PA66 based on their degradation chemistries. They have 

found that the degradation products formed in PA66 (cyclopentanone) may 

cross-link with MC degradation products (mainly NH3), leading to less 

flammable high molecular weight structures whereas the PA 6 degrades to 

less reactive compounds which do not cross-link with MC. 

 

 The authors in the references [13, 21-24] studied the polymers flame 

retardancy by the evaluation of thermal decomposition using thermal 

gravimetric analysis. 

 

The authors in the references [19 & 25] used the unsaturated 

polyester resin as the matrix and E glass fibre as the reinforcement and  

http://www.sciencedirect.com/science/article/pii/S0141391002001362
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evaluated their thermal properties.  

 

The authors in the references [26–33] used the melamine and its 

derivatives as the environmental friendly and effective flame retarding 

additives for polyamide 6.  

 

Enrico et.al [34] observed reduced smoke under burning conditions 

with the composition comprising of smoke suppressant bicyclic phosphate 

compound(s), flame retardant(s) and unsaturated polyester or other 

thermoset materials.  

 

  Wen-jun Luo et al [35] prepared the melamine–formaldehyde 

(MF) resin microcapsules containing decabromodiphenylether (DBDPO) by in 

situ polymerization. As the FTIR, XPS, SEM and TGA results indicated better 

thermal stability, they have suggested this system as the effective flame 

retardant even for the resins which should be processed at temperatures 

higher than 350 °C. 

 

1.4.1 Summary of Literature Overview 

 

The more common ship construction materials such as steel and 

aluminum are not combustible where as composite materials are 

combustible. If the composite materials are made to withstand this inherent 

problem without contributing significantly to the fire, then an acceptable level 

of fire safety can be achieved.   

 

In marine application, a significant concern of organic matrix based 

composites is the possibility of an accidental fire which may ignite the 

material that may result in the flame spread, heat release and the toxic 

smoke generation.  Thus, the composite becomes an additional fuel for the 

growing fire in enclosed and confined spaces (such as ships) which ignites all 

the combustible materials and generates copious amounts of toxic smoke. 

Thus it is the need of an hour to improve the fire performance of the 

composite materials. 

http://www.sciencedirect.com/science/article/pii/S0141391007000912
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From the introduction and literature overview, it is clear that different 

FR additives such as aluminium salt of hypophosphorous acid (AP), starch 

and amorphous sodium polyborate, non-halogen phosphorus-containing 

flame retardants, superabsorbent polymers (SAPs) loaded with inexpensive 

inorganic phosphates, PVC with antimony trioxide Sb2O3 are used with 

different thermoset resins such as the UP, epoxy and vinyl ester resins. 

UPRs are most frequently used as polymer matrices in glass-fibre reinforced 

composites, for example in automotive, railway applications, etc. Because of 

their excellent properties they are commonly used in the fire situation. High 

levels of flame retardancy are currently achieved with different FR additives 

such as non-alumina & sub micron ATH particles, halogenated particles such 

as decabromodiphenylether, tetrabromophthalic anhydride combined with 

antimony oxide, commercial organo modified montmorillonites, carbon nano 

fibres, layered double hydroxides, ammonium polyphosphate. E-glass fibre 

was found to have excellent fibre forming capabilities and is now used almost 

exclusively as the reinforcing phase in the composite materials. 

 

From the literature it is also clear that the nitrogen based FR used are 

melamine for polyurethane flexible foams, melamine cyanurate in nylons, 

melamine phosphates in polyolefines, melamine and melamine phosphates 

or dicyandiamide in intumescent paints and also melamine cyanurate has not 

been used with unsaturated polyester resin as flame retardant.  

 

1.5 SCOPE AND OBJECTIVES 

 

 The present research work was aimed at developing marine grade 

polyester resin with suitable FR additive combination to give flame retardant 

FRP with V0 rating that will generate non toxic vapours with nil or reduced 

smoke level on ignition for roofing application.  

 

With the view to meet the requirements of naval application, the 

present work is focused on studying the curing and thermal characteristics of 

different FR additives: alumina trihydrate (ATH), decabromodiphenylether, 
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antimony trioxide, melamine cyanurate (MC) and their combinations with 

isophthalic marine grade resin by 

 

1. Optimization of FR combination with general purpose polyester 

resin composite.  

2. Extending the studies with marine grade polyester resin and non 

halogenated flame retardant additive combination to achieve better 

properties compared to the current grade available in the market.  

To achieve the above objectives, work was carried out in two phases 

as given below. 

Phase I – Studies deal with the optimization of flame retardant 

additive combination with general purpose polyester resin and chopped 

strand glass fibre mat for improved mechanical and flammability 

characteristics. 

Phase II – Since the phase II research work is for Naval application, 

marine grade polyester resin has been tried with different loading levels of 

both halogenated and non halogenated flame retardant additives and glass 

fibre cloth using appropriate curing agents and compared the results with 

commercially available FR marine grade resin. 
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2. EXPERIMENTAL METHODS 

 

2.1 MATERIALS AND METHOD 

 

2.1.1 Materials Used and Their Functions 

 

(i) Unsaturated  polyester resin 

 

Unsaturated polyester resin is the most widely used resin matrix 

particularly in the marine industry. They provide a good combination of 

performance, handleability and reasonable cost. As the Phase II work is for 

naval application, the marine grade Isophthalic polyester resin is used. It 

shows excellent chemical resistance, low shrinkage, excellent wetting and 

bonding to glass fibres. Specification of GP resin, VBR-2300 and marine 

polyester resin, VBR 4503 are given in the Table 2.1. 

 

Table 2.1 - Specification of GP resin and marine polyester resin  

 

 

 

 

 

 

 

 

 

(ii) Reinforcement 

 

E-glass fibre was used as reinforcement to make the laminate sheet. 

The chopped strand mat of 450 g / sq.m was used for Phase I work with 

general purpose resin and the woven rovings of 360 g / sq.m and 610 g / 

sq.m were used for Phase II work. 

 

 

Specification VBR-2300 VBR 4503 

Appearance Pale yellowish clear liquid 

Density at 25°C 1.12-1.13 1.10-1.11 

Acid value ,mg of KOH/gm 24-28 15-19 

Volatile content,% 34-36 39-41 

Accelerator, catalyst% 1.5,1.5 1.5,1.5 

Gel time at 25°C, min 15-25 15-25 
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(iii) Curing System 

 

The unsaturated polyester resins are transformed into rigid three 

dimensional network polymers through cross-linking reactions at room 

temperature by mixing with appropriate curing agents methyl ethyl ketone 

peroxide and cobalt naphthenate. Depending on the concentration of catalyst 

and accelerator used, the resin may gel in any time from five minutes to 

several hours. 

 

(iv) Flame retardant additives and their mechanism of flame retardancy 

 

a) Alumina trihydrate 

 

Alumina trihydrate is the most commonly used FR. It is fairly 

inexpensive and its flame retardant mechanism is based on the release of 

water which cools and dilutes the flame zone. Table 2.2 shows the 

specification of ATH. 

