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Abstract 

A study has been undertaken to attempt to overcome three major problems associated 
with common unsaturated polyester resins. These problems are the emissions of free 

· styrene, high flammability and the emission of thick black smoke during combustion. 
A novel cross-linking monomer, containing two allyloxy substituents and · one 

. diethylamino substituent, has been. synthesised and purified in a two stage reaction 
· using cyanuric chloride as the starting material. This new monomer contains five 
nitrogen atoms in an attempt .to reduce smoke evolution and has a low volatility to 
reduce volatile organic emissions. 

It was found that this monomer was totally miscible with all resin types,_ based _ on. __ 
both aromatic and aliphatic alkyds, and produced a degree of cross-linking in excess 
.o( 95% when cured with dicumyl peroxide at 90°C for 16 hrs and then l 40°C for 3 
hours. 

Combustion tests showed that the new resins produced considerably less smoke than 
the:styrenated resins, show higher LOI values, i.e. require a higher percentage of 
oxygen to sustain combustion, and a lower surface spread of flame. These improved 
combustion properties are a direct result of the improved charring characteristics of 

· the resins caused by the incorporation of the triazine monomer. It has been shown, 
ho:wever, .. that nonnal fire retardant phosphorus additives used in unsaturated·. 
polyester resins (UPRs) have little or no effect ii) the triazine resins and do not show 
any synergism with the nitrogen atoms in the new monorri·er. As a result of this, at 
high additive loading levels, the combustion behaviour improvements shown by the 
triazine resins over the styrenated resins are drastically reduced. It has also been 
shown that the triazine resins have a very high burning rate. 

The lack of phosphorus activity in the triazine resins has been shown to be caused by 
these resins thermally decomposing at low temperatures where the phosphorus is not 
active. This low decomposition temperatµre also leads to rapid decomposition and 
thus a high burning rate. The lack of synergism might be caused by the tertiary amine 
substituent being too stable towards interaction with the phosphorus additives; a 
primary amine might be more suitable. 

Mechanical studies have shown the new resin to be brittle in comparison to the 
styrenated resins but that it has increased Barcol hardness values, heat distortion 
temperature and flexural modulus. 

II 
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1.0 Introduction 

1.1 Introduction to Polymers 

The word polymer comes from the Greek poly and meros meaning many and parts, 
' ' 

respectively. Polymers are also often referred to as macromolecules which simply 

means large molecule. Polymers can. occur naturally in, nature in forms such as 

proteins, wool or cellulose. They can also be made synthetically in the laboratory . 

... One of the· first artificial polymers produced was a thermoplastic - celluloid - which. 

was synthesised in the 1860s by'Parkes and Hyatt(l). Thermoplastics consist of two-

dimensional molecules which may be softened and melted by heat and then cooled to 

return to their original state. They are also soluble in various organic solvents. 

Examples of these include poly( vinyl chloride) (PVC) and poly( ethylene 

terephthalate) (PET). 

The other class of polymers is the thermosets. These are three dimensional network 

polymers which do not melt under heating and are virtually insoluble in any solvents. 

Examples of these types of polymers include unsaturated polyesters and epoxy resins. 

1.2 Introduction to Polyesters 

Polyesters are formed via a condensation reaction between a diacid and a diol to leave 

a polymeric chain containing ester linkages. There are three main types of polyesters. 

~hese are thermoplastic polyesters, glyptals and alkyds. 



1.2.1 Thermoplastic Polyesters 

Thennoplastic polyesters are used in the formation of fibres and food· packaging 

materials: The most commonly -produced thermoplastic polyester is poly( ethylene 

terephthalate) (Fig. 1 ). In 1992 the annual production of PET in the United States 

alone was 1.5 million tonnes ( 1 ). 

nCH3-0-rr©-n-a.-. ~3 .. + nHO(CHz)zOH 

0 0 .> . 

Dimethyl Terephthalate ·. Ethylene Glycol 

CH30Na 111 
- -

- -n 

Poly ( ethylene terephthalate) 

Fig. 1: Synthesis and structure of PET. 

1.2.2 Glyptal Polyesters 

These polyesters come under the thermosetting class of polymers and were first 

sy!}thesised in 190 I by heating glycerol with phthalic anhydride. As the secondary 

hydroxyl group in glycerol is less reactive than both of the terminal primary hydroxyl 

groups, .the first product formed from this reaction is a linear polymer (Fig. 2). 

Further he~ting then activates the secondary hydroxyl group which reacts further with 

the.phthalic anhydride to form a cross-linked polymer (Fig. 2) . 
. '•' 
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Phthalic anhydride Glycerol 

Fig. 2: Formation of crosslinked glyptal polyesters. 

1.2.3 · Alkyd Polyesters 

! Phthalic 
~ anhydride 

This sub-group of polyesters is often referred to as unsaturated polyesters. This is 

because of the unsaturation in the backbone of the polymer. This polyester is formed 

via a condensation reaction between a diol, a . saturated or ~ aromatic dibasic 

acid/anhydride and an unsaturated dibasic acid/anhydride (Fig. 3). The polymer . . 

fonned from the condensation reaction is a glassy solid at room temperature and is 

dissolved in a cross-linking monomer, typically styrene, to form an unsaturated 

polyester resin, which is a viscous liquid at room temperature. 

3 



· 1/2 n + 
rr3 

. n HOCH2CHOH + 

Phthalic anhydride Propylene glycol Maleic anhydride 

OH + (2n-l)H20 

n 

Fig. 3: Formation of unsaturated polyesters (Alkyds) 

It is these. unsaturated polyesters that are of importance in this project and so they will 

be discussed in more detail. 

L3' Unsaturated Polyesters - Production and uses 

The first unsaturated polyester was produced by Vorlander in 1894 (2). This was a 

condensation product · from a glycol and maleic anhydride. A well defined and 

reproducible method for the production of unsaturated polyesters was not available 

until Carothers established a synthetic method whereby the reagents were reacted 
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under nitrogen. to produce the condensation polymer (3). Jt was-fmmd that, although 

• this new polymer could be cross-linked on its own, the cross'."linking process was 
. .. 

faster when the unsaturated polyester was dissolved in a polymerisable monomer. 

}'his m<momer was initially vinyl acetate ( 4 ). This was later superseded by styrene_: · __ 

· 1.J.1 · Isomerisation and Cross-linking in-unsaturated Po)yester Resins 

As shqwn in Fig. 3 one major structural change is observed;dtiring the synthesis of an··-

unsaturated polyester. This change is the isomerisation of the cis maleate monomer 

to a trans fumarate unit. This observation has been well documented and shown to be 

the key factor in the excellent reactivity and physical properties shown by maleate 

based polyesters (5 - 8). The importance of this isomerisation is that styrene ·has a 

better reactivity ratio to fumarate unsaturation . than to maleate unsaturation. The 

reason why maleic anhydride is used rather than . a monomer with fumarate 

unsaturation is that it does isomerise and is cheaper than fumarate based monomers. 

Obviously then, the extent of isomerisation is important in determining the physical 

properties of the cured resin. If less isomerisation occurs then fewer reactive sites of 

unsaturation will be available for cross-linking with styrene. If this is the case then 

.there will be fewer cross-link bridges in the cured resin which will, consequently, be 

· less rigid. Many methods have been employed to study the isomerisation process (5, 

8, 9) and these have shown that the trend is that the more sterically hindered the 

glycol, the more isomerisation to fumarate that occurs_(Table 1). 
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Monomers Resin Composition (monomers oresent) 
, 1,4 - x x 

Cyclohexanedimethanol 
Diethylene glycol x " x x 
, Neopentvl glycol x x x 
: Ethylene glycol x x x 

1,2-Prooylene glycol x x x 
2,2,4-Trimethyl-1,3- x 

pentanediol 
Maleic anhydride x x x x x ··x x x x x x x x x 

. Isophthalic acid x x x x x 
Phthalic anhydride x x x x x 

% Fumarate 95 96 71 72 65 94 84 85 82 52 93 75 50 50 

Table 1: Isomerisation of maleate to fumarate for different resin compositions (6). 

Once the monomers have· been polymerised to give the unsaturated polyester alkyd 

'· ... with fumarate unsaturation, the polymer is dissolved in the crosslinldng monomer, 

this is typically styrene. The resin is now ready to be cured. Curing of a polyester 

resin is an addition co-polymerisation between the styrene and the alkyd. The curing 

process and the resultant three dimensional matrix have been extensively studied (10 -

21 ): This co-polymerisation requires a free-radical initiator to provide reactive free 

rndicals which initiate the free radical cross-linking process. Typical initiators are 

organic peroxides or hydroperoxides, such as methyl ethyl ketone peroxide, although 

,other materials such as azonitriles may be used (22). 

The initiation process can occur in two different ways. The first of these is the 

~hermal degradation of the initiator to produce the free radicals. This process, 

however, is sometimes slow so a catalyst is often used to speed up the process. In the 

case of the styrene based systems the catalyst is a cobalt salt (often cobalt naphthenate 

6 

x 

x 
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or. cobalt octanoate). The -co.;.polymerisation occurs according to the following 

reaction scheme (10) (Fig. 4). 

1) R0-0~ + eo(++) Fast OR(-) + eo<+++) ~ -RO· + 

• 
2) RO~c .... 

6~-0R 

Take activated styrene molecule to be R · 

0 g . . 
I\.~ c" -

-c(~-,H . + RJ g . '-..____/.___/. 
3) 

. I\.. [ -~ .. 

4)··-r~R'-

Fig. 4: Curing mechanism in unsaturated polyester resins. 

Once cured the polyester resin has extremely good physical and chemical properties, 

which facilitate its use in many various areas of life. Use of polyesters, commercially, 

has grown rapidly since their first use in making aircraft radomes in the second world 

war (23) .. Table 2 shows the growth of unsaturated polyester consumption in the USA 

(24 - 26). Polyesters are used in a diverse number of areas from boat hulls, car 
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frames, ornamental baths, insulation for electrical wires to. armament applicati_ons or 

high durability coatings (27 - 36). 

.. Total UPR Consumption in the USA (1000 tonnes) 

Year 1966 1979 1984 

· Consumption · 205 515 .. 564 

Table 2: Growth of Unsaturated Polyester consumption in the USA 

The reason for this large diversity of uses for unsaturated polyester resins is their 

structural flexibility. By changing the polymer backbone, the cross-linking monomer 

or by co-polymerising \\1th other polymers a great deal of physical properties, such as 

higher;, thermal stability, electrical conductivity, increased flexibility and :fl~e 

retardance (37 - 48) can be achiev~d .. This has included the use of cross-linking 
' :. 

monomers such as diallyl phthalate, diallyl isophthalate, triallyl. trimellitate, vinyl 

propionate, triallyl cyanurate, vinyl. toluene, chlorostyrene, acrylonitrile, triallyl 

isocyanurate, N-vinyl pyrrolidinone and zinc acrylate (49 - 63), all of which lend 

differing physical and mechanical properties to the final cured resins. 

Despite being so versatile and so widely used, unsaturated polyester resins are far 

from perfect. They suffer from two major disadvantages. The first of these is the 

presence of styrene in the vast majority of the resins. Total exposure to styrene in the 

workplace has been a problem for many years and recent legislation throughout the 

world has drastically reduced the legal total exposure to styrene in the workplace. In 

Germany, for example, the total exposure has been reduced from 1 OOppm to 20ppm 

(64) .. In the UK the maximum exposure limit is lOOppm with a self imposed 
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restriction of 50ppm in place. As a result of this there· has been a large increase in 

research into· unsaturated polyester resins with low styrene emissions: The second 

problem, and perhaps the most important, is the ease of flammability of unsaturated 

polyesters and the excessively large amounts of thick, black, toxic smoke evolved on 

burning. This is a major problem when one considers that practically all of a · 

polyester is consumed during a large scale fire ( 65) and that the greatest factor-leading 

to deaths in a fire is not the flames but the smoke (66 ·- 68).·· 

1.4 . Unsaturated Polyester Resins with Low Styrene Emissions 

As has been previously mentioned the emission of styrene from unsaturated polyester 

resins:in. the work place is an area of concern. There has, therefore, been·a:large 

amount· of research into the reduction of styrene emissions. This research has taken 

' the form of two distinctly different approaches. The first, arid arguably the quickest 

and most cost-effective method, is the use of additives to suppress the emission of 

styrene. The second method has centred around actually reducing the amount of 

styrene used in the unsaturated polyester resin. This method relies on the chemical 

modification of either the polymer backbone or the cross-linking monomer itself. 

1.4.1 Suppression of styrene emissions using additives 

One major area of interest in this field has been the addition of p~raffin type waxes, in 

quantities ranging from 0.001 - 7 phr (parts per hundred parts of resin), to the styrene­

containing polyester (69 - 74). The paraffin waxes possess a lower density than the 
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polyester. resin so they have the tendency, on curing, to rise to the surface of the 

polymer and form a thin, -impenetrable film. This film prevents volatilisation of the 

styrene from the unsaturated polyester. Another advantage of this film is that it 

prevents oxygen inhibition of the free radical curing process. On their own, however, 

the paraffin waxes were not entirely of much effective use because they tended to 

reduce the adhesion properties of the polymer. To remedy this adhesion promoters 

(0.5 - 10 phr) were added to the resins to increase the adhesion of the polymers. 
' . --· . ; --- "~· ... ··-

These promoters usually took the form of low molecular weight polymers such as 

poly(butyl acrylate) (69) or the co-polymerisation products obtained from the reaction 

between partial esters, obtained from the reaction between alcohols and dicarboxylic 

acids, and epoxy compounds (72). Other promoters were synthesised from C16 fatty 

alcohols, maleic anhydride and epoxy resins (71) or CS - 30 fatty acids and mono- or 

diepoxides (70). 

Poly(butyl acrylate) was not totally miscible with styrene and so separation occurred 

lessening the effectiveness of the promoter (69). In this case non-ionic smfactants or 

further additives based on polyethylene glycol maleate - styrene copolymers were 

added. The use of a copper salt cure catalyst and alpha - methylstyrene was also 

investigated in these systems (70). It was found that these reduced the maximum cure 

exotherm. The effect of this is to produce less heat during the curing process and so 

reduce heat induced styrene evaporation. 

Another additive method of reducing styrene emissions, not relying on the use of 

paraffin waxes, was patented by the Standard Oil Co., USA (74). In this case the 

additives were based on m-isopropenyl dimethylbenzyl isocyanate-terminated 

ethylene oxide-propylene oxide block copolymers (0.5 - 5.0 phr). This additive 
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worked in much the same way as the paraffin waxes in that it formed a thin, 

impenetrable layer on the surface of the polymer. This invention, though, did not 

suffer from the.drawbacks of reduced adhesive properties. 

1.4.2 Reduction of styrene emissions by structural changes 

This method of reducing styrene emissions is regarded as being more difficult to 

achieve than the use of additives, because when a polymer is changed structurally, its· 

mechanical and physical properties are altered in an unpredictable way. This 

alteration, when compared to the excellent physical and mechanical properties of 

styrene-based polyesters, is almost always detrimental. A greater amount of research 

· and development is, therefore, needed to produce a novel structure with sound 

properties . 

. One obvious solution to the reduction of styrene emissions was to reduce the amount 

· of styrene present in the resins themselves. The difficulty with this was the 

subsequent drastic increase in resin viscosity leading to processing difficulties. BASF 

AG (75) patented an invention based on dihydrodicyclopentadiene terminated 

polyester resin having low molecular weights. As the resin was of a lower molecular 

weight it was a viscous liquid. Added to this, there were fewer cross-link sites on the 

polymer backbone facilitating the use of less styrene (1 - 30% compared to >35% for 

ordinary resins) to give an excellent degree of cure without the resultant reduction in 

.the.ease of processability. One problem with this solution, however, was the loss of 

good mechanical properties of the new resin. · This was remedied by adding the 
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reaction products obtained by reacting hydroxyalkyl (meth)acrylates with 

diisocyanates. 

Other developments have revolved around the removal of styrene totally from the 

. resins; These have mainly centred on the use of modified polyester backbones and 

derivatives of acrylates as the cross-linking monomer (76 '- 79). Aristech Chemical 

Corp., USA (76, 77) patented a modified· polyester, comprised of maleic anhydride, 

phthalic anhydride, various glycols and dicyclopentadiene, a diacrylate or 

• dimethacrylate of alkoxylated bisphenol A (as the cross-linking monomer) (Fig. 5) 

and ethylene glycol dimethacrylate, as a low styrene: emitting :resin. ·· 

m and n = 1 - 10 

R1 and R.z =Hor CH3 

Fig. 5: Novel cross-linking monomer used in low styrene emission polyester resin. 

This resin, containing no styrene and having a cross-linking monomer with a very low 

volatility showed extremely low organic emissions. 

A German invention (78) details the production of a low molecular weight polyester 

(typical'. weight 500 - 1500) with acrylate or methacrylate end-groups. This was 

achieved by reacting a saturated diacid with a glycol and then .endcapping the 

resultant polymer with methacrylic or acrylic acid to give unsaturation in the polymer 

backbone (Fig. 6.). The acrylate end-groups were used rather than maleic acid end-
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groups to facilitate the replacement of styrene with methacrylate cross-linking . 

monomers such as 2-:-ethylhexylmethacrylate . or N,N-dimethylaminomethyl-

methacrylate. As before, this invention contained no styrene. The cross-linking · 

monomer was again a compound of low volatility which showed little tendency to 

evaporate during storage or cure. One patent describes the use of novel cross-linking 

monomers without any structural changes to the polyester backbone (79). In this case 

the cross-linking monomer was a member of the acetoacetoxyalkyl (meth)acrylates 

(Fig. 7). 

F 
HXHz-C-rnp! + HrqCHi.l;CIXH . I 

GlJ 

Neopentyl glycol Adipic acid ! Acrylic acid 

. wf·r --1~ ili,=HJJ <XH,((H,()-Q.<R'·C 0-CIH=<R - . -1 - II ""II -
(}lJ O O ·. 

n 

Fig. 6: Reaction scheme for the production of acrylate terminated polyesters. 

0 0 R O 

CH 3-t1
-cH 2-t1-o-c!~-1H-o-Y-1=cH2 

R2 CH 3 

Fig. 7: Structure of acetoacetoxyalkyl (meth)acrylates 
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These inventions all claim to reduce the styrene emissions from unsatur~ted polyester 
. ' ·: ' ". 

resins· but they do not alleviate the problem of combustion andsmoke production. 

This is a completely separate area of research and as such will be. discussed 

separately. 

1.5 Fire Retardation and Smoke suppression 

1.5.1 Introduction to Fire retardation 

Fire retardation dates back many years with the first reference to fire retardants for 

wood dating back to 1905 (80). Since then there have been thousands of papers 

'· 

relating to fire retardation in polymers and naturally occurring materials. It has 

. become clear that fire retardation centres. around a core of elements which appear 

frequently in fire retardant formulations. These elements are P, N, Sb, Al, Cl ;oBr and 

· B. There are other elements which have useful fire retardant properties such as Sn, 

. Fe, Zn, Mo and Mg but they are not so widely used. Before the. mechanisms of fire 

. retardancy for individual elements can be discussed, however, it is vital that the 

· fundamentals of fire and combustion are fully understood. 

1.5.2 Fire and Combustion - The principles 

The combustion of polymers is a very complicated process which varies from 

polymer to polymer and depends entirely on the structure of the polymer and the 

combustion conditions. This process, however, can be discussed in general terms. In 

··general the combustion of a polymer can be considered on three distinct scales: 

micro, macro and mass (81 ). Micro scale combustion considers only a single polymer 
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molecule, macro scale relates to I gram of material and mass scale discusses the 

combustion of a fully furnished room. It .is obviously not economically feasible to 

constantly carry out combustion research on an entire room full of polymeric 

materials, conversely it is also not always a simple matter t.o study the combustion 
, . ~_,. 

behaviour of a single molecule. Most research is, therefore, carried out on the macro 

scale. 

l.5.2.1 The Burning Cycle· 

For any material to burn three components are always essential. These are the fuel, a 

heat source and oxygen (Fig. 8). This is called the.'Fire Triangle' 

l 
FIRE 

Fig. 8: The Fire Triangle 

If any one of these three components is deficient to any extent then no combustion 

will take· place. The process of combustion itself is essentially a four stage, self-

accelerating process (82 - 84). The stages are as follows: 
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1) Transfer of heat to the polymer surface. 

2) Thermal degradation and. decomposition of the polym~r to give volatile a~a' 

reactive species (fuel production). 

3) Exothermic oxidation of the 
0

decomposition products (c~mbustion) resulting in· 

the production of light and heat as by-products. 

4) Transfer of the resultant heat back to the polymer suef~ce. · 

As has been stated, when a polymeric material is subjected to an external heat source 

.·. -

it begins to thermally degrade. This results in the elimination of gaseous products. 

This loss of gaseous products is, of course, not an instantaneous occurrence and 

oc:;urs in several stages, which are temperature dependent. At lower temperatures of 
. . 

around 100 - 250°C only very low energy reactions will occur. This includes the loss 

of functional groups, condensation and dehydro-halogenation. This renders the 

carbon skeleton of the polymer increasingly more unsaturated and conjugated but 

essentiaHy still intact ( 85). 

At the higher end of this temperature range there is enough energy for individual 

bonds to be broken. The order of this bond scission is dependent on the respective 

bond energies. Some bond energies of typical components found in polymers are 

given in Table 3 (86). 

Bond Energy (kJmor') Bond Energy (kJmor1
) 

C-I 192 N-H 385 
C-Br 226 c..:H 410 
-C-N 247 H-H 431 
C-C1 326 0-H 460 
C-C 335 O=O 494 
C-0 335 C=C 607 

Table 3: Mean bond energies of typical components found in polymers 
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At.temperatures between 250 - 500°Cthe polymer decomposes further to produce tar, 

gas arid char. This is essentially a disproportionation reaction which yields hydrogen-

rich and hydrogen-poor- fragments, the char being poor in hydrogen and containing 

mainly an unsaturated carbon chain. At these temperatures even the strongest bonds 
. . 

are broken, resulting in three possible outcomes: .. 

1) Unzipping of the polymer chain itself yielding flammable monomers, - ; 

e.g. P!vIMA 

CH3 
I 

·CH,C-CH2-.. . -, .. 

COiCH3 

2) · Random elimination of small chemical fragments 

e.g. poly (ethylene) 

)It, . ca,-OJ, + cH,cH, + rn,rn -OJz I 
3) Combination of both 1 and 2 

~he products from all three of these combinations . can sustain the combustion 

reactions. Above 500°C the char becomes increasingly more condensed. The 

res.ultant secondary char is extremely insulating and acts as a barrier protecting the 

polymer surface from the flame. 

As the polymer sequentially degrades the gaseous products are exothermically 

oxidised by atmospheric oxygen. This is a very complex series of reactions. The 

17 



complexity of this can be highlighted by the number of reactions which take place in 

a simple methane flame (Fig. 9)(82,87). 

Clii + OH· ._....,.a. CH3; + H20 

Clii+H· ~ CH3· + H2 

Clii+ o·· ~ CH3· + OH· 

CH3·+ 02 ~ .HCHO + OH· 

HCHO + OH· HCQ. + H20 

HCO + OH·~ CO + H20 
CO + OH···· ·.. CQi+ 'H• :· 

H· +. 0i :;;;===e: OH·+ o· 
o·· + H2 ~ OH·+·H· 

Fig. 9: Some of the reactions taking plc.ce in a methane - oxygen flame 

It must, however, be stressed that this series of reactions by. no means represent the 

reactions that occur when a polymeric system burns: These reactions were obtained 

from a pre-mixed flame with an excess of oxygen. The combustion of polymers, on 

the other hand, proceeds with an oxygen deficient flame. It has been suggested that, 

in polymeric systems, important oxidation reactions actually occur at the polymer 

surface (88,89) which contribute to the overall flammability of the polymer. 

Given a schematic representation of the combustion process (Fig. 10), it can be seen 

that for a combustion process to be cyclic and self-sustaining the heat feed-back from 

the combustion must be enough to decompose the polymer further, i.e. Q2 must be 

equal to if not more than Q1• 
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·. PYROLYSIS THERMAL DECOMPOSITION 
POLYMER ~ PRODUCTS 

-Qi 

Fig. 10: Schematic representation of the burning cycle 

IGNITION 

+ Qi 
COMBUSTION 

PRODUCTS 

As can be seen from the diagram Q1 is endothermic, i.e. it requires and takes in heat - -
. . 

and Q2 is exothermic, i.e. it emits heat.· For.a polymer to be flame resistant it would 

need to have a high Q1 value and a low Q2 value. In this case the heat being returned 
. . . . . ' ' 

to the polymer surface from the combustion would not be. enough to. de-grade the 

polymer. If, on the other hand, the polymer has a low Q1 value and a high Q2 value it 

will be extremely flammable. For a polymer to be rendered fire ret~rdant this burning 

cycle must be modified in such a way that combustion cannot take place. 

1.5.3 . Modification of the B·urning Cycle 

The incorporation of flame retardancy into a polymer can be achieved in many ways. 

All of these methods have one thing in common, however, in that they all modify the 

magnitude of Q1 and Q2, as described above, i.e. modification of the fuel production 

or interference with the flaming combustion process. 
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1.5.3.1 Interference with the Fuel Production Stage 

The alteration of fuel production. can be achieved in one of two possible ways. These 

are physical, where the rate at which the polymer· receives heat is altered; and 

chemical, where the response of the polymer to the heat source is altered. 

1.5.3.1.1 Physical Mechanisms 

The rate at which the ·polymer receives heat from the external fuel source can be 

reduced by · additives which change the thermal conductivity of the polymer 

formulation. This is achieved by more effective heat dissipation throughout the bulk 

of the polymer. The effect of this is to drastically increase the amount of time taken 

to:reach a temperature at which the polymer decomposes .. Additives tha(absorb and 

remove heat by melting or evaporation are known as transpirational coolants. 

1.5.3.1.2 Chemical interference 

A fire retardant which chemically affects the fuel production in a polymer can act in 

one of two ways. The first way is to promote the formation of a non-flammable char 

and to reduce the amount of flammable gases that are produced during the 

degradation process. The production of the char barrier is useful in several ways. 

Firstly, a char reduces the amount of fuel that it available for decomposition. 

Secondly, it acts as a thermal barrier for the polymer and so. prevents further 

degradation and finally it can act as a heat sink by radiating excess heat away from 
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the polymer surface. In this case then the value of Q1, as described earlier, 1s 

increased and the vaiue of Q2 is decreased. 

The second way in which a chemical;modification canoccur is to increase the rate of 

fuel production. . In this case the fue.l is produced at lower t~mperatures where a 

flammable fuel/air mixture is never reach~d. 

1.5.3.2 Modification of the Combustion Stage 

Flaming combustion is essentially .an oxidation reaction between atmospheric oxygen 

and reactive free radicals. produced from the. degrading polynier. Interference with 

this process should, then, be a case of, producing free radical traps which inhibit tbis 

reaction. An additive that breaks down during the decompositien process to produce 

free radicals that compete with reactive free radicals to produce less energetic radicals 

than the existing H, OH, and 0-, would act as a flame inhibitor; This process, called 

''poisoning", reduces the amount of heat radiated back to the surface of the polymer 

by reducing the number of exothermic reactions taking place in the flame. 

It has been reported, that in hydrocarbon flames, some ionisation reactions occur 

(90,91). These have been theorised to be: 

These,only occur in very small quantities, however, and any fire retardant desi~ed to 

,specifically inhibit these ionisation reactions would be of little practical use. 
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t5.4 · Fire Retardants - Types and Mode of Action 

There 'are several words related to how fire retardants are incorporated i~to· a polymJr 

system, ·where. they affect the burning cycle and how they. operate: .. ·These• wojds are 

additive andreactive for how 'they are .. incorporated, condensed phase action or vapour 

phase' action, 'ror where they act and finally additively, synergistically and 

antagonistically, for how they act. . 

1.5.4.1 Additive vs Reactive Flame Retardants 

An additive fla~e retardant is a compound wlnchis merely blended into the polymer 

itself (92). Such a flame retardant would be something like hydrated aluminium (ill) 

oxide··· (Ali03.3H20) or triethyl phosphate ((CH3CH20)3P(O)). When a flame 

retardant is reactive it has been · chemically incorporated into the actual structure of 

the polymer. This can be achieved by backbone modification or cross-linking 

monomer modification. Examples of this are shown in Fig. 1 r. 

Cl Cl 

Cl 
0 

·o 
// 

0 Cl C-O-CH2CH=CH2 

0 C~O-CH2CH=CH2 
Cl 

0 0 

a) 
Cl 

b) 

Fig. 11: Examples of reactive flame retardants. A) Chlorendic acid anhydride B) 

HET acid ester. 
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Structure a) is used in place of phthalic· anhydride and b) is used rather than styrene. 

As can be expected both types of flame retardants have · drawbacks. In the case of 

additive flame retardants they have the tendency, over a period of time, to leach from 

the polymer resulting in a reduction of the fire retardant effect. Reactive flame 

retardants do not leach from tlie polymer as they are an integral part of the network. 

They are, unfortunately, expensive to synthesise and also a great deal more research is 

needed to ensure that there is no resultant loss of physical and mechanical properties. 

1.5.4.2 Vapour Phase vs Condensed Phase action 

Fire retardants act in the condensed phase by altering the thermal decomposition of 

the polymer to promote char formation or increase the decomposition rate at lower 

temperatures. This has the effect of, reducing the amount of fuel · available for 

combustion. In the vapour phase the fire retardants act by trapping the reactive free 

radicals that are produced by the thermal decomposition process. This has the effect 

of inhibiting flaming combustion. It is, however; extremely rare that a fire retardant 

acts solely in one phase witho~t affecting the other. It is difficult to decide which 

phase the retardant actually acts in. Hastie has summarised the macroscopic criteria 

for defining a gas phase or condensed phase mode of action (93). 

Gas Phase: Loss of retardant element from substrate 

Insensitivity to structure 

Sensitivity to oxidant 

No change in composition of volatiles 
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Condensed Phase: Enhanced char formation 

Retention of retardant element in substrate 

Retardant element ineffective in gas phase 

Sensitivity to structure of polymer . 

Insensitive to oxidant 

Change in volatile pyrolysis products 

Despite these definitions deciding where a fire retardant element operates is not a 

"" 

simple matter. The difficulties associated with this will be discussed in section 1.5.5 

along with the individual elements used as fire retardants. 

1.5.4.3 Additivity, Synergism and Antagonism 

These three phenomena only occur when two o_r more fire retardant elements are used 

in conjunction. An additive fire retardant effect is the sum of the individual effects of 

the elements when taken independently. A synergistic effect is when the two 

elements combine together to give a fire retardant effect which is greater than the 

additive effect, assuming the same amounts of fire r~tardant elem~nts are present. An 

antagonistic effect is when the effect produced is less than the additive effect. 

Obviously the most desirable effect is synergism. In a synergistic system less of the 

respective elements can be used to confer a specific fire retardant effect on the 

polymer. The actions of individual elements will be discussed later but synergism in 

general will be discussed in more detail here. 

In determining whether or not two fire retardant elements , are synergistic, it is 

necessary .to study the effects of the individual elements. First a concentration -
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response curve is drawn for each element. This can be achieved by taking the oxygen 

index (O.I.) value for each element at various conceritration levels and drawing a 

graph. The O.I. value of a burning polymer is obtained by burning the 'polymer in a 

known mixture of nitrogen and oxygen. The O.L value is taken to be the percentage 

of oxygen at which the polymer is self-extinguishing after 3 minutes, as the fraction 

of the total amount of nitrogen and oxygen present(Equatioi:l 1)· · 

Equation 1: Calculation ofO.I. value· 

From the ,concentration - response curve an algebraic function describing· the· fire 

retardant effect of the element is derived. The algebraic functions are then summed 

to give the effect as described by an additive system. This is then compared to the 

actual experimental effect obtained when the two elements are used in conjunction 

with each other. 

Take, for example, two fire retardant elements A and B. When taken individually the 

concentration - response curves show the flame retardant effects of the elements XA 

and Xa to be the functions F(A)and F(B). The additive flame retardant effect XA,B is 

then calculated as: 

I XA,B = F(A) + F(B) 

If the theoretical response, as calculated by the above equation, does not match the 

response as shown expelimentally by the action of the two elements together then a 

third term is needed to compensate for this discrepancy: 
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XA,B = F(A) +' F(B) ± SA,B 1. 

If this third term is positive then the effect is greater, than the additive effect and the 

elements can be considered as synergistic. If,· on the. other hand; the third term is 

negative then the elements are antagonistic .. · · 

Unfortunately this concept is not as straight forward as it seems. A phenomenon 

called pseudo-synergism has been. described (94 ). .When this occurs it. is possible to 

demonstrate a synergistic interaction between two elements when no such effect 

occurs .. 

Lyons (95) reported a synergistic effect between phosphorus and bromine. In his 

review .he took literature values given for. the fire retardant effect of bromine .and 

phosphorus when used individually. He then assumed that the concentration -

response relationship_ was linear. From. this he calculated the additive effect of the 

two elements when used together, assuming no synergistic interaction. This 

theoretical additive effect was then compared to the actual amounts needed as derived 

experimentally. 

From his work with acrylic polymers he found that 5% phosphorus or 16% bromine 

was needed to impart fire retardant properties to the polymer, when used individually. 

Assuming a purely additive effect he used the following formula . to calculate the 

amount of Br, when used with 1 % phosphorus, needed to impart the same level of fire 

retardation as 5% P or 16% Br when used alone: 
' 
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Where:·. Mp = Level of Palone for fire retardant properties· 

Tx = LevelofBr alone for fire retardant properties 

Mp+x = Level of Pin mixed system needed for fire retardant properties 

Tp+x = Level ofBr in mixed system needed for fire retardant properties 

Using this equation he calculated that 12% Br would be needed, in an additive 

system, with 1 % P present. The actual amount, found experimentally, was 

determined to be 3%. Lyons, therefore, deduced that synergism was taking place. 

Weil criticised this deduction because it was based on the assumption that the 

concentration - curve was linear. In most cases the response is actually a diminishing 

slope (Fig. 12) 

5 
bD 

~ 
0 

Cone entration of flame retardant 

Fig. 12: Normal concentration - response curve for fire retardant elements 
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From his own studies on the bromine - phosphorus interactions in acrylates, Weil 

found that the best algebraic function to describe the iridividual fire retardant effects 

of the elements was in fact a half power relationship: 

Where: 

Q.J.(Observed) = K pXC~·
5 + (Q.f.) 0 

Q.] .(observed) = K BrxC ~; + ( Q. J. t 

K = A constant 

C = Concentration of the element 

(0.1)0 = O.L value for untreated polymer· 

Using these equations, Weil postulated that if an additive effect were in operation and 

1 % phosphorus were used then the effect of thisJ % P together with a certain amount 

of additive Br should have the same fire retardant effect as 16% Br, as stated by 

Lyons (Equation 2) 

Equation 2: Calculation of the amount ofBr needed for an additive effect 

By dividing this equation through by the constant Kar and rearranging Weil came up 

with the following formula: 

Kp +(C )o.s = 4 
K Br 

Br 

From the following equation Weil calculated Kp!Ksr to be 1.78. In this equation he 

assumes that 5% P has the same fire retardant effect as 16% Br. 
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(Kp(5)
00 = K 8,(16)

0
');. (::, = 

2
~

4
) 

Therefore Car= (4 -J.78)2 = 4.9. · 

Weil's results, then, also indicated that there was.soµie.synergism because in practice 

only 3% Br was needed rather than the calculated 4.9%. The extent of the synergism 

however, was not as great as Lyons reported 

Having now discussed the fundamentals of combustion. and the ways in which it can 

be prevented, it is perhaps prudent to talk about the elements which confer flame 

retardancy onto a polymer and their modes of action. 

1.5.5 Flame Retardant Elements and their Modes of Action 

As has been previously mentioned there are seven elements that are frequently named 

in fire retardant formulations. These are Cl, Br~ Al; B, -N, P and Sb. Fire retardant 

formulations are not, however, limited to"just these seven elements. There has also 

been a large· amount of research into transition metal elements and their synergistic 

effects with other elements. 

1.5.5.1 Chlorine and Bromine 

These two elements are banded together as they impart flame retardancy in exactly 

the same way. In unsaturated polyesters alone· there has been huge interest in 

halogenated fire retardants (96 - 114) of both the reactive and additive type. The 
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types. of. compounds that have been used · are extremely· diverse, ranging from 

modified cross-linking monomers (Fig. 13), modified· glycols (Fig. 14) or modified 

anhydrides (Fig. 15) to purely additive compounds such as chlorinated paraffin waxes. 