Table 2.2 - Specification of ATH 

 

 

 

 

 

 

 

 

 

 

b) Tricresyl phosphate 

 

 Tricresyl phosphate (TCP) is used as a plasticizer, flame retardant in 

polystyrene and other thermoplastics but not widely used as flame retardant. 

Table 2.3 shows the specification of TCP. 

Chemical name Alumina trihydrate 

Mol. Formula Al2O3.3H2O 

Mol.weight 156.01 

Melting point 300 °C 

Physical state Odorless white powder 

Specific gravity 2.42 

Solubility in water Insoluble 

Loss on ignition 34.0 - 35.0% 

Avg. particle size 1 - 2 Microns 
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Table 2.3 - Specification of TCP 

 

 

 

 

 

 

 

 

 

C. Decabromodiphenylether 

 

Decabromodiphenylether is commercial flame retardant additive used 

for various thermoplastic and thermoset materials and they react under gas 

phase mechanism to put off the flame. Table 2.4 shows the specification. 

 

Table 2.4 - Specification of DeBDE 

 

 

 

 

 

 

 

 

 

 

d. Antimony oxides  

 

 Antimony trioxide provides synergistic effect together with 

halogenated compounds to create the flame retardant properties. Table 2.5 

shows the specification of Sb2O3.  

                                        

                  

Chemical name Tricresyl phosphate 

Mol. Formula C21H21O4P 

Mol. wt. 368 

Melting point 40 °C  

Physical state  clear to pale yellow oily liquid 

Specific gravity 1.143 

Solubility in water Insoluble 

Chemical name Decabromodiphenylether  

Mol. Formula C12Br10O 

Bromine content  83% 

Mol. Weight 959.17 

Melting point 294–296 °C  

Boiling point 425 °C (decomposition)  

Physical state  white powder 

Solubility in water 20-30 mg/litre ( 25 °C ) 
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Table 2.5 - Specification of Sb2O3 

 

 

 

 

 

 

 

 

 

 

e. Melamine cyanurate (MC) 

 

Melamine based FRs has the ability to employ in various modes of 

flame retardant action and hence they show excellent flame retardant 

properties and versatility in use. Table 2.6 shows the specification of MC. 

     

 Table 2.6 - Specification of MC 

 

Chemical name Melamine Cyanurate 

Molecular formula C6H9N9O3 

Molecular weight 255.2 

Appearance white flow powder 

Melamine cyanurate  ≥ 99.5 % 

Residue cyanuric acid     ≤ 0.2 % 

Residue melamine ≤ 0.001 

Decomposition temperature  Max.440 °C 

Volatile matter  ≤ 0.3 % 

Specific gravity 1.7 g/cm3 

Bulk density 0.3 – 0.4 g/cm3 

Water solubility 0.002 (20oC) g/100ml water 

 

 

Chemical name Antimony trioxide 

Sb2O3 99.5% 

Al2O3 /As 0.06% 

PbO/Pb 0.1% 

Fe2O3 /Fe 0.006% 

Cu 0.002% 

Se 0.005% 

Whiteness 95% 
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2.1.2 Various Compositions Prepared and Tested  

  

Phase I – Compositions studied with general purpose resin, VBR-2300 

 

1. VBR-2300 with ATH at different loadings of 15, 20, 25, 40, 50 and 60 % 

2. VBR-2300 with decabromodiphenylether & antimony trioxide (SBD)  

combination in 2:3 ratio at different loadings of 5, 10, 15, 20 and 25 % 

3. VBR-2300 with TCP at 5, 10 and 15 % with respect to resin content 

 

 Phase II - Compositions studied with marine grade resin, VBR 4503 

 

1. VBR 4503 with ATH at 10,20,30,40,50,60 % loading levels 

2. VBR 4503 with TCP at  5,10,15,20 % loading levels 

3. VBR 4503 with (1:3) ratio of decabromodiphenylether & antimony 

trioxide (SBD) at different loading levels of 5,10,15,20,25 % 

4. VBR 4503 with melamine cyanurate (MC) at loading levels of 5,10,15% 

5. VBR 4503 with  ATH 25% & different ratios of MC 

6. VBR 4503 and  SBD 10% & ATH 25% 

7. VBR 5603 (Marine FR grade resin for comparison)  

 

2.1.3 Raw Materials Used 

 

Resin and curing materials were purchased from Vasavibala Resins 

Pvt Ltd. and glass fibres from Saint Gobain glass India limited. The VBR 

refers to Vasavi Bala Resins (VBR) and the number specifies the grade. 

 

1. Matrix material  

Phase I 

 Unsaturated polyester resin  

 

Phase II 

 Isophthalic resin marine grade (VBR 4503)  

 Isophthalic FR resin marine grade  (VBR  5603) ( for comparison) 
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2. Reinforcement 

 

 Phase I -  Chopped glass strand mat 450 g / sq.m 

 Phase II - E glass  fabric  of  360 g / sq.m and  610 g / sq.m 

      woven rovings 

  

3. Curing system 

 Methyl ethyl ketone peroxide (MEKP) (catalyst) VBR-1204 

 Cobalt naphthenate (accelerator) VBR-1201 

 

4. Flame retardant additives 

 Alumina trihydrate (ATH)  

 Decabromodiphenylether (DeBDE) 

 Antimony trioxide (Sb2O3) 

 Tricresyl phosphate (TCP) 

 Melamine cyanurate (MC) 

 

2.2 PREPARATION OF TEST SPECIMEN BY HAND LAY UP TECHNIQUE 

 

Using the above raw materials, the various compositions of FRP 

laminate sheet were prepared by the most widely used processing technique, 

hand layup. Its major advantages are: very simple process, it requires very 

little special equipment and the moulds may be made from plaster, wood, 

sheet metal or even FRP, the strength and stiffness of the composite can be 

controlled by building up the thickness with desired layers of mat and resin. 

 

 In this method, the clean mould is coated with a release agent to 

prevent the sticking of molding, then it is followed by a thin layer of pure resin 

(~ 0.3 – 0.4 mm) called gel coat. After the partial curing of gel coat the fibre 

reinforcement is applied. A coat of resin is brushed on it and this is followed 

by layers of tailored glass mat positioned by hand. Then the roller is used to 

consolidate the mat and remove any trapped air. This system is cured at 

room temperature.  
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2.3 STUDY OF PROPERTIES  

 

a. Gel time  

 

Gel time is the time between the initial mixing of the reactants 

(thermosetting plastic composition) to the time when solidification 

commences. Measured as per the ASTM D 2471. 

 

In this test, about 50g of unsaturated polyester resin is taken in a 

beaker with the required quantity of catalyst. This mixture is agitated with a 

glass rod and then the accelerator is added and it is agitated thoroughly. The 

stop watch is started once the accelerator is mixed. The increase in 

temperature is recorded for every 30 seconds and gel time, peak exothermic 

temperature are noted. For preparing the FR samples, the required quantity 

of FR materials are mixed with the resin and then the curing agents are 

added and the above procedure is followed.  