Br 

Br 

Br 
fi-O-CH2-rn CH2 

0 

Di all yl T etrabromophthalate 

Fig. 13: Brominated cross-linking monomer (96) 

X= Cl orBr 

Fig. 14: Halogenated glycol: Dichloro- or Dibromoneopentyl glycol (97) 

0 

I 
0 

I 
0 

1, 4,5,6-tetrachloro-7-oxo-nonbomene-2,3-dicarboxyl anhydrid 
dimethyl acetal 

Fig. 15: Chemically modified anhydride (106) 

A detailed review on the halogenated compounds that are used for flame retardation 

and their respective advantages and disadvantages could be carried out here. 
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However, in. the context of this .thesis it is, perhaps, more important to discuss the 

modus operandi of halogenated fire retardants rather than to catalogue the ones that 

exist, as there is some controversy as to how they operate. 

It was originally observed that certain bromohydrocarbons were 5 .:. 8 times more 

effective than nitrogen or C02 in rendering volatile gas mixtures non-flammable (115) 

and in the 1950's a mechanism was put forward to account for this behaviour. It was 

proposed .that; upon decomposition of ·these bromo compounds, HBr was formed 

which competed with the free radical reactions taking place in the flame, primarily 

the propagation and chain branching stages. In this context the important reactions in 

the combustion of methane, as discussed earlier, are shown below: 

Cf4 + OH· =­
CH3·+ 0i 

CO+ OH· :;;=,:==:!!:I 

H· + 0i 

HCHO + OH· 

C0:2+ H· 

OH·+ O· chain branching 

HBr, when present in the combustion zone, competes with these reactions in the 

following way: 

HBr + OH· • H20 + Br ~ 

HBr + O· .. OH· + Br. 
HBr + H· ..... H2 + Br . 

HBr + CH3· ..... CH.i + Br. 

All of these competitive reactions are less exothermic than the nonnal combustion 

reactions and so the amount of heat available, in the presence of HBr, to radiate back 
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to the polymer surface is reduced. This leads to a.reduction in the decomposition rate 

of the polymer, a subsequent reduction in the burning rate and finally the extinction of 

the flame. 

It was concluded by Butlin and Simmons (116) that the .main HBr inhibiting stage is 

the removal of H radicals in the chain branching step, from the reaction zone. They 

went on to study the relative efficiencies of HBr, HI and HCl in this inhibition stage. 

This was carried out by comparing the rate of removal of the H radicals compared to 

the reverse reaction where the halide radical reacts with H2 to form a hydrogen 

radical: 

I H2 + X, __ ,._ HX + H· I 
· In the case of HBr and HI the· probability of this reverse reaction taking place is 

extremely small. · The effect of these halogens, then, is to inhibit the flame by 

removing H radicals from the reaction zone. In the case of HCl however it was found 

that there was an equal chance of either reaction occurring. The net effect is that HCl 

. does not effectively remove H radicals from the reaction zone. It was, therefore, 

concluded that HCl acts as a diluent to the flame. These findings were confirmed by 

Petrella (117) who found that the bromine reacts with H2 to form HBr and a H radical. 

This radical could then react either further with Br2 or with 02. Petrella found that 

significant amounts of HBr were formed and that the combustion of H2 was delayed: 

The combustion reaction only took place after almost all of the Br2 was consumed. 
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Although this free radical trap mechanism is. generally accepted. as being the 

mechanism by which halogens operate, there is some evidence to. show that they act 

in a purely physical way. 

It has been found that the minimum weight of halogen required in the combustion 

zone, to prevent flame propagation, was 75 - 80% by weight of the sum of the weights 

of fuel and agent. 

Larsen and Ludwig (118) argue that most halogen"'.'containing polymers only contain 

1 - 30% halogen. If all of the polymer was vaporised then there would not be enough 

halogen present to extinguish the flame .. The authors go on to compare the Spalding 

· Mass Transfer Number for various halogenatedJuels (Table 4). The Spalding Mass 

Transfer Number, when applied to liquids, can be simplified to be the ratio ·of the heat 

of combustion per gram, 6-ffc Jig, to the heat of vaporisation per gram, Aflv J/g. This 

is essentially the ratio of the amount of heat given off on combustion per gram of fuel 

to.the amount of heat needed for further vaporisation for 1 gram of fuel. The higher 

the figure the more flammable the fuel and vice versa. 

Fuel Halogen Flash Pt. Fire Pt. Afic J/g Aflv J/g MlJAflv 
(% Wt) (°C) (°C) 

c~ 0 13 -14 40 OOO 376 106 

CJlsCl 32 40 51 26 OOO 312 83 

CGiiiC12 48 68 403 18 400 260 70 

CJI5Br 51 52 154 -18 400 232 -80 

C5H3Ch 58.6 99 - . 16 OOO 212 75 

Table 4: Spalding Mass transfer Number for halogenated fuels. 
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It can be seen that as the halogen content of the fuels.increase the Afic value·decreases 

markedly whereas the .1Hv value is altered to a· lesser extent. This has the effect of 

reducing the Spalding Mass Transfer Number dramatically showing that there is less 

energy available from the flames to facilitate further vaporisation from the surface of 

the fuel. Consequently more of the material needs to ·pyrolyse to sustain combustion.· 

or alternatively a further, external, heatsource is needed. · 

This work has some valid points but one major failure in the work is its assumption· 

thatall of the polymer vaporises to provide the halogen fo the vapour phase. It is not 

necessarily true that the release of the halogen into the vapour phase coincides with 

total degradation of the polymer. It can be said that, in:the early stages of pyrolysis,· 

only dehydro-halogenation occurs which provides a total weight·%: of halogen in the 

vapour phase of around 75 - 80%. 

Further studies into the mode of action ofbrominated .fire retardants (119, 120) have 

showri that the introduction of HBr into the oxygen free ··zone surrounding 

polyethylene causes a significant reduction in the weight loss of the polymer. The 

reverse is true for polypropylene, where the rate of degradation was increased. Both 

of these will result in flame retardancy. The reduction in weight loss results· in less 

flammable fuel being available in · the vapour phase. The increase results in the 

flammable fuel being available at temperatures where no flammable mixture is 

present. All of this work into the action of halogens in flame retardancy has shown 

that there is no definite mode of action, with some flame retardant effects being seen 

in both the condensed and vapour phase. Chamberlain ( 121) tried to explain how this 

phenomenon could come about. He stated that "The bromine acts in the condensed 

phase: to alter the fuel production by acting as a catalyst for condensed phase 
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degradation. The organic bromide decomposes at such a temperature and rate that the 

concentration of HBr in the vapour phase is very. ·high· just at the time when a 

flammable mixture of fuel and air is·formed.~' 

Iodo-compounds are effective free radical trapping agents in polymers (116) but their 
c., 

cost is prohibitive in their use as fire-retardant additives. Fluorine compounds have 

very stable C-F bonds which are resistant to oxidation. In this case; then, there would 

be no free radical trapping agents present in the vapour phase .. The pyrolysis of fluoro 

- polymers has, however, been studied by Madorsky et·al(l22 - 123). The conclusion 

ofthese studies was that the degradation mechanism of fluoro - polymers was 

dominated· by the loss of HF. · This leads; depending on factors such as amount of 

fluorine and its position in the backbone, to · chai:..1-scission, the production of 

unsaturation and cross-linking. HF has no activity in the gas-phase. 

Whatever the action of halogens in polymers, it is safe to say that the,fire retardant 

effect of the halogen will only be effective as long as the hydrogen halide is formed 

along with the pyrolysis products. · 

1.5.5.2 Phosphorus as a Flame Retardant. 

As with halogenated fire-retardants there has been a great deal of research carried out 

into the action of phosphorus compounds as well as the formulation of new 

phosphorus based fire retardant compounds. Phosphorus compounds have been used 

to impart flame retardancy into unsaturated polyesters ( 124 - 129), polyurethane 

foams (130 - 132), phenolic resins (133), poly(methyl methacrylate) (134) and 

cellulosic materials· (95, 135, 136). Again ·a full review of phosphorus containing 
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compounds' used as fire retardants could be undertaken but ~gain this is of lesser 

importance than a full understanding of the mode of action of phosphorus­

compounds, which is very reliant on the structure of the polymer. 

Unlike halogens, the generally accepted mechanism for phosphorus compounds is a 

condensed phase action. Phosphorus may be incorporated into the polymer either as 

an additive or as a reactive co-monomer: Reactive species have the effect of altering 

the pyrolytic fuel production stage. In all cases. the presence of phosphorus in the 

polymer increases the char formation of the.polymer on combustion. 

In cellulosic materials the pyrolysis stage starts. with. the unzipping of the polymeric 

chain (137) to produce monomer units. These can then degrade in two ways, 1) via 

an epoxide to form levoglucosan and then to tar and volatile products or, 2) by 

dehydration and dehydrogenation to form a char. It is known that phosphorus 

compounds can form acidic compounds on combustion which accelerate the 

dehydration route to form char in cellulose (93). This occurs via esterification, 

thermal decomposition and the formation of an unsaturated backbone (115,· 116) 

which leads to char formation. 

Phosphorus fire retardants in polyurethane -foams will be discussed in the phosphorus­

nitrogen synergism section as the phosphorus does not directly cause the fire retardant 

effect, rather it catalyses a degradation reaction which leads to char formation. 

In unsaturated polyester resins the fire retardant effect of the phosphorus compounds 

is the same as in cellulose with phosphorus acids or polyphosphates leading to an 

increase in char formation. 

Additive phosphorus compounds need to. be matched to the decomposition 

temperature of the polymer. This has been referred to as the "right place at the right 
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time" theory (138). Fire retardants are often assessed by using thennogravimetry. 

This procedure compares the thermal degradation profile of the polymer to those of 

the fire retardants (Fig. 16). In this case fire. retardants 1 and 2 are too volatile and 

they would vaporise from the polymer before -a flammable mixture of fuel and air 

could be fonned: Retardant 5, on the other hand, would only be effective at 

temperatures higher than the thermal degradation temperature of the polymer, by 

which time the polymer has already degraded and started combustion. Retardant 4 

would be the most suitable fire retardant with 3 also being of limited use. 
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Fig. 16: Thennogravimetric curves for polymer (shaded area) and five potential fire 

retardants. 

It has been further suggested that the use of two additives, with different volatilities, 

would be more effective. The use of one additive which decomposes at about 60 -
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75°C before the polymer would ensure a high concentration of fire retardant in the 

vapour phase at the same time as a flammable fuel/air mixture was produced. A 

second additive could, then, be used which did not decompose until a large amount of 

the polymer had degraded. Using this method there would be effective fire retardancy 
. . . . . 

. . . . . 

over the complete thermal degradation range of the polymer. 

1.5.5.3 Aluminium Flame Retardants 

Aluminium flame retardants are actually the most commonly used flame retardants. 

The most common of these, and the only one to be discussed here, is aluminium oxide 

trihydrate (ATH) (Al20 3.3H20). This is a white powder which is used as un additive 

flame retardant. It operates in two main ways, one in the condensed phase and one in 

the vapour phase (82). In the condensed phase it acts primarily as a heat sink. This 

means that it absorbs heat and conducts it away from a concentrated area on the 

polymer surface. There is, then, less heat to cause degradation of the polymer. 

Despite this action there comes a stage where the ATH reaches its thermal saturation 

level and no more heat can be removed from the polymer surface. This is when 

thermal degradation of the polymer starts. At t~mperatures of around 200 - 250°C, 

however, the ATH releases its water into the vapour phase. As ATH is ~ften used in 

quantities as high as lOOphr or more and its water content is 35%, a large amount of 

water is released into the vapour phase. This has the effect of diluting the flame and 

also reducing the amount of heat radiating back to the surface of the polymer thus 

inhibiting further degradation. This causes flame extinction. 
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1.5.5.4 Boron Flame Retardants 

. . 

Although boron is used as a flame retardant additive in polymers, it has never really 

enjoyed the same amount of use and study as ·elements such as phosphorus or the 

halogens. Due to this the mode of action of boron will only be discussed briefly. 

Boron usually operates in one of three ways depending on the boron compound used. 

When borate· esters are used in a polymer, such as cellulose, they· produce acidic · 

compounds which accelerate the dehydration process in the polymer leading to char 

formation. This is similar to the mode of action that is seen with phosphorus 

compounds in these polymers. 

The use of borax (Na2B40 7.10H20) highlights the other two modes of action seen 

with boron compounds (82). The solid borax additive in the polymer melts when heat 

is applied to the polymer surface. This molten borax then rapidly swells to form a 

froth on the surface of the polymer. Subsequent dehydration of this froth causes a 

thermally stable glassy layer to be formed on the polymer surface (Fig. 17). This 

glassy layer prevents oxygen from reaching the polymer and so· prevents the 

combustion process from taking place. This layer is also heat· resistant so less heat 

can reach the polymer surface. This leads to a reduction in the.degradation rate of the 

polymer and so less fuel is available for combustion. The water lost from the borax is 

released into the vapour phase where it has the same effect as the water released from 

A TH, as described earlier. 
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Fig. 17: Fire retardant activity of borax. 

1.5.5.5 Nitrogen Flame Retardants 

Fire retardants that are based on nitrogen alone are relatively rare but are gaining in 

popularity. The reason for this increase in popularity of nitrogen fire retardants is that 

considerations such as smoke and the evolution of toxic and corrosive materials is 

now being considered along with the fire retardant properties of the element. Usually 

nitrogen is used in conjunction with phosphorus to produce a synergistic effect. Most 

nitrogen fire retardants are based around triazines and melamine and its derivatives 

(139 - 147). The mode of action of fire retardant nitrogen compounds varies greatly 

depending on the type of compound used and the structure of the P?lymer matrix. 

Stem (142) reported that melamine cyanurate (MC) degrades at temperatures of 

around 410°C to produce non-flammable and non-toxic gases such as nitrogen. He 

postulated that the effect of this was very much the same as having water in the 
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vapour phase,. i.e. a heat sink and a diluting• effect of the burning gases by non-

reactive gases. Importantly, however, he did stress . that the .decomposition 

temperature of MC must correspond closely. to. the decomposition temperature of the 

polymer in order to ensure that the nitrogen gases were available in the vapour phase 

when a flammable mixture was present. ·· A: more detailed study of the thermal 

degradation of various melamine _salts (143} concurs with Stern, in that this study 

agrees that thermally stable nitrogen. compounds such. as ammonium salts.· or 

melamine are released into the vapour phase to blanket the flame .. This.study showed 

that the condensed phase action of melamine centres on the production of polymeric 

products named "melam", "melem" and "melon" (Fig. 18). · It was found that 

melamine mostly evaporated above 250°C but did leave a small amount of residue 

(ea. 7%). This residue was analysed at various temperatures and was found,to consist 

of melarn to about 300°C, melem to abqut 450°C and melon to 600°C. The 

evaporated melamine has a blanketing effect on the flame in the vapour phase. 

Melaro (di 6,[2,4-diamino-1;3,5-s-triazine]amine) 

or 

Melem 

Fig. 18: Structures ofMelam and Melem. 
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When melamine is used in polymers as a salt its decomposition process is changed. 

Essentially, however, the release of non-volatile melamine into the vapour phase and 

the formation of the melon char at high temperatures stays the same. It is, merely, the 

route by which this is achieved that changes. , 

It has been shown with dimelamine cyanurate that between 250 and 350°C one 

molecule of melamine is lost leaving melamine cyanurate. Above 360°C (its melting 

point) 90% of this was volatilised to form free melamine and eventually, via 

dissociation, cyanuric acid. The cyanuric acid later decomposed to cyanic acid which 

acts in the vapour phase. At 450°C it was found that the residual char was similar to 

melon, which normally only occurs with melamine at temperatures above 500°C. It 

was proposed that the cyanuric acid catalysed the condensation of melamine· to form 

melon. The efficiency of this is limited by the decomposition of cyanuric acid to 

cyanic acid. Upon heating to 650°C the char totally decomposed to form volatile 

products such as HCN, (CN)2 and NH2CN. 

If, on the other hand, an additive were required that was thermally stable to very high 

temperatures, it was found that the use of melamine borates would be of considerably 

advantage. It was found that melamine borate decomposed in three distinct stages. 

Firstly at around 130 - 270°C the borate dehydrates to form boric anhydride (B203) 

and melamine, with the release of water vapour into the vapour phase. At higher 

temperatures (270 - 350°) the melamine itself decomposes as normal to produce the 

melam condensate and boric anhydride, with the release of melamine into the 

combustion zone. The degradation procedure above these temperatures is not folly 

understood but it is thought that melamine is further condensed and lost from the 
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residue. It• is also thought· that extremely stable polyamino-borazines may be 

produced. These are stable to temperatures of about l 100°C. 

As has been shown, by understanding the thermal degradation mechanism of various 

salts, it is possible to tailor the fire retardant to the polymer. 

Now that the fire retardant elements have been discussed individually it is time to 

consider the synergistic interactions displayed by these elements when used together .. 

1.5.5.6 Antimony - Halogen synergism 

Antimony is used in the trioxide fonn (Sb20 3) but has no fire retardant effects when 

used alone. Pitts ( 148) found that when antimony trioxide is added to halogenated 

polymers the fire retardant properties are greatly improved. 

War-time research found that the optimum mole ratio of Sb:Cl to impart the most 

effective fire retardant effect was I: 1. The explanation for this was that the HCl 

evolved reacted with the antimony oxide to produce SbOCl (149). The presence of 

this oxychloride was later concurred by other authors (150 - 152). Fenimore and 

Jones were the first to study where antimony - halogen systems operated (153). They 

found that antimony - halogen systems were only effective in oxygen-containing 

flames. They then concluded thatthis system must act as a flame poisoner which was 

specific to reactions with oxygen. They also found that 75% of the antimony was lost 

from the polymer. As antimony trioxide is thermally stable they concluded that a 

volatile antimony - halogen compound was formed. Several authors have noted the 

efficiency of a Sb:Cl ratio of 1:3 as opposed to the previously noted 1:1 (154 - 156). 

This was suggested to be SbCI3. It was found that the amount of chlorine volatilised 
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from the polymer compared to the amount of. antimony was 1 mole of Sb20 3 to 6 

moles HCI. The reaction of Sb203 with HCl is very co~plex but can be summarised 

as shown below. 

Despite the fact that the antimony - · halogen species that imparts flame retardancy 

into the polymers had been elucidated,· the actual· mechanism by which they poison 

the flame has not. Several theories have been put forward ( 148): 

1 · Trivalent antimony facilitates the generation of halogen radicals ~hich 

interfere with the normal free - radical reactions in flame propagation. 

2. SbOCl and SbC13 delay the rate of escape of halogen free radicals from the 

flame, thus increasing the chance of a reactant free radical reacting with the 

halogen. 

3. Volatile SbC13 blankets the flame. 

4. SbC13 and SbOCl act as dehydrating agents to promote char formation. 

Pitts (148) found that the following reactions took place when a polymer containing 

antimony and chlorine degraded: 

245°C - 280°C t 
5 SbOO(s) ,.. Sb40s°cs) + Sb03 

410-475°C t 
4Sb40s°cs) • 5Sb30 40(s)+ SbC13 

475 - 565°C t 
3Sb3040(s) ~ 4 Sb20 3(s) + Sb03 
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He concluded that the formation of SbCh resulted from the thennal degradation of 

SbOCI. Hastie (157) went on to study the reaction that took place between.SbCI3 and 

the reactive free radicals in the combustion zone. Some of these reactions are shown . . 

below to highlight the number of interactions that take .place, in this system, to inhi~it 

the flame (Fig. 19). These studies concluded that the antimony halides did indeed 

inhibit the free radical combustion reactions that took place in the combustion zone. 

Hastie also found that the HX species was. dominant at cooler temperatures.where no 

flammable fuel/air mixture was present and that the SbO species was prevalent in the 

reaction zone. He therefore stated that the fire retardant action of antimony halides 

occurred in two stages. Firstly the HX species reacts with reactive free radicals 

before combustion takes place .and then. the more stable SbO species takes over to 

catalyse hydrogen recombination in the.reaction zone. : ~- -:-. .. 

SbX3 + H• ... HX + SbX2 

SbX3 .... .... X· + SbX2 

SbX3 + CH3• .... CH3X + SbX2 

SbX2 + H• .... HX + SbX 

SbX2 + CH3• ... CH3X + SbX 

SbX + H· 
,... HX + Sb 

SbX + CH3• ... CH3X + Sb 

Sb + o·· + M .. SbO +M 

Sb + OH· + M ... SbOH + M 

Sb OH + H• SbO + H2 

SbO + H• 
,.... Sb OH* 

Sb + H20 ... SbO + H2 

X· + X• + M .... X2 +M 

X2 + CH3• 
,... CH3X + X•. 

M + X· + CH3• ... CH3X +M 

HX + CH3• ... CH.t + X• 

HX + H• .... H2 + X• 

Fig. 19: Flame inhibiting reactions involving SbCl3 
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1.5.5. 7 Phosphorus - Halogen Synergism 

The use of phosphorus and .· halogens · together 1s a very popular method of 

incorporating fire retardancy into a polymer because, even if no· synergism occurred, 

there would be the condensed · phase · action of the· phosphorus being used in 

conjunction with the vapour phase action of the halogens. This system has, therefore, 

been extensively used in polymers, (158 - 160). ·. The presence of a synergistic 

interaction between these two elements,. however, is an area_ of dispute __ with some .... 

authors proposing a synergistic interaction and' some 'oppo.sing .. this interaction. 

Hindersinn ( 161) carried out research into the. effect of phosphorus and halogens in 

unsaturated polyesters. He determined the burning times for %Cl vs P content of the 

resin and vice versa. He then combined the results from these two studies to derive a 

graph showing the %Cl and %P required for a given burning rate. On this graph he 

also plotted the %Cl and %P needed for a fixed burning rate assuming additivity of 

the two elements (Fig. 20) 
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Fig. 20: Amounts of Cl and p needed to give a specified burning rate compared to 

additive amounts needed. 

46 



. .· 

Hindersinn concluded that, as the deviations from the additive line were negative, 

some synergism was taking place in this system. 

Weil criticised these results on several grounds:· Firstly, he stated no intercept values 

were given for the amount of Cl needed at 0% P. From the graph it appeared that, for 

each burning rate, the amount of Cl needed at 0% P · wa·s around 26 - 27%.: ·. Weil 

concluded that this would mean that the burning rate was no{a function of the amount 

of chlorine which was not true .. Hindersinn aiso stated that the burning rate fol' the -

polymer containing 26.3% Cl and no P was 0.19 in/min. If this were true then for a 

: , . . ' ' 

longer burning time with no P, considerably less Cl would be needed, pushing the 

intercept at 0% P below the shown 26 - 27%. 

A study by Piechota ( 131) on rigid polyurethane foains · containing phosphorus and 

chlorine or bromine showed no synergism. In this study Piechota observed a peak 

flame retardant effect, for phosphorus, at 1.5% weight of phosphorus. · He also found 

that, for the halogens alone, there was a decrease in fire retardant effect as the 

amounts of the halogens increased. The interesting part of the study came when he 

plotted the optimum amounts of P and, initially, Br needed for flame retardancy. He 

found that · the graph obtained was · an exceptionally good straight line graph, 

indicating an additive fire retardant effect: In this case the L5% phosphorus is the 

optimum amount of phosphorus needed for the most effective flame retardant effect, 

without the presence of halogens. If the elements were synergistic it would be 

expected that the graph would deviate away from a straight line to a concave line 
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bending towards the axes. It was concluded that, as the graph was a straight line, the 

two elements acted additively rather -than synergistically. Despite these arguments 

against synergism there have· still been theories put .forward to explain how a 

synergistic phenomenon occurs. 

One theory put forward is that phosphorus halides and oxychlorides are produced 

which are free radical scavengers. These were thought to be more effective than 

hydrogen halides because of their increased vapour densities which cause the~e 

halides to stay in the combustion zone· 1onger than the less dense hydrogen halides 

(162). This theory gains credence when one considers that phosphorus oxychlorides 

have been shown to exert a flame quenching effect when introduced directly into a 

flame (163, 164). Hmvever, there has been no evidence that such reactions actually 

take place in phosphorus - halogen systems. 

1.5.5.8 Phosphorus - Nitrogen Synergism 

The use of phosphorus - nitrogen containing additives for flame retardancy has been 

extensively reported in the liteiature ( 165 - 176). Mechanistic studies of P-N 

interactions have shown that a condensed phase mode of action is predominant in 

most polymers. The mode of action, however, is different depending on the polymer 

matrix. It was discovered by Patil et al ( 177) that the presence of monohydrazinium 

phosphate caused cellulose to degrade at below 300°C. At these low temperatures 

very little levoglucosan is produced and so less fuel would be available for 

combustion. This additive also had the effect_ of reducing depolymerisation and 

promoting dehydration resulting in the formation of char and wat,er. It was found in 
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most polymers that more char was formed when phosphorus and nitrogen·were used 

in conjunction. 

The mechanism for nitrogen-phosphorus synergism in cellulose has been documented 

(178). It was proposed that compounds such as phosphoramides containing 2· amine 
~ . . . 

groups (Fig. 21) cause the synergistic effect to take place. 

0 
II 

R-P-R 
I 
R 

R=NHC2Hs 

Fig. 21: General structure. of phosphoramides used for N-P synergism in cellulose 

The 2· amine containing compounds can easily lose an amine group upon pyrolysis 

leaving a reactive P=N bond which can then attack the hydroxyl group on· the 

cellulose molecule to bond the phosphorus to the cellulose itself. Repetition of this 

results in the phosphorus being chemically bound onto the cellulose backbone (Fig. 

22). Less phosphorus is then lost during the burning process due to volatilisation. 

The effect of this is that less phosphorus· additive is needed to produce the same fire 

retardant effect as when the phosphorus is not bound to the cellulose chain. 
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Fig. 22: Schematic representation of proposed P-N synergism in cellulose. 
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The synergistic effect in polyurethanes, however, is· different from. that postulated in 

cellulose (82). Polyurethanes are nitrogen containing polymers of general formula: · 

0 0 
II · II 

H OR'.-0-C-NHR-NHC 

n 

Upon thermal degradation of this polymer isocyanate (RNCO) groups are produced. 

- . - - . -- . -

In the presence ~fa phosphorus compound, whi~h thermally degrades to form acidic 

phosphorus compounds such as phosphoric acid, the formation of isocyanurat~. rings . . ' '. . 

from t11e isocyanate groups is.catalysed (Fig. 23). 

Fig. 23: Formati_on of isocyanurate rings from isocyanate groups catalysed by acidic 

phosphorus compounds. 

These isocyanurate rings cause charring of the burning polymer which reduces the 

amount of volatile decomposition products from the burning polymer and also 

insulates the rest of the polymer against the heat source. 

In the case of P:MMA the phosphorus additives, as in polyurethanes, decompose to 

give acidic compounds such as poly(phosphoric acid). These acidic phosphorus 

compounds cause char and C02 formation in the burning polymer which leads to 
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flame extinction (134). In most cases the presence of relatively basic nitrogen 

compounds reduces the acidity of the phosphorus compounds and so lessens the 

activity of these compounds for char formation. In this case the nitrogen additive 

actually inhibits the phosphorus . additive. . It has also been shown that when 

ammonium polyphosphate is used in P:tv!MA the only reaction of the organic polymer 

under pyrolysis conditions is with pqly(phosphoric acid) which is the breakdown 

product of the ammonium salt. The nitrogen plays no part .. · 

In the case of polyacrylamide (PAM), a nitrogen-containing polymer, it has been 

found · that there is a large amount of. synergism in .the presence of. phosphorus 

compounds ( 179). In this study diethyl vinyl phosphonate was copolymersised into 

several polymers including P:tvnvt;A and polyacrylonitrile (PAN). It was found that the 

incorporation of 5.6% w/w phosphorus into PAN caused an increase in O.I. value 

from 0.18 to 0.275. In the case of PAM, however, this increase was much greater 

with slightly less phosphorus being incorporated into the polymer (5.3% phosphorus 

gave an increase in O.I. from 0.273 to .0.579). ; It was proposed that the 

copolymerisation reaction . taking place between · the amide groups and the 

phosphonate groups (Fig. 24) led to a high degree of crosslinking between the 

polymer chains. This leads to a higher degree of thermal stability during the earlier 

stages of combustion and so a lower rate of degradation: 

0 
II /H 

-C-N 

' H 
+ 

0 
II 

EtO--P-
1 
EtO 

O H O 
II I II ___ ..,_ --C-N-P-

1 
EtO 

Fig. 24: Reaction between amide groups and phosphonate groups. 
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1.5.5.9 Other Elements 

The majority of elements that have been used in addition to the above mentioned 

elements are metals in the form of compounds; with valency states such as Cr(III), 

Fe(III), Co(Il), Ni(II), Cu(II), Zn(Il), Mo(III), Mg and Sn(IV). These metals have been 

used to impart flame retardancy as well as reduce smoke in burning polymers and 

have been shown to work in numerous different ways. It is, however, well known that 

these metals are·· not effective fire retardants in their own right and rely on· the 

presence of halogens. 

It has been shown (180 - 183) that the oxides of metals such as Mo, Cu and Fe act as 

fire· retardants in halogen-containing polymers. Besides· giving fire retardation,· they· 

give more efficient smoke suppression than the antimony oxide - halogen system. 

The mechanism by which these additives operated was assumed to be the same as the 

antimony system, although some evidence does suggest that these metals actually act 

in the condensed phase rather than the vapour phase. 

Brauman carried out work on the use of zinc pyromellitates (Fig. 25) and their use as 

fire retardants in halogenated polymers (184, 185). She found that, in PVC and 

poly(bromostyrene ), the zinc pyromellitate promoted the -formation of char. at the 

expense of flammable fuel production. In PVC· she postulated that the zinc formed 

ZnC}i which promoted dehydrochlorination of the PVC and cross-linking of the 

resultant unsaturated polymer chain. 
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Fig. 25: Zinc Pyromellitate flame retardant additive · 

In poly(bromostyrene), however, she found. that the metal portion of the additive 

retarded the polymer degradation rate by possibly complexing with the bromine 

substituent on the polymer. The organic portion of the additive promoted 

crosslinking and fragmentation of the· degrading polymer. It was :thought that the 

cross-linking process was brought about by the organic portion degrading to form 

phenyl and acyl radicals. 

The use of anhydrous and hydrous tin (N) oxide has been studied by Cusack(l 86). 

He found that the hydrous form was a much more effective flame. retardant and smoke 

suppressant than the anhydrous form. He did, however, concede that neither additive 

worked in the absence of halogens. The reason, he stated, for the improved 

effectiveness of the hydrated oxide was that it released water into the vapour phase 

which the anhydrous form could not. He suggested that the mechanism for the flame 

retardant action of anhydrous tin(N) oxide with halogens was a two-phase system, 

-
with the tin oxide reducing smoke production by promoting cross-linking in the 

condensed phase with the halogen working in the vapour phas~. It has, however, been 

suggested that, when the hydrated form of tin oxide with bromine is used and· the ratio 

ofBr:Sn is above stoichiometric, large amounts of tin(IV) bromide are volatilised into 

the vapour phase to act as a free radical scavenger .. 
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Magnesium is another metal which has received attention as a fire retardant and 

smoke suppressant (187). In this case the magnesium is used as Mg(OH)2. This acts 

in very much the same way as A TH in that it is a heat sink and it releases water into 

the vapour phase, but it : has a higher decomposition temperature. It was found, 

however, that this additive was not as effective as ATH. The reason given for this was 

the large amount of research into optimising A TH for use in polymers whereas very 

little work has been carried out on magnesium hydroxide. 

Having taken into account all of the main elements and modes of action used for 

imparting fire retardant . properties into polymers, it was decided to undertake an 

investigation into the uses of substituted triazine rings as potential reactive fire 

retardants and smoke suppressants. .· 

1.6 1,3,5 - s - Triazines 

1.6.1 Synthesis of s-Triazines 

The.J,3,5 - triazines are amongst the oldest known organic compounds. Originally 
.J 

they were called symmetrical triazines or s-triazines. As these compounds have been 

around for so long there is still a tendency to use non-standard names for some of the 

most common s-triazines. These include melamine, cyanuric chloride, cyanuric acid, 

ammeline, ammelide and acetoguanamine (Fig. 26). 

The first 1,3,5-triazine was synthesised in 1895 by Nef (188) by treating hydrogen 

cyanide with ethanol in an ether solution saturated wi~ hydrogen chloride. The 

resultant salt was treated with base to yield an imidate which formed 1,3,5-triazine on 

distillation (Fig. 27). Today the 1,3,5-triazines are very important synthetic 
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intennediates because they are very reactive. Of their derivatives cyanuric chloride 

is, perhaps, the most important as it is the major starting. material for other 1,3,5..: 

triazine derivatives. · In fact the majority of 1,3,5-triazine based herbicides are 

synthesised from cyanuric chloride. · 

Common Name Rt R2 

Cyanuric chloride Cl Cl' 

Cyanuric acid OH OH 

Melamine NH2 NH2 

Ammeline OH NH2 

Ainmelide OH OH 

Acetoguanamine Me NH2 
.·.· 

Fig. 26: Structures and names of common s-triazines 

NH 
3HC-? 

'OEt 

-3EtOH 

Fig. 27: First synthetic route to 1,3,5-triazine 
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R3 

Cl 

OH 

I 
NH2 

NH2 

NH2 

NH2 

s-Triazines have also been extensively used in modifying polymers. These 

modifications have centred around three major areas of use: imparting inherent 
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thermal stability into polyurethanes, epoxides and poly(olefins) (189 - 192); 

antioxidants in electronic insulators (193 - 196) and finally as dyes and bleaching 

agents in poly(acrylonitrile) fibres (197 - 199} 

Although s-triazines have been extensively used in polymers it appears that very little 

use has been made of their high nitrogen content and potential char promoting 

properties,' to impart reactive fire retardancy and smoke suppression into polymeric 

systems. As cyanuric chloride is readily available and known to be an important 

intermediate for many 1,3,5-triazine derivatives, it was decided to use it·as the starting 

material for the synthesis of a potential reactive, fire-retardant; reduced volatility 

monomer for use as a cross-linking monomer for unsaturated polyester resins. 

1.6.2 Cyanuric chloride 

Cyanuric chloride is extremely sensitive to nucleophilic attack and the chlorine atoms 

can be sequentially replaced by a nucleophile. The reason for this openness to 

nucleophilic attack lies with the lack of electron delocalisation in this system (200). 

In an un-substituted 1,3,5-triazine the delocalised electron cloud, which is normally 

seen in aromatic systems, is substantially localised onto the nitrogen atoms. This 

reduces the delocalised electron cloud to about one tenth of that found in benzene. 

Obviously the presence of strongly electron withdrawing groups reduces the electron 

delocalisation more. This results in polarisation of the molecule so that the carbon 

atoms are electron deficient making them extremely susceptible to nucleophilic 

attack. (Fig. 28). Obviously, then, if an electron-donating group were used as a 

substituent the it-electron cloud is extended making the positive character of the 

carbon atom less pronounced and so reducing its susceptibility to nucleophi1ic attack. 

56 



Fig. 28: Charge delocalisation in cyanuric chloride 

The high reactivity of cyanuric chloride to nucleophilic attack is demostrated by the 

reactions and conditions for the displacement of chlorine . in cyanuric chloride as 

shown in table 5. It is observed that sequential removal of the chlorine atoms can be 

achieved by a relatively small change in the severity of the reaction conditions. 

T riazine Product c;J!t,. f . , . · : . , .·\{;\f\I;:/-(.r::};:s;;;"}?iC\t: · 
·., ,-. .· . ·. , .. :..:':'. . .. ,, 

R1 R:.: R3 Conditions Temperature 
(°C) 

RO Cl Cl RORNaHC03 30 
RO RO Cl RORNaHC03 65 
RO RO RO RORNaOH 25-30 
R2N Cl Cl R2NH, H20 0 
R2N R2N Cl R2NH, H20 30-50 
R2N R2N R2N R2NH. H20 90-100 

(R0)2P=O (ROhP=O (R0)2P=O P(OR)3 60 

Table 5: Some typical reactions of cyanuric chloride 
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Due to its high reactivity and high nitrogen content, cyanuric chloride was chosen as a 

suitable starting material for the synthesis of a cross-linking monomer for use in 

unsaturated polyester resins. 

1.7 Aim of project 

The aim of this project was to synthesise a reactive cross-linking monomer for use in 

unsaturated polyesters using cyanuric chloride · as a · starting material. The pre­

requisites for this monomer were that it: 

1) Had a high nitrogen content to try and suppress smoke evolution from 

the burning polymer. 

2) Contained no halogens as these cause corrosive and toxic gases to be released 

from the burning polymer. 

3) Had a low volatility to reduce the volatile organic contentofthe polyester and 

so reduce emissions of organic vapours. 

4) Had sites of reactive unsaturation to facilitate cross,.linking with the polyester. 