 

b. Thermo gravimetric analysis (TGA) 

 

Thermal analysis was done using the Thermo Gravimetric Analyzer 

model TG/DTA 6200 from Seiko, Japan. In this analysis the specimen of 

about 3-10 mg is progressively heated and the changes in weight loss of the 

specimen are monitored continuously with the increase in temperature either 

at a constant rate or through a series of steps. Generally, the polymer 

materials get decomposed or volatilized at different temperatures, this leads 

to the series of weight loss steps during the measurement. 

 

The measurements were performed from ambient temperature to 

800°C at a heating rate of 20°C/min under N2 flow of 120 ml/min to yield 

gases and solid char. This TGA unit was also used to study the kinetics on 

thermal decomposition rate to determine the activation energy at different 

heating rates of 5, 10 and 20°C using Ozawa kinetic equation. 
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c. Limiting oxygen index test 

 

Limiting oxygen index is defined as the minimum concentration of 

oxygen present in oxygen - nitrogen mixture that will just support flaming 

combustion and measured as per ASTM D 2863. The test specimen of 

dimension 100 x 65 x 3 mm was taken. 

 

Formula used 

 

Oxygen index percent = (100*O2) / (O2+N2) 

 

where, O2 – Volumetric flow of oxygen at the concentration determined  

            N2 - Volumetric flow of nitrogen 

 

In this test, the specimen is clamped vertically in the center of the 

column and the flow valves are set to introduce the desired concentration of 

oxygen and nitrogen in the column. The entire top of the specimen is ignited 

with an ignition flame and it is required to burn in accordance with set criteria, 

which spell out the time of burning or the length of specimen burned. By 

adjusting the concentration of oxygen and repeating the test, the lowest 

oxygen concentration that will meet the specified criteria was determined. 

 

d. Smoke density test 

 

Smoke density test measures the loss of light transmission through a 

collected volume of smoke produced under controlled, standardized 

conditions. Measured as per ASTM D 2843 and the test specimen of 

dimension 25 x 25 x 6 mm was used. 

 

The test specimen was placed horizontally in a specimen holder that is 

exposed to the propane-air flame so that the flame is directly under the 

specimen. The percentage of light absorbed by the photoelectric cell is 

recorded at every 15 second for 4 minutes. The total smoke produced was 

determined from the area under the absorption – time curve. 
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e. UL - 94 flammability test 

 

UL - 94 test was developed by Underwriters Laboratories, is one of the 

most widely used flammability tests for plastic materials. This test is used to 

determine the materials suitability with respect to flammability for a particular 

application.  

 

Vertical burning test for classifying materials (V0, V1, V2) 

 

 In this test as shown in Figure 2.1, the specimens are clamped 

vertically and the materials are classified as V2 or V1 or V0 based on their 

stringent behavior. A small ¾ inch high blue flame is applied to the bottom of 

the ½*5 inch specimen for 10 seconds, withdrawn the flame and then 

reapplied for another additional 10 seconds, the duration of flaming and 

glowing is noted as soon as the specimen has extinguished. Beneath the 

specimen, a layer of cotton is placed to determine whether the dripping 

material will ignite it during the test period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 : Vertical burning test 
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f. Tensile strength 

 

Tensile strength is the measurement of materials’ ability to withstand 

the forces that tend to pull it apart and to determine upto what extent the 

material stretches before breaking. It was measured as per ASTM D 638. 

The test specimen of dimension 150 x10 x 3 mm was used with the gauge 

length of 50 mm and test speed of 50 mm/min. 

 

Formula used 

 

Tensile strength = Tensile load at yield / Cross sectional area (N/mm2) 

Elongation at break (%) = (Change in length / Original length) * 100 

 

In this method, two points A & B is made with gauge length of 50 mm 

on the specimen and it is placed on the grip of the machine. The load at 

which the specimen fails and elongation at break are measured. 

 

g. Flexural test 

  

Flexural strength is the ability of a material to withstand bending forces 

applied in longitudinal axis and it is measured in terms of maximum stress 

that occurs at the outer fibre. It was measured as per ASTM D 790 using the 

specimen of dimension 100 x 25 x 3 mm and test speed of 50 mm/min. 

 

Formula used 

 

Flexural strength    =   (3PL) / (2bd2) N/mm2 

 

      where,    P        =  Load at yield in newton 

                     L        =  Support span in mm 

          b & d  =  Width & depth of beam in mm 

 

The specimen is placed at the center of the support span and the 

machine is set at the specified rate of cross head motion. The load is applied 
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to the specimen and the load at which the specimen fails is noted and the 

flexural strength is calculated using the above formula. 

 

h. Impact test 

 

Impact strength is a measure of a material's toughness and this test 

acts as a tool for studying the temperature dependent brittle-ductile transition. 

As per the ASTM D 256, the test specimen of 64 x 11.7 x 3 mm dimension 

was used. Izod and charpy Impact tests measure materials’ resistance to 

impact at a single point from a swinging pendulum or hammer in a variety of 

orientations and in notched or un-notched formats. 

 

Formula used  

 

Impact Strength = (J/mm) (J/mm) 

 

i. Barcol hardness 

 

Hardness is defined as the resistance of material to deformation and it 

is used to differentiate the relative hardness of different types of plastic 

materials. Barcol hardness was measured as per ASTM D 2583 in which the 

impresser and the material to be tested are placed on a flat and hard surface. 

The instrument is grasped firmly and sufficient pressure is applied quickly on 

the specimen. The highest dial reading is noted. 

 

j. Dynamic mechanical analysis (DMA) 

 

DMA properties are measured using DMS 6100 from Seiko Japan, 

operated in bending mode. For a known stress, certain amount of 

deformation takes place but in DMA this is done sinusoidally, in which the 

deformation is related to its stiffness. The sinusoidal wave is generated by 

the force motor and transmitted to the sample via a drive shaft.  

 

   Indicator reading at break of specimen      

                Thickness of the specimen 
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DMA measures stiffness and damping which are reported as modulus 

and tan delta and as sinusoidal force is applied, the modulus can be 

expressed as an in-phase component, the storage modulus, and an out of 

phase component, the loss modulus. The storage modulus, either E’ or G’, is 

the measure of the sample’s elastic behavior and the tan delta often called as 

damping is the ratio of the loss to the storage modulus which is a measure of 

energy dissipation of a material. The measurements were performed from 30 

to 250°C at a heating rate of 2°C/min and at a frequency of 1 Hz. The glass 

transition temperature (Tg) was determined as the temperature at the 

maximum of the tan  vs temperature curve. 

 

k. Sample roof structure fabrication 

 

As this work is based on naval application, sample panel / roof 

structure was fabricated using the optimized formulation of flame retardant 

combinations, MC 10/ATH 25 and SBD 10/ ATH 25 with marine grade 

polyester resin  and commercial FR grade resin using the 610 WR glass 

cloth. 
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3. STUDIES WITH GENERAL PURPOSE RESIN  

 

3.1 STUDIES OF GP RESIN WITH ATH FILLER 

 

3.1.1 Gel Time Measurement of ATH Filled GP Resin  

 

Generally the addition of ATH reduces the exothermic reaction that is 

taking place during the curing process. The Figure 3.1 show the effect of 

ATH on gel time and the peak exothermic temperature reached during the 

curing process. From the Figure, it is clear that the gel time of ATH filled 

formulation does not change much while there is a gradual decrease in 

the peak exothermic temperature of the resin formulation with the increase in 

ATH content.  