5) Reacted sufficiently well with the unsaturation in the polyester back-bone to 

give good mechanical and physical properties to the cured resin. 
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2.0 Experimental 

2.1 Terms of Reference 

NIBKP = Methyl ethyl ketone peroxide free radical initiator (33% ,w/w) phthal~te 
plasticiser 

BPO = Benzoyl peroxide free radical initiator (50% w/w) in phthalate paste 

DCPO = Dicumyl peroxide free radical initiator (99% w/w) 

AZBN = 2,2' -Azobisisobutyronitrile free radical initiator (99% w/w) 

CN = Cobalt naphthenate cure catalyst ( 1 % w/w) in styrene 

DMA = Dimethyl aniline tertiary amine cure catalyst (99% w/w) 

D.MMP or D'(in tables)= Dimethylmethyl phosphonate fire retardant additive 

TEP or T' (in tables)= Triethyl phosphate fire retardant additive 

ATH or A' (in tables)= Aluminium trihydrate fire retardant additive 
• d 

TCEP or C (in tables)= Trichloroethyl phosphate fire retardant additive 

T*PP (in tables)= Triphenyl phosphate fire retardant additive 

M (in tables)= Melamine fire retardant additive 

S (in tables)= StyTene monomer used for cross-linking 

A (in tables)= Aliphatic alkyd (adipic acid, maleic anhydride and diethylene glycol) 

used 

N (in tables)= Aromatic/normal alkyd (maleic anhydride, phthalic anhydride and 
propylene glycol) used 

T (in tables)= Triazine monomer used for cross-linking 

F (in tables)= Fire testing carried out 

phr = parts per hundred parts 
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2.2 Synthesis program 

Several synthetic routes were considered to try and-produce a thermosetting polymer 

with a high s-triazine content. The entire synthesis scheme can be seen in Appendix 

A as Figures Al and A2. 

2.2.1 Synthesis of 2,4-dichloro-6-diethylamino-s-triazine (Fig. 2.1) 

_.__ ____ ___,_._.,,,_ ......... ______ ._. ______________________ ..... 

Fig2.1: Synthetic route to 2,4-dichloro-6-diethylamino-s-triazine 

This synthesis was previously documented in the literature (201) and proven to be 

successful. 

A round bottomed flask (21) was placed into an ice bath and fitted with a stirrer, 

stirrer motor and thermometer. Water (600ml) was added to the flask, the stirrer 

started and the water was cooled to below 5°C. During this cooling period cyanuric 

chloride (l 83g, 1 mole) was dissolved in acetone ( 400ml). This hot acetone/cyanuric 

chloride mixture was rapidly poured into the cold water. The reason for this was to 

create a very fine suspension of the cyanuric chloride in the water in order to increase 

the effectiveness of the reaction. The solution was then again cooled to below 5°C. 

Diethylamine (146g, 2 moles) was added dropwise to the cyanuric chloride solution. 
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It was vital that the reaction temperature never exceeded 5°C during this. process to 

prevent di- or tri-substitution of the triazine ring. As the reaction is;ver; exothermic 

this addition process was very, time consuming. · · · After . the addition . of · the 

diethylamine to the solution, the reaction was allowed to proceed for another hour at 

O - 5°C before being stopped. At the end of the reaction the contents of the flask were 

filtered using a Buchner funnel. The solid residue was then·thoroughly washed with 

distilled water until these washings were clear. This washing process removed the 
. ,. 

water soluble (CH3CH2) 2NH/Cr that was produced as a by-product in the reaction. 

The solid was re-crystallised from toluene and dried under vacuum for 2 hours at 

65°C. The average % yield for the reaction was between,80 and 90%. 1H and Be 

NMR and Mass spectra were taken of the product. The spectra for these are shown in 

Appendix B as Figures B 1 ( Be NNIR), B2 (.1H NtvIR) and B3 (Mass Spectrum). I.Jc 

chemical shifts: 170ppm (aromatic C-Cl); 163ppm (aromatic C-amine), A2ppm 

(CH2), 12ppm (CH3). 
1H chemical shifts: 3.8ppm (CH2), l.2ppm (CH3). 

2.2.2 Synthesis of 2,4-diethoxy-6-diethylamino-s-triazine (Fig 2.2) 

Fig. 2.2: Synthetic route to 2,4-diethoxy-6-diethylamino-s-triazine 

This reaction was also documented in the literature (202). 

61 



A round bottomed flask (21) was placed intoan electric heating mantle and fitted with 

a stirrer, stirrer motor and a thermometer. Ethanol (99%, 900ml) was poured into the 

flask and to this crushed sodium hydroxide pellets (80g, 2 mole) were a.dded. The 

sodium hydroxide was allowed to dissolve in Jhe ethanol under stirring. The 

temperature of this solution was then raised to 32°C. Upon reaching this temperature 

the 2,4-dichloro-6-diethylamino-s-triazine (22lg, 1 mole) was slowly added to the 

solution. Care was taken to prevent the temperature of the reaction from exceeding 

40°C during the addition process. Again due to the exothermic nature of this reaction 

the addition of the reagents took a long period of time. After the s-triazine has been 

. added the reaction was kept at between 30 and 40°C for half an hour after which the 

temperature was raised to between 60 and 75°C. This temperature was maintained 

for a further 3 hours. At the end of the reaction the contents of the flask were filtered 

through a hot Buchner funnel to remove the NaCl by-product. The filtrate was then 

placed into a rotary evaporator where the excess ethanol was removed. After the 

ethanol had been evaporated off the warm contents of the flask were poured into a 

beaker. This was because the product was a solid at room temperature and as such 

would be difficult to remove from the evaporation flask. The product was re­

crystallised from toluene and dried under vacuum for several hours at room 

temperature. The average yield for this reaction was 85 - 90%. 1H, 13C NN1R and 

mass spectra were taken of the product. These can be seen in Appendix B as Figures 

B4 (
13

C NIYIR), B5 (1H NrvIR) and B6 (Mass spectrum) 13C chemical shifts: 169ppm 

(aromatic C-0), 163ppm (aromatic C-amine), 65ppm (0-CH:J, 45ppm (N-CH2), 

16ppm (alkoxy CH;), 14ppm (amine CH3). 
1H chemical shifts: 4. lppm (alkoxy 

CH2), 3.3 (amine CH:), l. lppm (alkoxy CH3), 0.9ppm (amine CH3). 
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2.2.3 Transesterification, of 2,4-dimethoxy-6..:diethylaniino.'.s-triazine with a giycol 
(Fig. 2:3) 

H 
propylene glycol 

Na 

Fig. 2.3: Transesterification reaction to produce s-triazine oligomer. 

This general synthetic procedure was detailed in literature to be viable (203 ). 

A three necked round bottomed flask (250ml) was set up with a thennometer and a 

distillation head. A condenser was connected to the distillation head. · A side ann was 

then coQnected to the condenser, to which another round bottomed flask'(IOOml}was 

connected. Diethylene or propylene glycol (0.062 mole) was poured into the 250ml 

round bottomed flask and Na metal (2.1 x 10-3 mole) was dissolved in the glycol. 

After the Na had dissolved the triazine (lOg, 0.042 mole) was added. The reaction 

mixture was then heated to 140 - 155°C ... The reaction proceeded for 1.5 hours with 

diethylene glycol and 4.5 hours with propylene glycol. The endpoint was judged to be 

when no more ethanol distilled off from the reaction. The two oligomers obtained 

were very different in appearance: a dark brown tacky gum from diethylene glycol 

and a clear viscous syrup from propylene glycol. 13C NMR was carried out on the 

product from diethylene glycol. This spectrum can be seen in Appendix B (Fig. 87). 
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Most important 13C chemical shifts: l 74ppm (aromatic C-0 (methoxy group), 

172ppm (aromatic C-0 (glycol) 168ppm (aromatic C-amin_e). 

. . . . 

2.2.4 Synthesis of 2,4-diallyloxy-6-diethylamin~~s-tria~ine (Fig. 2.4) 

Fig. 2. 4: Synthesis of 2, 4-diallyloxy-6-diethylamino-s-triazine 

The reaction was also documented in the literature (202). 

A round bottomed flask (21) was placed into an electric heating mantle and fitted with 

a stirrer, stirrer motor and a thermometer. Allyl alcohol (99%, 900rril) was poured 

into the flask and to this crushed sodium hydroxide pellets (80g, 2 mole) were added. 

The sodium hydroxide was allowed to dissolve in the allyl alcohol urider stirring. The 

temperature of this solution was then raised to 32°C. Upon reaching this temperature 

the 2,4-dichloro-6-diethylamino-s-triazine (22lg, 1 mole) was slowly added to the 

solution. Care was taken to prevent the temperature of the reaction from exceeding 

40°C during the addition process. Again due to the exothermic nature of this reaction 

the addition of the reagents took a long period of time. After the s-triazine has been 

added the reaction was kept at between 30 and 40°C for half an hour after which the 

temperature was raised to between 60 and 75°C. This temperature was maintained 

for a further 3 hours. At the end of the reaction the contents of the flask were filtered 
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through a hot Buchner funnel to remove the NaCl by-product. The filtrate was then 

placed into a rotary evaporator where the excess allyl alcohol was removed. After the 

allylalcohol·had been evaporated off the warm contents of the flask were poured into 

a beaker. It was found from GC - MS analysis that the product was contaminated 

with up to 8% impurities. These included starting material, the mono-substituted 

alkoxy triazine (2-chloro-4-allyloxy-6-diethylamino-s-triazine ). It was concluded that 

the reaction was not proceeding to completion (see ·Appendix C Figs. Cl (mass 

spectrum of starting material), C2 (mass spectrum of mono-substituted product) and 

C3 ( mass spectrum of desired product) 

2.2.4.l Modification of synthesis of 2,4-diallyloxy:6-diethylamino-s-triazi11:9:,, 

The reaction was set up as previously documep.ted and allowed to proceed, the 

difference being that the reaction temperature was raised to 96°C, close to the boiling 

point of the alcohol. The reaction was allowed to proceed for 10 hours and samples 

were removed at half hourly intervals. Each of these samples was analysed using GC­

MS analysis. After this testing the-reaction was modified to be carried out at 96°C for 

7 hours to ensure complete reaction. The now complete reaction product was purified 

by repeat washings with distilled water. This was to remove any allyl alcohol which 

was present after the rotary evaporation of the excess alcohol. The final product from 

this purification process was a waxy solid which was dried in a vacuum oven at 

l00°C for several hours. 1H, 13C and mass spectra were taken of the product. These 

can be seen in Appendix Bas Figures B8 (13C NIYIR) B9 (1H NNIR) and BlO (mass 

spectrum). 13C chemical shifts: l 73ppm (aromatic C-0 (alkoxy)), 168ppm (aromatic 
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C-N (amine)), 135ppm (CH=), l 18ppm (=CH2), 58ppm (O-CH2 alkoxy), 42ppm (N­

CH2), 17ppm (CH3 amine). 1H chemical shifts: 6.lppm (CH=t 5.5ppm (~CH2), 

4.9ppm (OCH2), 3.6ppm (N-CH2), l.lppm (CH3 amine).· 

2.2.5 Determination of monomer melting point 

This was carried out using a hot-stage microscope fitted with calibrated thermometer. 

A small sample of the solid monomer was placed between two thin cover slips, this 

reduced the thermal lag incurred when using the thicker, normal microscope slides. 

The sample was then placed into position on the microscope. After focusing on three 

individual crystals, of varying sizes the sample was heated from a temperature of 

25°C. This heating was continued until the crystals had melted. The temperature at 

which discernible melting began was noted as well as the temperature at which all the 

crystals had melted. 

2.3 Curing Unsaturated Polyesters with novel·Monomer 

Before curing could take place it was necessary to determine whether the new 

monomer was miscible with the alkyds that had been supplied. This was simply a 

process of melting the monomer into a liquid form and mixing it with the alkyds_ as 

supplied. The composition of these resins is given in Table 2.1. 
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Composition of alkyd ( molar ratios of components) 

Alkyd type Maleic 'Phthalic 1,2- · Diethylene Adipic acid 
anhydride anhydride Propylene glycol 

glycol 

8134 1 2 I 

8123 1 1 2 

815 5 1 6 

8633 1 2 
.., 
,j 

Table 2.1: Types and compositions of alkyds used 

For the curing process several different initiators were used with various accelerators .. 

Cure was attempted at both room temperature and elevated temperatures. 

The alkyds were mixed with the monomer in a 2: 1 monomer:unsaturation mole ratio. 

To small samples of these resins (-20g), the initiator and catalyst were added (see 

Table 2.2 for details of cold cure and Table 2.3 for details of hot cure). This mixture 

was thoroughly mixed to produce a homogenous mixture of resin, initiator and 

catalyst. The cold cure was carried out at room temperature in all cases and the 

samples were post-cured where appropriate at 80°C for three hours. In the following 

list MEKP = methyl ethyl ketone peroxide (33% w/w in phthalate paste), BPO = 

benzoyl peroxide ( 50% w/w in phthalate paste), DCPO = dicumyl peroxide (99% 

powder), CN = cobalt naphthenate (1% w/w in styrene) and DMA = N,N-

dimethylaniline. Cold curing samples were allowed to cure overnight at room 

temperature. 
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Sample %w/wMEKP %w/wDCPO %w/wBPO %w/wCN %w/wDMA 

A 2 0 0 1.5 0.6 

B 2 0 0 1.5 0.5 

c 2 0 0 1.5 0.4 

D 2 0 0 1.5 0.3 

E 1.5 0 0 1.5 0 

F 2 0 0 . 1.5 0 

G 5 0 0 3 0 
·- . - ·-··· - - .. 

-H 10 0 .o· 5 0 

I 5 0 0 5 0 

J 10 0 0 7.5 0 

K 0 0 3 0 0.3 

L .· 0 0 4 0 0.9 

- --.. M 0 0 3 0 0.5 

N 0 0 .... 0 0.5 : .) 

0 0 0 10 Q 1 

p 0 0 7.5 0 1 

Q 0 0 7.5 0 1.5 

R 0 2 0 0 0.1 

s 0 2 0 0 0.15 

T 0 2 0 0 0.2 

u 0 .... 0 0 0.1 .) 

v 0 3 0 0 0.15 

w 0 
.., 

0 0 0.2 .) 

Table 2.2: Initiator systems used for cold curing tests. 

Preparation of the samples for hot curing was carried out in exactly the same way as 
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the preparation for cold-cure samples. However, these samples were ·cured and post-

cured in an oven. The samples which were cured using a hot-cure process are as 

follows: 

Initiator %w/w Cure· Cure Time · Post-Cure Post-Cure 
Temp (°C) (Hrs) Temp (°C) Time (Hrs) 

Benzoyl Peroxide 2%+3% 80 16 120 5 
Benzoyl Peroxide 2%+3% 80 16 135 3 
Benzoyl Peroxide 2%+3% 80 16 .. 135 5 
Benzoyl Peroxide 2%+3% 90 16 135 5 
Benzoyl Peroxide 2%+3% 90 16 120 " .) 

Benzoyl Peroxide 2%+3% 100 16 140 5 ·-
Dicumyl Peroxide 2%+3% 80 16 . I 120 5 
Dicumyl Peroxide 2%+3% 80 16 135 " .) 

Dicumyl Peroxide 2%+3% 80 16 
.• 

135 5 
Dicumvl Peroxide I 2%+3% 90 16 135 5 
Dicumvl Peroxide 2%+3% 90 

.... -, 

16 120 " .) 

Dicumyl Peroxide 2%+3% 100 16 140 5 .. 
AZBN 2%+3% 80 16 120 5 
AZBN 2%+3% 80 16 135 " .) 

AZBN 2%+3% 80 16 135 5 
AZBN 2%+3% 90 16 . . 135 5 
AZBN 2%+3% 90 16 120 " .) 

AZBN 2%+3% 100 16 140 5 

Table 2.3: Composition of samples and conditions of cure for hot-cure trials with 

new monomer 

2.4 Sol-Gel Analysis of Resins Cured with New lVIonomer 

The samples were hot-cured according to the following specifications: The resins 

were mixed with the s-triazine monomer in a 1 :2 unsaturation in polymer 

backbone:monomer molar ratio. Only resins 8123 and 8134, as specified in Table 2.1 
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were used. To the resins benzoyl peroxide (93% water damped, 2% w/w and 3% 

w/w)or dicumyl peroxide (99%, 2% w/w and 3% w/w) or AZBN (99%, 2%.w/w and . . . 

3% w/w) was added. These resins were then cured under the conditions as shown in 

Table 2.3. The resultant cured polymers were then ground into very .fine_ powders 

using a coffee grinder. Samples of between 7 and 1 Og wereaccurately weighed into 

large boiling tubes fitted with quickfitstoppers. Dichloromethane (DCM,lOOml) was 

added to each sample and the stopper was replaced to seal the tube. Each sample was 

then left in the DCM for ten days. The samples were shaken vigorously twice a day 

on each day of the test. At the end of this time period the samples were quantitatively 

filtered through accurately pre-weighed filter paper'. The filter. paper and the solid 

residue were then completely dried for 2 hours in a vacuum oven at 50°C. Once 

completely dry the samples were allowed to cool to room tempprature under vacuum 
' ',,. 

before being accurately weighed again. This determined the amount of the cured 

polymer which was insoluble (Gel portion). The filtrate was also collected and 10cm3 

portions were pipetted into a dry and accurately pre-weighed evaporating basin. The 

basin and filtrate were then placed into a vacuum oven at 50°C. These samples were 

left in the oven until all the DCM had evaporated off. This left the soluble portion of 

the polymers. The basin was then accurately re-weighed to determine the amount of 

soluble material. This procedure was then repeated but the samples were left for 20 

days as opposed to ten. 
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2.5 Smoke Testing · 

Smoke testing was carried out on 24 samples ( each in triplicate). The samples that 

were prepared consisted of one of two alkyds: 8134 and 8123 (8134 = 1:1:2 molar 

ratio adipic acid:maleic anhydride:diethylene glycol; 8123 = 1: 1 :2 molar ratio phthalic 

anhydride:maleic anhydride:propylene glycol) cross-linked with either styrene or the 

novel monomer. The samples were treated with various amounts of dimethyl 

methylphosphonate, DMJv1P (0 - 10% w/w), triethyl phosphate (0 - 10%) and 

aluminium oxide trihydrate (50 - lOOphr). See Tables 2.4 (DMMP), 2.5 (TEP) and 

2.6 (A TH) for compositions of samples tested. · Curing of the styrenated resins was 

carried out at room temperature overnight with post,.cure aL80°C for 3 hours using 

2% w/w ivfEKP (33% in phthalate plasticiser) and 1.5% cobalt naphthenate (1 % w/w 

in styrene). Curing of the resins containing the new monomer was carried out at 

90°Covernight with post-cure at 140°C for 3 hours using 3% w/w dicumyl peroxide, 

(DCPO). · Sample dimensions were 60mm x 60mm x 3mm. Smoke testing was 

carried out using a smoke chamber supplied by BIP according to ASTM D 2843. 