 

  

  

 

 

 

 

 

 

 

 

Figure 3.1: Effect of ATH content on gel time properties of GP resin 

 

3.1.2 Mechanical Properties of Composites 

 

Figure 3.2 and Table 3.1 show the effect of ATH content on 

mechanical properties of the composite. It is evident that the tensile strength 

increases significantly with the increase in ATH content. There is no 

significant variation in elongation, flexural and impact strength (Table 3.1) 

with the increase in the ATH content. There is a significant increase in the 

values of hardness with the increase in ATH content. The results show that 
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ATH functions as reinforcing filler along with the glass fiber. 

 

Table 3.1 - Effect of ATH content on barcol hardness and impact  

         property of GP resin composites 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.2 - Effect of ATH content on mechanical properties of GP 

        resin composites 

 

3.1.3 Flammability Properties of Composites  

 

The ATH can act as a flame retardant for the polymers while burning, 

since it eliminates water molecules at high temperature by physically diluting 

the flammable gases and thus retarding the flame. The resistance to 

spread of flame was measured  as per UL–94 standard and the results 

show that even upto 60% loading of ATH to resin / glass fibre (70/30) 

combination do not meet the specification of V0 rating. ATH releases water, 

but its low activity requires higher filler loading which leads to drastic 

ATH filler content (%) 0 15 20 25 40 50 60 

Barcol hardness 35.2 45.6 45.2 44.0 51.6 50.4 53.6 

  Impact strength 

(J.mm-1) 

1.24 1.54 2.00 1.07 0.67 1.26 0.80 
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decrease in mechanical properties [3]. 

 

3.2  STUDIES OF GP RESIN WITH TCP 

 

3.2.1 Gel Time Measurement of TCP Filled GP Resin    

 

From the Figure 3.3, it is evident that the pure resin shows lower gel 

time and higher peak exothermic temperature than the TCP compositions.  

 

          

 

 

 

 

 

 

 

 

 

Figure 3.3: Effect of TCP content on gel time properties of GP resin 

 

3.2.2   Mechanical Properties of Composites 

 

 

  

       

 

 

 

 

 

 

 

 

Figure 3.4 : Effect of TCP content on mechanical properties 

  of GP resin composites 
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 The TCP is known as a plasticizer and also a flame retardant. The 

effect of TCP on mechanical properties of the composites is shown in 

Figure 3.4. The tensile strength was found to increase with TCP content 

while there is a decrease in flexural strength was observed. From the Table 

3.2, the impact property was found to be having a marginal increase in the 

values whereas there is no significant change in barcol hardness with the 

TCP content.                 

 

Table 3.2 Effect of TCP content on barcol hardness and impact 

        property of GP resin composites 

 

 

 

 

 

 

3.2.3 Flammability Properties  

 

The flammability testing as per UL-94 standard showed that TCP 

filled compositions fail to meet V0 specification but the rate of spreading of 

flame was found to be very low.  

 

3.3 STUDIES OF GP RESIN WITH DeBDE AND ANTIMONY OXIDE  

 

The Sb2O3 and DeBDE had been used in the ratio of 2:3 respectively 

for thermoplastics (nylon) in SRF (p) ltd and it gives V0 rating. The same 

ratio of 2:3 Sb2O3 and DeBDE has been taken in this study also. 

  

3.3.1 Gel Time Measurement of (2:3) Sb2O3 and DeBDE Filled GP 

Resin    

 

 The effect of DeBDE and antimony oxide on gel time properties of 

TCP filler content (%) 0 5 10 15 

Barcol hardness 35.2 42.4 38.6 36.6 

  Impact strength (J.mm-1) 1.24 1.39 1.41 1.47 
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GP resin during the curing process are shown in Figure 3.5 which reveals 

that  the gel time is not affected significantly while there is a decrease in the 

peak exothermic temperature with the increase in filler content. This may be 

due to heat transfer.  

 

      

 

 

                                                                   

  

 

 

 

 

Figure 3.5: Effect of 2:3 Sb2O3 and DeBDE content on gel time 

           properties of GP resin 

 

3.3.2 Mechanical Properties of Composites 

 

The 2:3 antimony oxide and DeBDE was maintained at different levels 

ranging from 5 to 25%. The plot of the mechanical properties (Figure 3.6) 

reveals that there is a drop in both tensile and flexural strength values at 

5% filler content.  

 

Table 3.3 Effect of 2:3 Sb2O3 and DeBDE (SBD) content on barcol 

           hardness and impact strength of GP resin composites 

 

Further there is no significant change in the elongation values. There 

is an increasing trend in both the hardness and impact strength values with 

the increasing filler content (Table 3.3).  

SBD filler content (%) 0 5 10 15 20 25 

Barcol hardness 35.2 41.4 44.3 47.2 46.6 49.6 

  Impact strength (J.mm-1) 1.24 1.25 1.45 1.77 1.94 2.09 
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Figure 3.6: Effect of 2:3 Sb2O3 and DeBDE content on mechanical 

                          properties of GP resin composites 

 

3.3.3 Flammability Properties of Composites 

 

The flammability testing as per UL-94 standard showed that DeBDE 

laminates gave V0 rating for the filler content 10% and above (Table 3.4) 

and the flame was put off within few seconds. 

 

Table 3.4 Flammability test of 2:3 Sb2O3 and DeBDE content on  

    GP resin composites   

 

 

 

 

 

 

 

DeBDE and Sb2O3 (3:2) follow both the condensed and gaseous 

phase mechanism at higher temperature and produce a synergistic glassy 

product antimony oxy bromide and gaseous products that puts off the fire. 

Further the limiting oxygen index and smoke density has been studied for 

assessing the flame retardancy characteristic of the material. The LOI and 

SBD filler 

 content (%)  

Time taken to 

retard flame 

(seconds) 

LOI 

(%) 

Smoke 

density 

        (%) 0 Burning 10.38 32.7 

10 2, V0 23.04 86.4 

15 2, V0 26.56 93.9 

20 2, V0 27.37 115555..33 

25 2, V0 25.80 160.6 
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smoke density measurements were made for the FRP laminates containing 

the DeBDE and Sb2O3 10 % and above, since these samples showed V0 

rating (Table 3.4). The LOI value is found to be more than 21 % which means 

that the DeBDE and Sb2O3 act as flame retardants. This is confirmed by 

higher value of LOI. On the other hand, smoke density values are found 

increasing with the FR content. 

 

3.4  STUDIES OF GP RESIN WITH A COMBINATION OF DIFFERENT FR 

       FILLERS 

 

Even though DeBDE & Sb2O3 combination showed V0   rating, the 

mechanical properties were found to be low compared to the compositions 

containing ATH. Therefore to enhance the mechanical properties, a 

combination of DeBDE, Sb2O3 and ATH was tried out. From the above 

experimental results, it is clear that the 10% SBD gives minimum smoke 

density values and 25% ATH gives better results (sections 3.3 & 3.1). This 

composition is further considered for studies of curing, mechanical and 

flammability properties. 