2.5.1 Testing Apparatus 

The smoke testing was carried out according to ASTM 2843. Samples of dimensions 

60mm x 60mm x 3mm were burnt under standard conditions in an enclosed chamber 

as shown in Appendix D (Fig. D 1 ). The chamber was a metal box of dimensions 

300mm x 300mm x 790mm with a heat resistant hinged door containing a glass 

viewing panel. The chamber was totally enclosed apart from four 25mm x 230mm 

holes at the bottom of the chamber. Inside the chamber was a specimen holder and 
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the burner. The holder consisted of two pieces:-: firstly the actual sample holder 

which was a metal frame made to the .same dimensions as the sample and secondly 

another metal frame, the same size as the first, suspended directly under the sample 

holder containing a metal mesh to catch any drips from the specimen. The burner 

was made to prescribed specifications (for details of this see ASTM 2843) and was 

positioned under the specimen diagonally across the chamber and at an angle of 45° 

to the plane of the specimen. The burner was fuelled by propane gas at a pressure of 

40 psi. 

The means of smoke detection and quantification was a photoelectric cell. A light 

source was positioned on one side of the chamber so that it shone directly across the 

width ofthe chamber into a photometer which·detected and quantified the-amount of 

light passing through the chamber. This photometer was\connected to a YT recorder 

which. plotted a graph of light absorption vs time (See Appendix D for diagram of 

chamber). 

2.5.2 Testing l\'lethod 

The specimens were weighed before the test. The photometer was calibrated before 

each test at O and I 00% obscuration. The sample was placed onto the sample holder 

and the flame was ignited at the correct pressure. The door was totally closed and 

sealed around the edges with tape to prevent any smoke loss through the cracks in the 

door. The exhaust vent was closed and the fume cupboard turned off. The flame was 

positioned under the sample and the recorder was turned on. The flame was left 

under the sample for the entire duration of the test which was 4 minutes. At the end 
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of the testing perio.d the chamber was cleared of s~oke through the exhaust vent and 

the burnt sample was re-weighed to determine the amount.of specimen consumed in 

the test. During the test several observai1cms need to be taken: 

I) Time until maximum light obscuration is reached 

2) Time until flame extinction 

3) Maximum light obscuration 

4) Appearance of smoke evolyed .. 

5) · Weight of sample burnt during test 

After each test the front viewing panel wascleaned as well as the light source and the 

photometer. Before commencing any subsequent tests 15 minutes was allowed to 

cool the chamber back to room temperature. so that the starting temperature of every 

test was constant. 
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Specimen . % DMMP (w/w) ... .. % P (w/w) . % N (w/w) 

SADOl 0 0.0 0 

SAD02 1 0.2 0 

SAD03 3 0.75 ' 0 

SAD04 5 . '. 1.25 0 

SAD05 7 1~14 0 

SAD06 10 2.50 0 

SNDOl 0 0 0 

SND02 1 0.2 ·O 

SND03 3 0.75 · 0 

SND04 5 1.25 O· 

SND05 7 1.74 · 0 

SND06 10 2.50 0 

TADOl 0 0 12 

TAD02 1 0.2 ., 12 

TAD03 3 0;75 12 

TAD04 5 1.25 12 
.. 

TAD05 7 ·,. 1.74 12 

TAD06 10 2.50 12 

TNDOl 0 0 12.4 

TND02 1 0.2 12.4 

TND03 3 0.75 12.4 

TND04 5 1.25 . , . 12.4 

TND05 7 1.74 12.4 

TND06 10 2.50 12.4 

Table 2.4: Details of specimens tested in the smoke chamber, see below for key to 

samples 

S == Styrene monomer, T = Triazine monomer 

A= Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol) 

N = Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol) 

D = Dimethylmethyl phosphonate 
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Snecimen o;.; TEP (w/w) % P (w/w) % N (w/w) 

SAT'Ol 0 0.0 
.. 0 

SAT'02 1 
0.17 

0 

SAT'03 3 
0.51 ·o 

SAT'04 5 
0.85 -·· 

0 ,· 

SAT'05 7 
1.19 

0 
.. 1.70 

SAT'06 10 0 

SNT'Ol 0 
0.0 

0 

SNT'02 1 
0.17 

0 

SNT'03 3. 
0.51 

0 

SNT'04 5 
0.85 

0 .. . .. 

SNT'05 7 
1.19 

0 

SNT'06 10 
1.70 

0 

TAT'Ol 0 
0.0 

12 
.. 0.11· 

TAT'02 1 12 .-. 
0.51 

TAT'03 .:, 12 

TAT'04 5 
0.85 

12 

TAT'05 7 
1.19 

12 , .. , 

TAT'06 10 
1.70 

12 

TNT'Ol · 0 
0.0 , .. 12.4 

TNT'02 1 
0.17 

12.4 

TNT'03 3 
0.51 

12.4 
... 0.85 

TNT'04 5 12.4 

TNT'OS 7 
1.19 12.4 

TNT'06 10 
1.70 12.4 

Table 2.5: Details of specimens tested in the smoke chamber, see below for key to 

samples 

S = Styrene monomer, T = Triazine monomer 

A= Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol) 

N == Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol) 

T' == Triethyl phosphate 
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SPECIMEN ATH(PPH) 966 (% W/W) 980 (% W/W) 
SNA' /SAA'O 1 50 0.5 -
SNA' /SAA'02 75 0.5 -
SNA' /SAA'03 100 0.5 -
SNA' /SAA'04 

.· 

50 0.75 · -
SNA' /SAA'05 75 0.75 -
SNA' /SAA'06 100 0.75 -
SNA' /SAA'07 50 - 0.5 

SNA' /SAA'08 75 - 0.5 

SNA' /SAA'09 100 - 0.5 

SNA' /SAA' 10 50 - 0.75 

SNA' /SAA' 11 75 - 0.75 

SNA' /SAA' 12 100 
. 

0.75 -
TNA'/TAA'Ol 50 0.5 -
TNA' IT AA'02 75 0.5 -
TNA'/TAA'03 I 100 0.5 -
TNA'/TAA'04 50 

'·,.~ ., 
0.75 , -

TNA'/TAA'05 75 0.75 -
TNA' /TAA'06 100 0.75 -
TNA'/TAA'07 I 50 - 0.5 

TNA'/TAA'08 75 - I 0.5 

TNA'/TAA'09 100 - , .. 0.5 

TNA'/TAA'lO 50 - 0.75 

TNA' IT AA' 11 75 - ·0.15 

TNA'/TAA'l2 100 - 0.75 

Table 2.6: Details of specimens tested in the smoke chamber, see below for key to 

samples 

S = Styrene monomer, T = Triazine monomer 

A= Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol) 

N = Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol) 

A' = ATH containing sample 

966 = Viscosity additive 966 (supplied by BIP), 988 = Viscosity additive 988 

(supplied by BIP) 

n.B. SNA'/SAA' etc refers to two separate specimens with the same composition 
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2.6 Flammability Testing 

2.6.1 LOI Testing 

The samples prepared consisted of one of two alkyds: 8134 and 8123 (8134 = 1:1:2 

molar ratio adipic acid:maleic anhydride:diethylene glycol; 8123 = 1:1:2 molar ratio 

phthalic anhydride:maleic anhydride:propylene glycol) cross-linked with either 

styrene or the novel monomer. The samples were treated with various amounts of· 

dimethyl methylphosphonate, DIYThtIP (0 - 20% w/w), triethyl phosphate (0 - 20% 

w/w), trichloroethyl phosphate (0 - 20% w/w), triphenyl phosphate (0 - 20% w/w) arid 
. , - .. ·...... ·- - ·---~-

melamine (1.875 - 18.75% w/w). Curing of the styrenated resins was carried out at 

room temperature overnight with post--cure at 80°C for 3 hours using 2% w/w MEKP 

(33% w/w in phthalate plasticiser) and 1.5% w/w cobalt naphthenate ( 1 % w/w in 

styrene). Curing of the resins containing the new monomer was carried out at 90 ° C 

overnight with p6st.:cure at 140°C for 3 hours using 3% w/w dicumyl peroxide, 

(DCPO). Compositions of the tested samples can be seen in Tables 2.7, 2.8, 2.9, 2.10 
"· ." *'· 

and 2.11. For the calculation of %N in the. samples c~mtaining melamine the 

proportion ofN as contributed by the triazine.monomer was ignored. 

This test is designed to meet ASTM D 2863-70 entitled "Standard method for test for 

flammability of plastics using the oxygen index method". 

The oxygen and nitrogen lines were attached to the equipment in the specified way 

and the analyser and digital display voltmeter were turned on. The equipment was 

adjusted so that the displays were working within specified limits according to the 

instructions in the manual. The gas cylinders were turned on to a pressure of 29 p.s.i .. 

The l 00% O;\.-ygen level was calibrated at an oxygen flow rate of 18 litres/min and 

100% oxygen flowing through the chimney. 0% oxygen was calibrated with 100%. 

nitrogen flowing through the chimney at a flow rate of 18 litres/min. 

The samples were prepared in the normal manner and cured in moulds of dimension: 

150mm x 6mm x 3mm. 10 specimens of each sample composition were tested. 

The sample was placed into the sample holder and placed into the glass chimney. 

The combined gas flow rate was put at 18 litres/min and set to the desired oxygen 

percentage. If the sample was an unknown then this was normally 25% oxygen. The 

chimney was purged at this oxygen concentration for 30 seconds. The sample was 
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then ignited with a high heat butane gas. burner. · The desired oxygen percentage for · 

the purpose of this test was deemed to be_where the sample burnt for a period of~hree 

minutes or a length of 5 cm and then extinguished itself.· This percentage of oxygen 

was then recorded to be the minimum percentage. of oxygen required to sustain 

combustionofthe sample. -

S ecimen % P Additive w/w) %N(w/w) 

0 

? 0 

0 

? 0 

? 0 

0 

_J ? 0 

0 

0 

? 0 

0 

? 0 

? 

') ') 

? 

? 

') 

') 

Table 2.7: Details of styrene based samples tested for LOI 

S == Styrene monomer, F = Fire test 

A== Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol) 

N == Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol) 

T' == Triethyl phosphate, D = Dimethylmethyl phosphonate 
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S ecimen % P Additive w/w %P w/w %N w/w 
') 

') 

') 
; 
.... ? 

? 

?. 

') 

') 

? 

TNFD03 ') 

TNFD04 

TNFDOS ? ') 

TNFT'Ol ? 

TNFT'02 ? 

TNFT'03 ') 

TNFT'04 ? 

. TNFT'OS ') 
,, ') 

Table 2.8: Details of triazinated specimens tested for LOI, see below for key to 

samples. 

T = Triazine monomer, F = Fire test 

A= Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol) 

N = Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol) 

D = Dimethylmethyl phosphonate 

T' = Triethyl phosphate 
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Sample %TCEP %Pw/w ··%Cl w/w %Nw/w 

SAFCOl 0 0 0 0 
.. 

SAFC02 1 0.11 . 0.37 0 . . 
.. 

SAFC03 5 0.55 1.85 0 

SAFC04 10 1.11 3.70 0 

SNFCOl 0 0 0 0 

SNFC02 1 0.11 0.37 0 

SNFC03 5 0.55 1.85 0 

SNFC04 I 10 1.11 3.70 
.. .... 0 

TAFCOl 0 0 0 

TAFC02 1 0.11 0.37 
-

TAFC03· 5 0.55 1.85 

TAFC04 10 1.11 3.70 

TNFCOl 0 0 0 
.. 

TNFC02 1 0.11 0.37 ·. 

TNFC03 5 0.55 1.85 

TNFC04 I 10 1.11 3.70 

Table 2.9: Compositions of samples tested for LOI with TCEP as the additive 

S = Styrene, T = Triazine monomer, F = Fire test 

A= Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycQl) 

N = Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol) 

C = Trichloroethyl phosphate 
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12.0 
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SERIES %P ADDITIVE %PW/W 
(%WIW) "' •.. , . 

TAFT*PPOl 0 0 

02 1 0.0949. 

03 5 0.4745 

04 . 10 0.949 

05 20 1.898 

TNFT*PPOl 0 0 

02 1 0.0949 

03 5 --···-·-- -. . .. 0.4745 · 

04 10 0.949 
.• 

05 20 1.898 

SAFT*PPOl 0 - . ._.o. . . 

02 1 0.0949 
,. 

03 5 0.4745 
-

04 10 0.949 

05 20 1.898 

SNFT*PPOl 0 0 

02 1 0.0949 

03 5 0.4745 

04 10 0.949 

05 20 1.898 ""~-

Table 2.10: Compositions of samples tested for LOI. 

T = Triazine, S = Styrene, N = Normal resin, A= Aliphatic resin, 

T*PP = triphenyl phosphate, F = Fire testing 
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12 

... 12 

12 

12 

12 

12.4 

12.4 

--·-· 12.4 --·. 

12.4 

12.4 
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S cimen % P additive %Pw/w % N additive %Nw/w* 

') 

') 

') 

') 

') ') . 

.., - ') 

') ') 

') ') 

') - ') ') 

') 

') ') 

') ') ') 

'') - ') 

') 

') ?-

" 2..5. 

" ? 

') 

') " 
') - " ') 

* This value excludes N present in the triazine monomer. 

Table 2. 11: Sample compositions of LOI specimens containing melamine, see below 
for key 

S = Styrene monomer, T = Triazine monomer 
A= Aliphatic resin (adipic acid, maleic anhydride, diethylene glycol) 
F = Fire test specimen 
M = Melamine containina 

b 

D = DMMP, T' = TEP 
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2.62 Surface Spread of Flame Testing 
' . ~ . -. . 

Samples were 2-ply laminates made up from a 2: 1 resin:glass ratio. Styrenated resins 

were cured with 2% w/w 50% 1i1EKP -and 1 :s% w/w ·1 % CN. overnight at room 

temperature and post-cured at so·c for 3 hours. New resins were cured with 3% w/w 

DCPO at 90°C overnight and post-cured at 140"CJor3_hours. These laminates were 

machined into 1 OOmm x 225mm x 2 ply specimens. These specimens were marked 

with a line exactly down the centre from top to bottom and with two further lines. at . 

50min and 80mm from the top edge. These two latter lines represent the cut off 

points for class 1 and class 2 fire performance respectively (Fig. 2.5). 

Problems were encountered with the impregnation of the new triazine system into the 

emulsion bound chopped strand matting (CSM). It was found that the triazine resin 

would not impregnate into the fibres of the CSM at all, leaving the fibres totally 

unwetted. This proble~ was solved· by using a powder bound· CSM which was 

compatible with the new resin system. 

Flame spread testing was carried out on the apparatus at BIP, Oldbury. This consisted 

of a heating filament rated to 1100 ± 50 watts, a sample support and a safety grid. 

Surrounding this equipment was a metal guard to prevent draughts. 

The apparatus was turned on and ~llowed to heat up for 4.5 mins. After this the guard 

was put into place and the element was left· for a further 30 seconds. The sample was 

then placed into the sample holder and slid into place so that it lightly touched the 

heating element. The stop watch was started as soon as flames were observed and 

stopped immediately upon extinction of the flame. The time of burning and the 

distance burnt were recorded. Each sample was tested in triplicate. 
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80mm 

50mm I 

.. 

Fig. 2.5: Diagram of sample and markings at 50 and:80mm 

2.7 Thermogravimetric analysis 

TGA was used to determine whether there was . any interaction between the 

phosphorus additive and the triazine resin and to determine the decomposition stages 

of the resins. 

The resins were treated with D.MMP (20% w/w), TEP (20% w/w) and TCEP (20% 

w/w) and cured in the normal manner, as described earlier. The monomer itself was 

also homopolymerised by hot curing with 3% w/w DCPO at 90°C for 16 hrs and post­

curing at l 40°C for 3 hrs. The homopolymer was also treated with each of the· 

additives (20% w/w). The resin samples were then ground up into a powder and 

weighed out into the sample holder of the TGA apparatus (- 5 -1 Omg). This was then 

heated, in air, at a constant heating rate of 20°C/min to 650°C. The progressive 

weight loss of each sample was automatically recorded by the TGA. 

84 



2.8 FT-IR Analysis of Charred,Residues 

Samples of polyesters based on both styrene and the new triaiine monomer were 

mixed with the appropriate quantities of TEP, D!vllvIP and TCEP (20% w/w). These 

were then cured in the normal manner as detailed in previous sections. Upon 
' ;· 

complete post-curing the samples were ground up into fine powders of particle sizes 

of 250µm or less. These samples were then weighed out accurately and placed into a 

muffle furnace and heated from 20°C to 600°C at a rate of about 15°C/min. Samples 

were taken out of the oven at 50°C intervals starting at 150°C. The residues were 

then made up into KBr discs using - 5mg residue in 500mg K.Br. Using these discs 

the IR spectra of the samples were taken on an FT-IR spectrophotometer. IR spectra 

were taken of each of the additives as well as the resins incorporating the additive 

before combustion. This procedure was repeated using chars from samples that had 

been completely combusted using a Bunsen Burner on its hott~st flame. C~mplete 

combustion was deemed to be when no more combustion could be spontaneously 

supported upon removal of the flame. 

2.9 Determination of Initial Char Temperature and Stability 

Samples of polyesters based on both styrene and the new triazine monomer were 

cured in the normal manner as detailed in previous sections. Upon complete post-

curing the samples were ground up ·into fine powders of particle sizes of 250µm or 

less. These samples were then weighed out accurately and placed into a muffle 

furnace and heated from 20°C to 600°C at a rate of about 15°C/min. Samples were 
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checked at 50°C intervals starting at 150°C: The temperature at which the first signs 

of char appeared was noted as was the temperature at which the char totally degraded. 

2.10 Phosphorus Content Analysis of Char and % Char Determination 

The samples were prepared incorporating 20% w/w of the respective additives (TEP, 

DMrvIP and TCEP) and cured and post-cured in the normal manner. After post-cure 

the samples were cut into 60 x 60 x 3mm squares. These squares were accurately. 

weighed before burning and then subjected to a Bunsen Burner flame on the highest 

setting until complete combustion of the square had taken place. The residual char 

was then weighed and the % char formation was calculated. 