 

3.4.1 Gel Time Measurement of Combination of FR Fillers Filled with 

GP Resin    

 

Table 3.5 Effect of 10% of 2:3 Sb2O3 and DeBDE & 25% ATH   

       content on gel time properties of GP resin 

 

The 10% of (3:2) DeBDE and Sb2O3 with 25% ATH shows higher gel 

time and lower peak exothermic temperature than the pure resin (Table 3.5). 

 

 

Composition Gel Time (min) Peak Exo temp ˚C 

Pure Resin 22 180.4 

Pure resin / 10% SBD / 25% 

ATH 

39 161 
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3.4.2 Mechanical Properties of Composites 

 

Table 3.6 gives the results obtained with FRP laminates with (10% 

of 3:2 DeBDE and Sb2O3 with 25% ATH) and without the filler. There is a 

signif icant increase in tensile, hardness and impact strength than the pure 

resin.  

 

Table 3.6 Effect of 10% of 2:3 Sb2O3 and DeBDE & 25% ATH content 

on mechanical properties of GP resin composites 
 

Composi 

-tion 

 

Tensile 

Strength 

(N.mm-2) 

% 

Elonga 

-tion at 

break 

Flexural 

Strength 

(N.mm-2) 

%  

Elong 

-ation at 

break 

Barcol 

Hard 

-ness 

Impact 

Strength 

(J.mm-1) 

Pure Resin 75.75 10.83 253.28 15.64 35.2 1.24 

Pure resin 

/ 10% SBD 

/ 25% ATH 

94.14 10.82 235.28 14.60 42.6 1.8 

 

 

3.4.3 Flammability Properties of Composites 

 

All the tested parameters showed significant improvement in 

mechanical properties with the filler content and in addition to this, 

flammability tests revealed excellent performance (Table 3.7). DeBDE and 

Sb2O3 retard the flame through condensed phase mechanism with the 

formation of antimony oxy bromide. 

 

Table 3.7 Flammability test of 10% of 2:3 Sb2O3 and DeBDE &  

      25% ATH on GP resin composites 

  

 

 

 

 

Composition LOI (%) Smoke Density 

Pure Resin 10.38 28.22 

Pure resin/ 10% SBD/ 25% ATH 32.66 32.48 
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In addition to this, ATH releases water vapour which dilutes the 

flammable gases, thereby producing double retardancy effect. Further due 

to the presence of ATH the mechanical properties were found to be good. 

The smoke emission of this sample was also found to be lower.  

 

The consolidated values of this composition are shown in the Table 3.8.  

 

Table 3.8 Comparison on the test parameters of the GP resin 

composites at the optimum filler loading 

 

 

Test Parameter 

70:30 of 

resin and 

glass 

fiber 

70:30 of resin and 

GF containing 10% 

SBD and 25% ATH 

Gel time (min)  

Gel point (0C) 

Tensile strength (N.mm-2) 

Elongation at break (%)  

Flexural strength (N.mm-2) 

Elongation at break (%)  

Barcol hardness 

Impact strength (J.mm-1)  

Time taken to retard the 

flame,UL94 

LOI (%) 

22 

180.4 

75.75 

10.83 

253.3 

15.64 

35.2 

1.24 

Burning 

 

10.38 

39 

161 

94.14 

10.82 

235.3 

14.6 

42.6 

1.8 

Flame put off in 

fraction of a sec, Vo 

28.22 

 

Therefore a combination of Sb2O3, DeBDE (SBD) and ATH (10% of 

2:3 Sb2O3 and DeBDE with 25% ATH) showed an increase in mechanical 

properties and revealed excellent performance in flammability tests. 
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4. STUDIES WITH MARINE GRADE RESIN 

 

4.1 STUDIES ON GEL TIME MEASUREMENT 

 

4.1.1 Comparison on Gel Time Measurement of Marine Grade Polyester  

          Resin and FR Grade Polyester Resin  

 

For the marine grade polyester resin, the catalyst quantity is kept 

constant as 2% and accelerator quantity is varied from 1% to 2%. For equal 

quantity (i.e. 2%) of catalyst & accelerator, the gel time and the peak 

exothermic temperature are found to be 12 min and 135˚C (Figure 4.1a). 

 

 

 

   

 

 

 

 

 

 

(a)             (b) 

Figure 4.1: Effect of curing agents on gel time properties of (a) Marine resin 

        (VBR 4503) & (b) FR grade resin (VBR 5603) 

 

              For FR grade resin, the gelation did not occur when less than 2% of 

accelerator is used, so the accelerator quantity is varied from 2% to 3% and 

the catalyst quantity is kept constant as 2.5 %. For the equal quantity  (i.e.  

2.5%) of catalyst & accelerator, the gel time and the peak exothermic 

temperature are found to be 17 min and 62˚C (Figure 4.1b).  

 

 When compared to the resin VBR 4503 (neat resin), the resin VBR 

5603 (with FR) shows higher gel time and lower peak exothermic 
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temperature, this is due to the presence of FR in the resin, which makes the 

resin to gel slowly. 

 

Based on the above results, (Figure 4.1a) for all the FR filled 

compositions the accelerator and catalyst are maintained at 1.5 % each.  

 

4.1.2 Marine Grade Resin with Alumina Trihydrate (ATH) 

 

Figure 4.2 shows the gel time and peak exothermic temperature of 

marine grade polyester resin for different percentage loading of ATH (10, 20, 

30, 40, 50, 60).  

 

    

        

 

 

 

 

 

 

 

Figure 4.2: Effect of ATH content on gel time properties of marine resin   

                    

The same trend as in the case of Phase I work is obtained with the 

marine grade resin. From the Figure, it is clear that the gel time in ATH filled 

formulation does not change much while there is a gradual decrease in the 

peak exothermic temperature with the increase in ATH content. 

                              

4.1.3 Marine Grade Resin with Tricresyl Phosphate (TCP)   

 

Figure 4.3 shows the gel time and peak exothermic temperature of 

marine grade polyester resin for different percentage loading of TCP (5, 10, 

15, 20). There is a higher increase of gel time and gradual decrease of peak 

exothermic temperature with the increase in the percentage of TCP.                               
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Figure 4.3: Effect of TCP content on gel time properties of marine resin   

                                           

4.1.4 Marine Grade Resin with (1:3) Antimony Trioxide and 

         Decabromodiphenylether (SBD)  

               

There is a decrease in gel time and peak exothermic temperature with 

the increasing percentage of SBD (5, 10, 15, 20, 25) which may be due to the 

lesser use of antimony trioxide (Figure 4.4). 

                           

   

 

 

 

 

 

 

 

 

 

Figure 4.4: Effect of SBD content on gel time properties of marine resin   

 

 

 



55 

 

4.1.5 Marine Grade Resin with SBD 10 and ATH 25 

 

As in the Phase I work , the 10 % SBD with 25% ATH  showed better 

results, the same composition percentage is taken ie. 10% of SBD is tried 

with 25% ATH and found the gel time as 9 minute and peak exothermic 

temperature as 132 ˚C. 

 

4.1.6 Marine Grade Resin with Melamine Cyanurate (MC) 

        

                                                      

 

 

 

 

 

 

 

 

      

 

Figure 4.5: Effect of MC content on gel time properties of marine resin   

  

The gel time and peak exothermic temperature of marine grade resin 

for different percentage of MC (5, 10, 15) are shown in Figure 4.5. There is a 

gradual change in gel time occurred and peak exothermic temperature is 

decreased with the increase in the percentage of MC.  

 

           4.1.7 Marine Grade Resin with ATH 25 and Different Ratios of MC 

 

Figure 4.6 shows the gel time and peak exothermic temperature of 

marine grade resin for 25% ATH and different percentage of MC (5,10,15). 

Gradual change in gel time is obtained and lower peak exothermic 

temperature was achieved for 25% of ATH with 10% of MC. 
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       Figure 4.6: Effect of MC and ATH 25 content on gel time properties 

       of marine resin 

 

4.1.8 Consolidated Experimental Results of Gel Time Studies 

 

Table 4.1 below gives the consolidated values of gel time 

measurement for all the compositions studied. Further it is interesting to find 

that commercially available FR grade resin has high peak exothermic 

temperature of 156˚C when compared to all the FR additive combinations 

that are tried.  

 

Table 4.1 – Experimental results of gel time properties of marine resin 

 

 

 

 

 

 

 

 

 

 

 

Samples % Gel Time 

(min) 

Peak Exothermic 

temperature ˚C 

Resin 17 164 

FR Resin 10 156 

ATH (10-60) 11-15 118 -151 

TCP (5-20) 19 -32    58 - 138 

SBD(5-25) 8-10 153 -158 

MC(5-15) 13 - 14 144 -149 

ATH25/MC(5-15) 10-11 125 -132 

SBD10/ATH25 9 132 
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4.2 STUDIES ON THERMAL STABILITY OF MARINE GRADE RESIN  

      FORMULATIONS AND FR MARINE GRADE RESIN  

 

For all the cured samples of marine grade resin with different FR fillers 

and commercial FR grade resin the thermal analysis was carried out using 

TGA and DTA. 

 

4.2.1. Thermal Studies of ATH Filled Marine Grade Resin 

Figure 4.7 a : Effect of ATH content on thermal stability of marine resin 

 

Figures 4.7a & b show the effect of FR ATH with marine resin on 

thermal properties and the results are compared with the pure resin. The 

resin decomposed in 2 stages (Figure 4.7a),in the first stage from 200°C to 

450°C, the rate of decomposition of resin appears to be relatively higher 

compared to the combination of FR with resin and in the second stage i.e.  

above 500°C, the rate of decomposition of resin appears to be lower. The 

percentage of weight loss for ATH containing compounds is decreased when 

compared with the pure resin. Figure 4.7b shows a shift of endothermic peak 

to lower level in the first stage which shows clearly that the FR filler reduces 
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the decomposition temperature of resin. In the second stage, the peak is 

shifted to higher temperature range than the pure resin with the increase of 

ATH content. 

Figure 4.7 b : DTA traces of alumina trihydrate filled marine resin        

                           

4.2.2 Thermal Studies of TCP Filled Marine Grade Resin 

Figure 4.8 a: Effect of TCP content on thermal stability of marine resin  
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Figure 4.8 b: DTA traces of tri cresylphosphate filled marine resin        

 

 The addition of TCP (5,10,15,20) is not effective for marine resin on 

thermal stability as the percentage of weight loss is increased when 

compared with the pure resin (Figure 4.8a) and there is a marginal shift of 

endothermic peak to lower level and in the second stage also, there is a 

slight shift of peak to higher temperature range than the pure resin (Figure 

4.8b).  

 

4.2.3 Thermal Studies of (1:3) SBD Filled Marine Grade Resin 

 

The percentage of weight loss is decreased with the increase of SBD 

mixture (5,10,15,20,25) when compared with the pure resin. 

Decabromodiphenylether with the antimony trioxide can produce antimony 

oxy halide which form a glassy layer at the surface at higher temperature 

above 500°C (Figure 4.9a). There is a shift of endothermic peak to lower 

level and also, there is a shift of peak to higher temperature range in the 

second stage compared to the pure resin by increasing the filler content 

(Figure 4.9b).  
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Figure 4.9a : Effect of SBD content on thermal stability of marine resin 

Figure 4.9b: DTA Traces of antimony trioxide & decabromodiphenylether  

               filled marine resin 

 

4.2.4 Thermal Studies of MC Filled Marine Grade Resin 

   

The effect of FR MC (5,10,15) with VBR-4503 resin on thermal 

properties is shown in the Figures 4.10a & b.  
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Figure 4.10a : Effect of MC content on thermal stability of marine resin 

 

The percentage of weight loss is decreased with the increase of MC 

when compared with the pure resin (Figure 4.10a). MC with resin 

decomposes endothermically to melamine and cyanuric acid at around 

450°C (Figure 4.10b), absorbing heat energy (heat sink). 

Figure 4.10b: DTA traces of melamine cyanurate filled marine resin 



62 

 

The 10% of MC with resin shows better thermal stability than the other 

% of MC with resin. There is a shift of endothermic peak to lower level and in 

the second stage, the peak is shifted to higher temperature range compared 

to the pure resin. 

 

4.2.5 Thermal Studies of ATH & Various Percentage of MC Filled Marine  

         Grade Resin 

Figure 4.11a : Effect of ATH & various % of MC content on thermal 

   stability of marine resin 

Figure 4.11b : DTA traces of alumina trihydrate & various % of 

                                   melamine cyanurate filled marine resin        
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The effect of FR combination ATH with various percentage of MC 

(5,10,15) with VBR-4503 resin on thermal properties are shown in Figures 

4.11a & b and the results are compared with the pure resin and commercial 

grade FR resin. As per the composition resulted from Phase I work, the same 

25 % of ATH is used here with different percentages of MC.  

 

The percentage of weight loss is decreased with the increase of MC & 

ATH combination when compared with the pure resin and commercial grade 

FR resin (Figure 4.11a). The combination of heat sink action of melamine 

cyanurate with the water release from ATH shows better result when 

compared with the use of flame retardants ATH and MC alone. 

 

It has been found that the 25% of ATH combination with 10% of MC 

works better than the other combinations and commercial FR resin. Higher 

shift of endothermic peak to lower temperature and shift to higher 

temperature at second stage observed (Figure 4.11b). 

 

4.2.6 Comparison of Various Flame Retardant Additives Combinations 

 

The results of the thermal studies of various combinations of FRs with 

the resin VBR-4503 are compared and it has been found that the 

combinations 25% of ATH with 10% of MC and 25% of ATH with 10% of SBD 

work better than the other combinations and commercial FR resin.  

 

The percentage of weight loss decreased when compared with pure 

resin & FR resin (Figure 4.12a). 