Samples of the uncharred resins and the charred residues were digested in a Kjeldahl 

flask by heating vigorously in 98% sulphuric a9id (50ml) containing 1 titanium 

Kjeldahl digestion tablet. The digestion was carried out until the initially brown 

solution had turned yellow. The digestion solution was then diluted to 250ml with 

distilled water and analysed for total phosphorus content on an ICP-AES. Calibration 

of the ICP was with a phosphorus standard. The amount of phosphorus remaining in 

the char was calculated from the concentration found in the char solution. 

2.11 Mechanical Testing 

2.11.1 Flexural Testing 

Samples of both styrene based and triazine based resins were cured and post-cured as 

previously described. It was vital to ensure that no voids were present in the samples 
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as voids adversely affect the results. No additives were added to the resins for the 

purposes of this testing. The sall?-ples were then machined into the following sizes: 

length: Any length can be used as long as it is longer than 16 x 

thickness ·of sample 

Width: 

Thickness: 

10-12 mm 

4-7mm 

After the samples were machined to size the edges of the specimens were sand 

papered for a period of five minutes to ensure that there were rio imperfections on the · 

edges of the specimens. The testing was carried on an Instron 1414 using the 

following parameters: 

Span of bottom sample supports: 

Cross Head Speed: 2mm/min 

Chart Paper Speed: 2cm/min 

Full Scale Deflection: 1 OOkgf 

16 x thickness of sample (mm) 

The sample was placed into the sample holder as shown in Fig. 2.6. 

~ 

\.. ,J 

I !Id 
I ' J ..,, 

16d ,.._,_ '--'-

Fig. 2.6: Diagram showing sample in place in sample holder. 

87 



Once the sample was placed into position and the instrument had been calibrated at O 

and 100% full scale deflection the test was started; At the end of the test, when the 

sample had failed, the jaws were returned to the starting position and the next sample 

was tested. 

2.11.2 Heat Distortion Temperature (Method 102G) 

The apparatus used for this testing is shown in Fig. 2. 7. 

. . 
1:, 

: 

s; 
.. -

f 

< 
I I I I 

Weights I I I ·. 

0 
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~Defl~Wm 
.. ·< 
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:':. 
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1fr 
.·'· 

I' 
I ;': /; . 
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I \ ;' \ 
0 

/ 1100 ± 2 mm! .. 
t \ ., 

I \/ \ oil bath S11D1ple 1.upporta 
Stu-rer 

Sample .. 

.. 

I' 

Fig. 2.7: Schematic diagram of HOT apparatus 
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The specimens were cured and· post..;cured in the normal manner for the individual 

resins. The samples were then · machined into sample sizes within the following 

ranges: 

Length: 

Width: 

Thickness: 

> llOmm 

9.s- 12.smm 

3-7mm 

The samples were measured for their thickness and width befo~e being placed into the 

oil bath. The samples were placed, on their side, symmetrically across the supports in 

the oil bath. In this position the previous width dimension was referred to as the 

thickness of the sample and the previous dimension for thickn~ss was referred to as 

the width of the specimen. The specimen was then subjected to a bending stress of 

1.81 :tvIN/m2 (18.5 kgf7mm2). The total ma;s in kilograms (consisting of weights and 

the rod) to be used is calculated by: 

Where:S = 18.5 (kgmm-2) 

Sbd2 

M= ISOL. 

b = width of specimen as defined above (3 - 7mm) 

d = thickness of specimen as defined above (9.8 - 12.8mm) 

L = distance between supports in mm 

The samples were then allowed to condition in the bath for 5 mins before the 

deflection gauge was set to zero. The temperature of the hath was then raised at a rate 

of 2 ° C/min and the temperature at which the deflection of the specimen reaches the 
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value given in Table 2.12 was recorded. The mean result of the two specimens was 

then taken to be the temperature of deflection under load at 1.81 MN/m2
• 

Depth of test bar (mm) Standard deflection (mm) 

.... 

? 

? 

? 

25 

Table 2.12: Standard deflection needed for defined depth of test bar 

2.11.3 Barcol Hardness 

The Barcol Hardness rating is used to determine the hardnes.s of a sheet of resin. This 

is an indication of the degree of cross-linking in the cured polymer. The higher the 

hardness value the higher the degree ofcross-linking. 

Cast sheets of untreated samples were used for this testing. The sheets were prepared, 

cured and post-cured in the normal manner for the individual resins. A Barber­

Coiman Impressor type 934-1 was used for the testing. The impressor was calibrated 

at 43-45 and 85-87 hardness units on standard discs supplied by the manufacturer. 
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2.12 Scanning Electron Microscopy of the Charred Residues 

The charred residues left over from the phosphorus analysis of the char determination 

were blasted with compressed air to remove any loose fragments that may come loose 

in the spin coating chamber_ of the SEM. The chars w~re then stuck on the specimen 

holder with a conductive _glue. Once secure the _samples were coated .with twelve 

coats of gold. The reason for using so many coats was that the surfaces of the chars 

were very uneven and only with_ so many coats could an adequate coverage of gold be 

achieved. The samples were then placed into the m!croscope and pictures of relevant 

structural details were taken. Relevant structural details included voids in the surface 

of the char (including the structures within the v_oids) as well as the general surface of 

the charred residues. 
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3 Results and Discussion 

3.1 The Synthesis Program 

3.1.1 Introduction to Synthesis Program 
·,:'·, .-c' -·,. 

The rationale behind this synthesis program was that a new cross-linking monomer or 

polymer backbone was required to reduce the flammability and smoke evol~tion of a 

conventional unsaturated polyester resin. In addition to this it was ho'.ped to reduce 

styrene and volatile organic emissions from the resi~ ... Previ~us attempts to alleviate 

these problems, although successful, have not achieved these goals using only one 

additive/monomer. Usually a mixture of additives or alternative monomers were 

used. It is well known that 1,3,5-triazine derivatives are capa.ble of imparting fire 

retardancy into a polymer (melamine polymers are known to be flame retardant and 

polyurethanes form isocyanurates upon combustion to promote char formation). It 

was also thought that the removal of three carbon atoms from the aromatic ring would 

reduce smoke evolution. The use of triazine chemistry seemed to be perfectly suited 

to provide both fire retardancy and smoke suppression in a polyester. 

The choice of starting material was ,relatively simple. It has been extremely well 

documented that cyanuric chloride is very reactive towards nucleophilic substitution 

and that substituents such as amines and alkoxides can easily be placed onto the 

triazine ring. It was also known that alkoxy substituents could be transesterified with 

glycols to produce oligomeric triazine chains. A simple end-capping process with an 

unsaturated acid could result in a cross-linkable triazine oligomer.. As the project 

revolved around the synthesis of either a novel monomer or a new oligomer, with 

large amounts of nitrogen, cyanuric chloride was an ideal starting material. One 
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major restriction to the synthesis was that all of the chlorine had to be substituted 

from the ring. The production- of a monomer or an oligomer required only two 

. . -" 

chlorines to be substituted. To this end a blocking group was needed to remove the ·. 

chlorine but not allow tri-substitution of alkoxy groups onto the ring. An_ amine : 

seemed suitable for this blocking group as it de-activated the a-carbon to 'further 

nucleophilic attack and also imparted more nitrogen into the systems for smoke 

suppression. The entire, envisaged; synthesis program is shown in Appendix A as 

Figures A 1 and A2. 

3.1.2 Synthesis of 2,4-dichloro~6-diethylamino-s-triazine 

The product fro~~ the reaction as described in Section 2.1.1 was analysed using 13C 

and 1H NMR as well as mass spectrometry. -Figure 3~1 shmvs the expected product 

with distinct carbons and protons labelled. 

(3) (4) 

fH2CI-fa 

OWN N 
(111 ~) b{2CH3 

N h N (3) (4) 

~ 
O Carbons 

. . . 

Fig. 3.1: 2,4-Dichloro-6-diethylamino-s-triazine with distinct carbons and protons 

marked. 
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The relevant spectra for this product are shown in Appendix B (Figures B 1-3). 

Tabulated results for the spectra are shown in Tables 3.1,3.2 andJ.3; 

Carbon Atom Identification 

=C-Cl C-N (aromatic) N-CH2 (amine) CHJ(amine) 

Chemical Shift 170 ppm 163 ppm 42ppm ·13 pp'm 

Table 3.1: Chemical shift values and carbon atorri. identification for peaks shown on 

13C NMR spectrum for 2,4-dichloro-6:-diethylamino-s-triazine. 

Peak Characteristics 

Identified Proton Chemical Shift · Splitting Pattern · Integral Value 

CH2 3.7ppm Quartet 68 

CH3 l.l'ppm Triplet 107 

Table 3.2: Peak characteristics and peak identifi~ation for 1H NMR spectra obtained 

from 2, 4-dichloro-6-diethylamino-s-triazine. ·· 

Fragment Peak 

Mlz Value 221 206 191 176 

Fragment lost Parent Ion CH3 CH3CH2 NCH2CH3 

Table 3.3: Fragmentation peak identification for the mass spectrum obtained from 

2,4-dichloro-6-diethylamino-s-triazine 
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Looking first at the 13C NMR it can be immediately seen that the four expected 

distinct carbons are indeed present in the trace. From the chemical shifts it can be 

seen that the carbon atoms that are present in the· triazine ring fall in the general 

region for aromatic carbons. . More importantly the larger carbon peak is further 

downfield (170 ppm) than the smaller carbon peak (163 ppm). This gives two pieces 

of information, firstly the peak which is further downfield is more de-shielded than 

the one which is upfield from it. This indicates bonding to a more electronegative 

atom which is "pulling" electrons away from the carbon thus facilitating resonance at 

a lower field intensity. Out of Cl and N the chlorine is the more electronegative. This 

coupled with the fact that there are two carbons bonded to chlorine and only one 

bonded to nitrogen shows that the peak further downfield is the C-Cl carbon and the 

peak justupfield from this is the C-amine peak. Using the same principles on;:the 

remaining peaks it can be seen that the two remaining, equally sized . peaks have 

differing chemical shifts. The one which is downfield ( 42 ppm) is; then, more 

deshielded than the upfield peak (13 ppm). This must correspond to the CH2 attached 

directly to the nitrogen on the amine group as nitrogen is more electron withdrawing 

than CH2. The remaining peak is, therefore, the terminal methyl group on the amine 

substituent. 

The proton NMR shows that there are two distinct protons present in the compound, 

this is in keeping with the structure of the expected compound. Looking at the 

spectrum in more detail it is apparent that one of the proton types (3.7 ppm) is being 

de-shielded to a !:,rreater extent than the other proton ( 1.1 ppm). The structure 

indicates that this must relate to the CH2 protons attached directly to the nitrogen of 

the amine group. The quartet splitting pattern of this peak indicates coupling to a 
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group containing 3 protons (from the n-1 rule for splitting patterns). The peak at 1.1 

ppm is, because of its upfield. placement, less deshielded than the, other proton 

indicating coupling to a less electronegative group. The triplet splitting pattern shows 

coupling to a group with two protons. The integral ~alue.s are also of importance in 

determining the identification of a peak. In the case of this proton NMR it can be 

seen that the ratio of peak integrals is 68: 107. This, allowing for slight errors in the 

automated integration system, is a very good match to the 2:3 proton ratio as expected 

from the compound. 

From the mass spectrum only the four largest peaks have been assigned. The main 

reason for this is that the 1'ilv1R spectra have already shown the product to be the 

desired product. The mass spectrum was only taken to reinforce this deduction by 

giving an indication of the fragments that are present. The parent ion is shown to be 

at 221 mass units. This is the expected.R.M.M. of the product which has an empirical 

formula of C7H1oi'J4Cl2. The first fragment peak at 206 is equal to a loss of 15 mass 

units which is equivalent to the loss of CH3• The second peak at 191 is equal to a 

mass loss of 30. This is actually one mass unit more than the expected 29 for the loss 

of CH2CH3. It can be assumed, however, that this peak does correspond to the loss of 

an ethyl group as there are no other substituent groups or derivatives of groups that 

could give a peak corresponding to this weight loss. It could be that some sort of 

rearrangement has taken place during fragmentation. The peak at 176 mass units 

shows a loss, from the parent ion, of 45 mass units. This corresponds to the loss of 

NH2CH2CH3 which could be a bi-product of NCH2CH3 loss followed by protonation 

by two hydrogen atoms. Also of note in the mass spectrum is the presence of an M+ 2 

peak at 176, 191, l 05 and 221. This indicates the presence of Cl groups in the 
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compound. In summary the three spectra taken of the product prove unequivocally . 

that 2,4-dichloro-6-diethylamino-s-:-triaiine was the product of the reaction'. 

3.1.3 Synthesis of 2,4-diethoxy-6-diethylamino-s-triazine 

The product from the reaction as described in Section 2. 1.2. was analysed using 13C 

and 
1
H NMR as well as mass spectrometry. Figure 3.2 shows the expected product 

with distinct carbons and protons labelled. 

(3) ( 4) (1) (2) 

(6) (5) 
Cfuffi, . 

(4) (3) /Cffiffi, I 
GbCHiO N 

Cll,Ql;Q ~N ct(~)bJiCHJ \ 
"-.:.: CHiCH, ~ (1) (2) iif'N (3) ( 4) YN . 1 

Carbons OGhCH3 Protons OGhCR 
(5) (6) (3) (4) 

Fig. 3.2: 2,4-Diethoxy-6-diethylamino-s-triazine with distinct carbons and protons 

marked. 

The relevant spectra for this product are shown in Appendix B (Figures B4-6). 

Tabulated results for the spectra are shown in Tables 3.4, 3.5 and 3.6. 

Peak Identification 
Aromatic Aromatic Alkoxy Amine Alkoxy Amine 

C-0 C-N CH2 CH2 CH3 CH3 
Chemical 173 ppm 163 ppm 64ppm 43ppm 16 ppm· 14ppm 

Shift 

Table 3.4: Chemical shift values and carbon atom identification for peaks shown on 
13CNMR · .. spectrum for 2,4-diethoxy-6-diethylammo-s-tnazme. 
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Peak Characteristics , . ., 

Identification Chemical Shift Splitting oattem Inte!!ral Value 
Alkoxy CH2 4.3 ppm Quartet 0.98 
Amine CH2 3.6 ppm Quartet 1.06 
Alkoxy CH3 1.4 ppm Triolet 1.52 
Amine CH3 1.1 ppm Triolet 1.66 

Table 3.5: Chemical shift values and proton identification for peaks shown on 1H 

NMR spectrum for 2,4-diethoxy-6-diethylamino-s-triazine. 

~ ·a 

Peak Identification 

Parent ion CH3 CH3CH2 OCH2CH3 N(CH2CH3)2 

,. ... 

Fragment 240 225 211 195 169 
Peak 

.·.-

Table 3.6: Fragmentation peak identification for the mass spectrum obtained from 

2,4-diethoxy-6-diethylamino-s-triazine. 

Looking, initially, at the 13C NtvIR spectrum, it can be seen that the 6 expected 

distinct carbon atoms are indeed present. The peak seen at about 80 ppm comes from 

the solvent and can be ignored. The two peaks at 173 and 163 ppm give two pieces of 

information. Secondly these two peaks fall in the aromatic carbon region. It can be 

concluded that these two peaks relate to the C-0 and C-N carbons in the triazine ring. 

Looking at the chemical shifts it can be seen that the larger of the two peaks is 

downfield. Using the principles of de-shielding, as described in Section 3.1.2, the 

peak at l 73 ppm is the C-alkoxy carbon in the triazine ring and the peak at 163 ppm is 

the C-amine carbon in the ring. The presence of four distinct carbons, in the 10 - 70 
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ppm region, is be expected. Using the principles as explained earlier· it can be seen 

that the peak at 64 ppm is the O-CH2 carbon atom and the peak at 43 ppm comes 

from the N-CH2 carbon atom .. There is very little reso.lution between the last two 

peaks at 16 and 14 ppm. The reason for this is that the electron withdrawing groups 

are one carbon atom removed from these groups and . so the . de-shielding effect 

exerted on these otherwise identical carb~n atoms is greatly reduced The observed 

difference in chemical shift comes from the fact that, although the de-shielding effect 

is greatly reduced, some de-shielding does occur and the extent of this is different 

between oxygen and nitrogen. The peak at 16 ppm corresponds to the alkoxy CH3 

group and the peak at 14 ppm is the amine methyl group. 

Four factors must be considered when analysing the 1H NMR spectrum. These are the 

number of peaks, their chemical shift, their sl?litting patterµ and finally their integral 

value.· Firstly there are four proton peaks which would be expected from the structure 

of the compound. From this chemical shifts, splitting· patterns and integral values of 

the peaks it can be concluded that the two peaks at 4.3 ppm arid 3.6 ppm were caused 

by the hydrogen atoms on the CH2 groups of the alkoxy and amine substituents 

respectively. The final two peaks at 1.4 and 1.1 ppm come from the terminal methyl 

protons on the ethoxy group and the protons on the terminal amine methyl group 

respectively. 

Only a few peaks from the mass spectrum have been allocated to fragments. A full 

interpretation of the mass spectrum is not necessary as the NMR spectra give 

adequate proof as to the nature of the compound. The parent ion peak at 240 mass 

units is in keeping with a compound with empirical formula C11H20N.i02. The first 

fragment loss equates to 15 mass units indicating the loss of CH3. The second peak, a 
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loss of 29, is caused by the loss of an ethyl group. The loss of0CH2CH3 is indicated 

by the peak at 195. Finally the removaf of the diethylamino group is indicated by the 

fragment peak at 169 mass units. · In this case, the mass spectrum also gives some 

indication as to the purity of the product. It can be seen from the f~gment peaks that 

there are no M+ 2 peaks. This clearly shO\vs thaf there· is· 110 chlorine present in the 

compound. This means that there is no starting material or mono-substituted triazine 

present. All the spectra prove. beyond doubt that· the product obtained ··from. the ..... 

reaction is 2,4-diethoxy-6-diethylamino-triazine. 