 

There is a higher shift of endothermic peak to lower level and in the 

second stage, the peak is shifted to higher temperature range than the pure 

and FR grade resin (Figure 4.12b).  
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Figure 4.12a: Effect of various FR formulations on thermal stability  

                             of marine resin  

 

 

Figure 4.12b: DTA traces of various FR formulations filled marine resin 
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4.3 DECOMPOSITION MECHANISM – A KINETIC STUDY 

 

The mechanism of decomposition for the cured resin, FR grade resin, 

marine resin with SBD10/ATH25 and MC10/ATH25 was determined by 

kinetic study at different heating rates of 5, 10, 20°C/min using TGA kinetic 

software. Reference [36] explains the kinetic behavior as follows. The dα/dt, 

rate of degradation depends on the temperature and sample weight as given 

by Eq. (1) 

                              dα / dt = k(T ) f (α)                                       (1) 

 

where k(T) represents the rate constant, α represents the degree of 

conversion (the quantity decomposed during heating) and f(α) represents a 

function of conversion. If k(T) = A exp(−Ea/RT) and f(α) = (1−α)n, then Eq. 

(1) is given as follows, 

 

                         dα / dt = A exp (−Ea/ RT) (1 − α)n  
                   (2) 

 

where A - pre-exponential factor; Ea - activation energy; R - gas 

constant; T - absolute temperature and n - reaction order. Then the Ozawa’s 

equation is given as follows  

                              

            dα / (1 − α)n  =  A exp(−Ea/RT )    dT                 (3) 

                                              β 

 

where β represents heating rate; In Ozawa’s method several TGA 

curves obtained at various heating rates (β) are considered. Figure 4.13 

presents the Ozawa plots of log β versus 1/ T for each value of α, which 

displays excellent linearity.  

 

The apparent activation energies are calculated from the slopes of the 

lines from the isoconversation curve, using the following expression, 

 

                                       Ea = −slope ×     R   

0.457                                                        
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4.13a: Resin 

 

 

 

 

4.13b: SBD/ATH 
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4.13c: MC/ATH 

 

 

 

4.13d: FR Grade Resin 

 

Figure 4.13: Ozawa plots for the thermal degradation of cured samples  

                (a) Marine resin (b) SBD/ATH (c) MC/ATH (d) FR grade resin  
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The activation energy ΔE at 100% is given in the Table 4.2. The 

activation energy was found to be lesser for the MC/ATH based composition, 

which means that the MC/ATH compound decomposed more effectively to 

retard the flaming combustion.  

 

Table 4.2 - Activation energy of thermal degradation (ΔE, kJ/mol)  

        of marine resin by Ozawa method 

 

 

 

 

 

 

 

 

 

4.4 PREPARATION OF FR COMPOSITES AND THEIR PROPERTIES 

 

FRP panels were prepared by using hand lay up technique [37], in the 

ratio of Resin + FR additive: glass fibre - 60: 40 respectively. As the 

combinations of resin with ATH 25/SBD10 and ATH25/MC10 shows better 

thermal stability, these FR combinations are used further for the FRP 

laminate preparation.  

 

 The FRP panels were prepared with the glass mats (360 WR & 610 

WR) for the following combinations. 

 Pure resin with glass mat  

 Resin/ATH25/SBD10 with glass mat  

 Resin/ATH25/MC10 with glass mat  

 FR commercial resin with glass mat 

 

These FRP panels have been tested for the following mechanical and 

flammability properties. 

 

Sample ΔE at 100% (kJ/mol) 

Resin 205.68 

SBD/ATH 198.05 

MC/ATH 166.81 

FR grade Resin 269.61 
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4.5 STUDIES ON MECHANICAL PROPERTIES 

 

4.5.1 Tensile Test 

 

The tensile properties of the FRP laminates with both 360 WR & 610 

WR were determined and the results are shown in the Tables 4.3 & 4.4. 

There is a reduction in tensile strength values by ~20% in the case of 

ATH/MC. Filled laminates while the reduction in the case of ATH/SBD filled 

ones is only marginal. On the other hand the elongation values showed an 

increasing trend in the case of ATH/MC combination. 

 

Table 4.3 – Study on mechanical properties of marine resin 

   composites with 610 WR glass fibre mat 

 

 

 

 

 

 

 

 

 

 

Table 4.4 – Study on mechanical properties of marine resin  

                                 composites with 360 WR glass fibre mat 

 

Composite 

% 

Elongation 

at break 

Tensile 

Strength 

(N/mm2)  

Flexural 

Strength 

(N/mm2)  

Impact 

Strength   

(J/m)  

Pure resin/GF 17.16 176.61 0.44  689.75 

Resin/ATH25/ 

SBD10/GF 

17.34 163.67 0.50 1346.16 

Resin/ATH25/ 

MC10/GF 

20.13 134.87 1.28 1473.84 

 

 

Composite 

% 

Elongation 

at break 

Tensile 

Strength 

(N/mm2)  

Flexural 

Strength 

(N/mm2) 

Impact 

Strength     

(J/m)  

Pure resin/GF 10.87 164.43 1.19  592.35 

Resin/ATH25/

SBD10/GF 

10.93 163.67 1.51 2748.92 

Resin/ATH25/

MC10/GF 

12.42 130.39 2.09 2857.10 
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4.5.2 Flexural Test 

 

From the Tables 4.3 & 4.4, the flexural strength of MC combination 

was found to be higher than the other combinations and also the flexural 

strength of 610 WR glass mat is higher than the 360 WR glass mat. 

 

4.5.3 Charpy Impact Test 

 

From the Tables 4.3 & 4.4, the impact strength of MC combination 

was found to be higher than the other combinations and also the strength of 

610 WR glass mat is higher than the 360 WR glass mat. 

 

4.6 DYNAMIC MECHANICAL ANALYSIS 

 

DMA properties [14,37-39] were determined for the composites of 

resin, FR Resin, MC/ATH and SBD/ATH. The glass transition temperature 

(Tg) was determined as the temperature at the maximum of tan  vs 

temperature curve. From the tabulated values (Table 4.5), the damping factor 

of MC/ATH combination shows higher Tg value and also lesser energy 

dissipation (loss modulus) than the SBD/ATH, resin and commercial FR 

resin. There is no significant change in storage modulus of these composite 

except the commercial FR resin. 

 

Table 4.5 – Results from DMA plot of marine resin composites 

Composite  Tg C Storage 

Modulus, E 

Loss 

Modulus, E 

Resin/GF 95.6 3.3E+ 10 pa 2.9 E+ 09 pa 

FR Resin/GF 85.0 5.8E+ 10 pa 4.3 E+ 09 pa 

SBD/ATH/GF 97.7 3.8E+ 10 pa 3.1 E+ 09 pa 

MC/ATH/GF 98.5 2.5E+ 10 pa 1.9 E+ 09 pa 

 

 The DMA plots of storage modulus, E Vs temperature C and tan  Vs 

temperature C are shown below in Figure 4.14 (a & b). 
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                (a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               (b) 

Figure 4.14: DMA curves of (a) storage modulus (E) and (b) tan () 

    vs temperature for marine resin composites 
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4.7 THERMAL STUDY OF COMPOSITES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15a : Effect of glass filled FR marine resin composites  

               on thermal stability 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15b: DTA traces of glass filled FR marine resin composites 
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The MC/ATH based composite shows (Figures 4.15a & 4.15b) less 

residue percentage of about 41.1 (Table 4.6), this is due to the fact that these 

FRs reacted upon the resin effectively than the other FR additives. And also 

shows higher DTA peak temperature of 613.5 C than the others. 

 

Table 4.6 - Results from the TGA and DTA plots of marine resin composites 

 

 

 

 

 

 

 

 

4.8 STUDIES ON FLAMMABILITY CHARACTERISTICS 

 

4.8.1 Smoke Density  

 

The smoke emission [13], namely smoke density rating (SDR ) of MC / 

ATH FR additive formulation was found to be the lowest when compared with 

the other three formulations and commercial FR resin (Table 4.7). 

 

Table 4.7 - Smoke density rating of marine resin composites 

 

Composite SDR (610 WR) SDR (360 WR) 

Pure resin/GF 78.05 70.6 

Resin/ATH25/SBD10/GF 70.99 56.13 

Resin/ATH25/MC10/GF 63.23 44.78 

FR resin / GF 75.90 63.62 

 

 

 

 

Composite  Percentage of 

residue at 700 C 

DTA Peak 

temperature  C 

Resin/GF 59.9 582.1 

FR Resin/GF 57.5 580.4 

SBD/ATH/GF 43.7 608.2 

MC/ATH/GF 41.1 613.5 
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4.8.2 Limiting Oxygen Index (LOI) 

             

 Similarly the LOI values of MC/ATH and SBD/ATH 

combinations were found to be higher than that of the pure resin & FR resin 

composites. Also compared to the MC/ATH combination the LOI values of 

SBD/ATH combination with 610 WR and 360 WR were found to be higher 

(Table 4.8). The LOI value is found to be more than 21% which means that 

all the FR combinations and FR commercial resin are flame retardant [8, 11, 

17]. 

Table 4.8 - Limiting oxygen index of marine resin composites 

 

 

  

 

 

 

 

4.8.3 UL 94 –Vertical Burning Test 

 

The vertical burning test [9,11,13] was conducted for the prepared 

composites and noted their flammability characteristics. The photos of the 

samples taken after the flame application of UL 94 test are shown in Figure 

4.16 below. The resin without FR filler alone burns continuously.  

 

Table 4.9- Study on flammability properties of marine resin composites 

 

 

 

 

 

 

 

Composite LOI % (610 WR) LOI % (360 WR) 

Pure resin/GF 18 20 

Resin/ATH25/SBD10/GF 27 25 

Resin/ATH25/MC10 /GF 25 23 

FR resin / GF 23 21 

            Composite 

 

Time taken to 

retard flame (sec)  

Pure resin/GF Burning 

Resin/ATH25/SBD10/GF 0 sec,(V0) 

Resin/ATH25/MC10/GF 0 sec,(V0) 

FR resin / GF 0 sec,(V0) 
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 It is clear that FR combinations possess good fire retardant 

characteristics i.e., all samples showed V0 rating when compared with pure 

resin (Table 4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                  Resin   FR Resin  SBD/ATH  MC/ATH 

 

Figure 4.16: Photograph of marine resin composites after application of flame 

 

4.9 SAMPLE ROOF STRUCTURE FABRICATION 

 

The sample panel / roof structures were fabricated for the optimized 

formulations: Resin/ATH25/SBD10, Resin/ATH25/MC10, Resin, FR grade 

resin with 610 WR glass cloth and the roofs are shown in Figure 4.17. 
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Figure 4.17: Photograph of fabricated sample roof structures 
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5. CONCLUSIONS 

 

5.1 PHASE I – STUDIES WITH GENERAL PURPOSE RESIN  

 

 The optimization studies with general purpose unsaturated polyester 

resin and chopped glass fiber mat in the ratio of 70 : 30 has been carried 

out successfully. Several FR additives like alumina trihydrate, antimony 

trioxide, tricresyl phosphate, decabromodiphenylether were added to obtain 

desired properties. It has been compared with the mechanical and 

flammability properties of pure resin composite. 

 

 When ATH was added to the pure resin, it showed good mechanical    

property but negligent flame property. Addition of TCP does not make 

much difference to the mechanical and flammability properties. 

 Addition of 2:3 ratio of antimony oxide and DeBDE to the pure resin 

showed a considerable improvement in the flame property, but major 

drawbacks of low mechanical properties and higher smoke emission 

was observed. 

 Hence to reduce the drawback of the above combination, ATH was 

added along with SBD which results in excellent mechanical properties 

that is higher than SBD and produces lesser smoke than the SBD. Also 

LOI value is 28.22% which is optimum for the composite material 

 

Good results have been obtained with the optimized composition of 

ATH (25%) and antimony oxide & decabromo diphenyl ether (10% (2:3)) 

which meets the required mechanical, thermal and flammability properties for 

FRP structures. 

 

5.2 PHASE II - STUDIES WITH MARINE GRADE RESIN  

 

Based on the phase I work, an extensive study has been carried out 

using marine grade polyester resin and glass mats 360 WR & 610 WR in the 

ratio of 60: 40 successfully. Both halogenated and non halogenated flame 
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retardant additive combinations were added to make the properties superior 

to the pure resin and commercial FR grade resin.  

 

 For optimizing the FR combination with marine grade resin, gel time and 

thermal stability studies have been carried out and found MC / ATH and 

SBD / ATH as the optimum combinations. 

   

 The activation energy values for these optimized combinations of FRs 

with pure marine resin and for FR grade resin are calculated using ozawa 

method and found that the MC/ATH compound showed lowest ΔE value 

and hence decompose more effectively to retard the flaming combustion. 

 

 FRP laminates for these optimized compositions, pure resin and FR 

grade resin with E glass mat were prepared and tested for flammability 

and mechanical properties.  

 

 The mechanical properties of MC10/ATH25 combination show higher 

flexural, elongation and impact strength with reduced tensile strength      

(~ 20%) than the pure resin.   

 

 The smoke emission of MC10/ATH25 combination is lesser by 15 % in 

610 WR and 26 % in 360 WR compared to the pure resin. All the FR 

combinations and commercial FR resin act as a flame retardant which is 

proved from the higher LOI values of more than 21 % and V0 rating. 

 

 Further testing on DMA and TGA for these composites also gave better 

results in case of MC10/ATH25 combination. Sample roofing structures 

for the optimized FR formulations have also been fabricated.  

 

 From this research work, it is concluded that the marine grade 

polyester resin / glass mat with 10% of MC and 25% of ATH combination 

gives better mechanical properties, flame retardant properties and generate 

vapours with nil or reduced smoke on ignition. Thus the requirement of Naval 

application has been achieved successfully.  
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6. PERSPECTIVE PLAN 

 

 Compatibility studies through SEM analysis of the fractured specimen 

are to done. 

 GCMS studies for determining different gases evolved during smoke 

generation. 

 Extension of the MC / ATH combination to thermoplastics can be tried. 
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