3.1.4 Transesterification of 2,4-dimethoxy-6-diethylamino-s-triazine · with a · 

glycol 

The idea behind this reaction was to obtain a triazine oligomer which had reactive 

hydroxyl groups at each end of the chain. These hydroxyl groups would then be 

available for further reaction with an unsaturated acid such as acrylic or methacrylic 

acid to give an oligomeric chain with reactive unsaturation at the end of the chain to 

use as cross-linking sites. It was deemed vital that the addition of the unsaturated 

acids had to take place at both ends of the chain. If this did not occur then it would 

only be possible to get a straight chain copolymer with the cross-linking agent. It was 

assumed that there was a possibility that the reaction would not proceed as expected 

and that the glycol group would only displace the alkoxy group at one end of the 

chain, leaving onlv one reactive site for end-capping. The two possible products from 

this reaction are shown in Figure 3 .3. Only 13C NMR analysis was carried out on this 

product initially, this was to save resources and time if the undesired product had 
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been synthesised. The reason for only using 13C NMR as opposed to proton NMR or 

mass spectrometry will become clear. Tabulated results of the 13C 'NMR are shown 1n . 

Table 3. 7. The spec~rum itself is shown in Appendix B (Figure B7). As can be seen 

only three peaks have been assigned from the 13C NMR. This is because these peaks 

are the most vital in determining the exact nature of the product. 

HO 

Desired Product using propylene glycol 
and 2,4-dimethoxy-6-diethylamino-s.:.triazine 

CH2CH3 
. . I . 

0 · N '(NY 'cH2CH3 

N~N 

I 
OCH-,CHO----lH 

- I n 
CH3 

Undesired Product using propylene glycoJ 
and 2,4-dimethoxy-6-diethylamino-s-triazine 

Fig. 3.3: Chemical structures of the two possible transesterification products. 
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Identity of Carbon 

C-0( methoxy gp) C-O(glycol bridge) C-N (amine) 

Chemical Shift 173ppm 
·-·- 17~.5 ppm 

., 
.167 ppm 

., ,. 

Integral Value 2.5 17.1 9.75 

Table 3.7: Identification of peaks in the 166 ~ 174 ppm range for the 13C N.MR of the 

transesterification product. 

The presence of the peak at 173 ppm is, arguably, the most vital piece of evidence in 

determining the structure of the product. If the desired product had been obtained 

then there would only be two distinct carbon atoms in the triazine ring, these being 

the carbon atom attached to the amine and the two, identical, carbon atoms com1ected 

to the glycol. These would also be seen in a two to one integral ratio. As can be seen 

from the blown up N.MR spectrum there are three carbons present in this region and 

these are in a 1:7:4 integral value ratio. If it is taken for granted that the peak at 167 

ppm corresponds to the C-amine carbon in the ring, then it can be seen, from the 

integral value, that there are four of these relative to the C-methoxy carbon in the 

ring. This leads to the assumption that the oligomer must be four repeat units long, or 

a multiple thereof. The structure of this is shown in Figure 3.4. 

The structure of the repeat unit, assuming the undesired product is present and that it 

contains four repeat units, shows that there are indeed three distinct carbons in the 

triazine ring and that these would be present in a 1:7:4 ratio. From these results it is 

clear that the undesired product has been produced rather than the expected product. 

Reasons for this could include factors such as the reaction not being allowed to 
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proceed for long enough or that an insufficient glY_c?l exce_ss was used _for complete 

substitution. 

Fig. 3.4: Structure of undesired oligomer with four repeat units (distinct carbons are 

labelled) 

3.1.5 Synthesis of 2,4-diallyloxy-6-diethylamino-s-triazine 

The product from the reaction as described in Section 2.1.4 was analysed using 13C 

and 
1
H Ntv1R as well as mass spectrometry. Figure 3.5 shows the expected product 

with distinct carbons and protons labelled. The relevant spectra are shown in 

Appendix B (Figs B8 - BIO). Tabulated results of the spectra are shown in Tables 

"8 .... 9 "" "· , .,_ and .:>.10. 
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(3) (4) 
CHCH ·. 

(7) (6)(5) I i 3 

CH2=CHCHiQ9!NY(l.) N . 
(2) I ~ . \CH CH 

2 3 
N N (3) (4) 

9· 
Carbons OCH2CH==CH2 

(5) (6) (7) 

Fig. 3.6: 2,4-Diallyoxy-6-diethylamino-s-triazine with distinct carbons and protons 

marked. 

Peak Identification 
' . 

Ring C-0 I Ring C-N =CH2 OCH2 N-CH2 CH3 ,. CH== 
(amine) 

Chemical 173 ppm I 168 ppm 134 ppm 118 ppm 67ppm 43 ppm 13 ppm 
Shift 

Table 3.8: Chemical shift values and carbon atom identification for peaks shown on 

13
C NMR spectrum for 2,4-diallyloxy-6-diethylamino-s-triazine. 

·' 
Peak Identification 

·.c ,., =CH CH2= OCH2 N-CH2 CH3 
Chemical 6.1 ppm 5.4 ppm 4.8 ppm 3.6 ppm 1.2 ppm 

Shift 
Splitting quintet doublet doublet quartet triplet 
Pattern 
Integral 28 60 58 677 108 
Value 

Table 3.9: Peak characteristics and peak identification for 1H NMR spectra obtained 

from 2, 4-diallyloxy-6-diethylamino-s-triazine. 
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·.·· -Fragment Identification 

Parent Ion CH3 CH2CH3 NCH2CH3 OCH2CH=CH3 

Fragment 264 249 235 223 207 
peak 

Table 3.10: Fragmentation peak identification for the mass spectrum obtained from 

2,4-diallyloxy-6-diethylamino-s-triazine. 

Keeping to the same principles of de-shielding by electronegative groups and the 

resultant downfield shift of the peak it is safe to say that the peaks at 173, ppm and 

168 ppm on the carbon NMR spectrum relate to the carbon atoms in the ring attached 

to the allyloxy group and the amine group respectively. In the same vein, from the 

other spectra that have been obtained, it can be easily concluded that the peaks at ·4:3 

and 13 ppm relate to the amine substituent CH2 and CH3 groups respectively. 

Unsaturated groups such as alkene groups tend to fall further downfield than alkoxy 

carbons, in the 100 - 145ppm range. It is clear, then, that the peaks at 134 and 

l 18ppm relate to the carbons either side of the double bond. The sole remaining peak 

must be the OCH2 carbon, such carbons tending to fall in the 40 - 80 ppm range. 

Looking at the proton NMR trace it can be assumed that the chemical shifts for the 

protons on the amine substituent are the same as for the other compounds previously 

described. Therefore, the peaks at 3.6 and 1.2 ppm must relate to the amine CH2 and 

amine CH3 respectively. The integral values and splitting patterns are also in keeping 

with this deduction. Alkene protons tend to fall in the 4.6 to 6.4 ppm range so the 

peaks at 5.4 and 6.1 ppm must be from the alkene group. The splitting pattern and the 
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integral value of the peak at 6.1 ppm show that this peak is the =CH peak (coupling to 

four protons gives quintet splitting and only .one proton has half the integral value of 

two). The peak at 4.8 ppm is from the OCH2 group and this is in keeping with the 

range within which these protons fall (3.6-:- 5.2 ppm). 

As far as the mass spectrum is concerned the first thing to see is the parent ion at 264 

mass units. This would be expected from a compound with an empirical formula of 

C13H20N40 2• The, important fragment peaks for the purposes of identification are at 

221 and 207. These correspond to a fragment loss of 43 and. 57 mass units 

respectively. The loss of 43 mass units is equal to the loss of an NCH2CH3 fragment. 

The loss of 57 is the same as losing ··an OCH2CH=CH2 fragment. There is no 

indication of any M-:-2 peaks in the mass spectrum. This indicates that the compound 

is free from chlorine containing impurities such as starting material or mono­

substituted intermediates. 

3.1.6 Modification of :Monomer Synthesis 

During the analysis of the new monomer for purity it was found that the reaction was 

not consistently proceeding to completion, with starting material and the mono­

substituted product being present in relatively large amounts in the product. This was 

discovered using GC-MS analysis of the product. The GC-MS traces of the impure 

monomer can be seen in Appendix C (Figs C 1-3 ). The results are, however, tabulated 

in Table 3.11. The peak appearing with a retention time of 13. 77 minutes has been 

identified as being due to the starting material from its mass spectrum. The peak 

appearing at 15.95 minutes is from the mono-substituted monomer containing one 
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chlorine group and one allyl group. The peak at 17.68 minutes is due to the desired 

product (seeTable 3.11 for interpretation of MS traces). , 

Possible Fragment Identification 

MS peak label Peak at 13.77 min Peak at 15.96 min Peak at 17.66 min 

,. 

A Starting material Mono-substituted Desired monomer 

B CH3 loss CH3 loss CH3 loss 
,· 

c CH3CH2 loss CH3CH2 loss CH3CH2 loss 
,. 

D CH3CH2N loss Cl loss CH2CH=CH2 loss 

E CH2CH=CH2 loss CH3CH2N loss 

F O_CH2CHCH2 loss* QCH2CH=CH2 loss 

G (CH3CB2)2N loss* (CH3CH2)2N loss (CH3CH2)2N loss* 
' 

Table 3.11: Interpretation of MS traces. Refer to GC-MS traces in Appendix C. 

* These assignments are not exact, possibly because of proton loss from the fragment 

or some sort of rearrangement reaction. 

In trying to improve the synthesis of the monomer the reaction was carried out using 

essentially the same procedure as before. Sodium hydroxide pellets (2 moles) were 

dissolved in allyl alcohol (900 ml) used and then the triazine (1 mole) was added so 

that the temperature never rose above 40 ° C. It was at this stage that the reaction was 

modified. At first it was thought that the reaction had not been allowed to react long 

enough for complete conversion to occur. Here the temperature was allowed to rise 
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to 68°C and heldfor 7 hours. The result was that complete reaction had still not been 

obtained. It was then assumed that 'the temperature must be critical for corriplete 

reaction to occur. The reaction was, therefore, carried out at 94 °C overnight. The 

reaction did go to completion using these conditions. The reaction time needed for 

completion was still unknown so during the next synthesis the reaction was "mapped'' 

to determine the ideal reactiontime for complete co.nversion to occur at 94°C 

The first sample was taken from the reaction pot after 2· 3/4 hours reaction time. 

Samples were then taken periodically over a period of 4 hours giving a total reaction 

time of about 6 1/2 hours. The analysis was carried out by GC-MS. The results can 

be see in Table 3.12 

Reaction time % Impurities % Desired Product 

2.75 hrs 49.1% 50.9% 

3.25 hrs 22.7% 77.3% 

4.5 hrs 14.8% 85.2% 

5.25 hrs 7.7% 92.3% 

6.5 hrs 0.0% 100% 

Table 3.12: Results from synthesis mapping at 94°C 

As can be seen, from the table 100% conversion was reached by 6.5 hrs reaction time. 

The GC-MS trace for the complete reaction can be seen in Appendix C (Fig. C4). It 

was, therefore, decided to use a reaction time of 7 hours and a temperature of 94 -

96°C for all future synthesis. 
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It was also discovered that batch size affects the synthesis. On a 2L scale, typically 

1.5 moles of starting material, the synthesis wentto completion-when reacted at 94 °c · 

for 7 hours and gave a product which wasfree fro~ impurities. When this was 

scaled up to 3L, typically 2.5 moles of starting material, the product tended to be 

susceptible to discolouration and decomposition when reacted under the same 

conditions as the smaller scale reaction. The synthesis. was, therefore, only_carried 

out on a 2L scale. Final purification of the product involved distilling off the excess 

-·· ,. -· . 

alcohol and then repeated by washing the product with distilled water until a cream 

coloured, waxy solid was obtained. This was then dried in an oven at 100°C for 

several hours. The melting point of this solid was determined, using a,:hot stage 

microscope, to be 28 - 29.5°C. 

3.2 Cure analysis 

3.2.1 Cold Cure Analysis 

Discussion of the cold cure of the resins will be carried out for each initiator system 

individually. In the following sections: 

MEKP == Methyl ethyl ketone peroxide (33% w/w in phthalate plasticiser), BPO = 

Benzoyl peroxide ( 50% w/w in phthalate paste), DCPO = Dicumyl peroxide (99% 

powder), CN == Cobalt naphthenate ( 1 % w/w Co in styrene), DMA = Dimethyl aniline 

(100%) 

3.2.1.1 Methyl Ethyl Ketone Peroxide (l\iIEKP) Initiator System 

This initiator system relates to samples A-J as described in Section 2.3 of the 

experimental section. Results are shown in Table 3.13. 
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Degree of Cure* 

Sample Composition 24 hrs@ 3 hrs@SOOC 3 hrs@ 100°C 
Room Temp 

A, 2%w/wMEKP, Slight gelation no change in no change 
1.5% w/w C.N:, · evident gelation state 
0.6%w/wDMA observed 

,-

B 2%w/wMEKP, no cure evident at no cure evident at slight gelation 
1.5% w/w C.N., all all evident 
0.5%w/wDMA 

c 2%w/wMEKP, · rio cure evident at . rio.cure evident at. -·slight gelation 
1.5% w/w C.N., all all evident 
0.4% w/w DMA . 

D 2%w/wMEKP, no cure evident ·at no cure evident at . slight gelation 
1.5% w/w C.N., all all evident 
0.3%w/wDMA . 

i 

E l.5% w/w MEKP, Slight gelation considerable no change 
1.5% w/w C.N. evident hardening, very observed 

tacky ·i-' ~ .. ' 

. 
F 2% w/w MEKP, Slight gelation considerable no change •. ,,... 

hardening, very observed l.5% w/w C.N. evident 
tacky 

G 5% w/wMEKP, Slight gelation no change ·no change 
3%w/wC.N. evident 

H 10% w/w MEKP, Slight gelation no change no change 
5%w/wC.N. evident 

I 5~/o w/w MEKP, Slight gelation no change no change 
5%w/wC.N. evident 

J 10% w/w MEKP, Slight gelation no change no change 
i.5% w/w C.N. evident ·-

* Cure conditions were run subsequently, i.e. room temp. followed by 80°C followed 
by 100°C 

Table 3.13: Results of cold curing of new monomer with MEKP initiator systems 
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These results show, categorically, that room temperature cure of the new triazine 

based resin with IvfEKP is not possible to a satisfactory degree .. 

3.2.1.2 Benzoyl Peroxide Initiator System 

Results for the cold cure tests with benzoyl peroxide and dimethyl aniline are shown. 

in Table 3.14. 

Degree of Cure* 
·. 1: .. .·· . ~ 

f·; 
.• 

Sample l Co~position 24hrs@ 3hrs@80°C 3hrs @lOOOC 
Room Temp. . .. ,; 

K ~ 3%w/wBPO Reasonable cure No change No change 
0.3%w/wDMA but tacky and soft 

.. 

L 4%w/wBPO Reasonable cure No change No change 
0.9%w/wDMA but tacky and soft 

M 3%w/wBPO Reasonable cure No change No change 
0.4%w/wDMA but tackv and soft c----, .. 

I No change .. N 3%w/wBPO Reasonable cure .. No change . 
0.5%w/wDMA but tacky and soft ·, 

0 10% w/w BPO Reasonable cure No change No change 
1%w/wDMA but tacky and soft 

p 7.5% w/wBPO Reasonable cure, No change No change 
lo/ow/wDMA hard but tacky 

Q 7.5%w/wBPO Reasonable cure, No change No change 
l.5% w/w DivfA hard but tacky 

* Cure conditions were run subsequently, i.e. room temp followed by 80°C followed 
by 100°C 

Table 3.14: Results of cold curing of new monomer with BPO initiator systems. 

Again it was concluded that this initiator system was not suitable for cold curing of 

the new monomer 
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3.1.2.3 Dicumyl Peroxide (DCPO) Initiator System 

None of the samples treated with DCPO gelled under any of the. conditions of cure. 

It is thought that the reason MEKP and BPO did not produce adequate curing was that 

they are not sufficiently compatible with allyl unsaturation,. i.e. the free radicals 
; < • • 

formed from MEKP and BPO are not reactive towards the allyl unsaturation present 

in the new monomer. Normally these initiators are used with vinyl unsaturation 

where they are exceptionally effective but they have been shown, here, to be 

ineffective with allyl unsaturation. The reason why DCPO did not produce any curing 

at all is that its critical temperature, i.e. the temperature at which it starts to rapidly 

produce reactive free radicals, is 100°C and this cannot· be · reduced by adding a 

catalyst or promoter (204). In other words DCPO only-works:,at temperatures of 

around 100°C and is totally ineffective for c()ldi.curing. It is evident from this that af 

present cold curing of this resin is not a viable option. 

3.2.2 Hot Cure Analysis 

The idea behind Sol-Gel analysis is that fully cured thermosetting resins are totally 

insoluble in solvents. If, however, some monomer is not up used in the cross-linking 

process then this would be soluble. 

The solvent is left to penetrate into the resin matrix and extract this soluble portion. 

The results from the Sol-Gel analysis are shown in Tables 3.15 (soluble portion of 

resins) and 3.16 (insoluble portion). 
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Benzoyl Peroxide • • Dicumyl Peroxide · AZBN 

2%w/w 3%w/w 2%w/w 3%w/w 2%w/w 3%w/w 

80°C l6hrs/120°C 5 hrs 28.48% 24.27% 4.95% 4.60% 17.00% 15.98% 

80°C 16 hrs/135°C 3 hrs 18.06% 17.26% 3.25% 3.17% 15.95% 15.05% 

80°C 16 hrs/135°C 5 hrs 17.52% 15.53% 3.65% 3.04% 14.65% 13.56% 

90°C 16 hrs/135°C 5 hrs 16.25% 16.21%. 2.95% 3.21% 15.34% 15.32% 

90°C 16 hrs/ 120°C 3 hrs 27.45% 25.52% 5.77% 3.96%. 18.94% 17.56% 

100°C 16 hrs/140°C 5 hrs 16.10% 14.23% 3.00% 5.00%-. 13.26% 13.54% 

Table 3.15: Percentage soluble material determined by Sol-Gel analysis 

Benzoyl Peroxide Dicumyl Peroxide AZBN 
.. . • ·,.-- -· 

2%w/w 3%w/w 2%w/w 3%w/w 2%w/w 3%w/w 
,., . ', .. ... . 

80°C 16hrs/120°C 5 hrs 72.35% 79.00% 95.02% 96.32% 83.52% 85.21% 
,,.,.. 

80°C 16 hrs/135°C 3 hrs 82.75% 81.99% 96.52% 95.98% 85.00% 85.29% 

80°C 16 hrs/135°C 5 hrs 84.23% 86.87% 97.45% 96.50% 86.54% 82.96% 

90°C 16 hrs/135°C 5 hrs 85.31% 85.62% 93.56% 95.25% 86.23% 86.43% 

90°C 16 hrsl l20°C 3 hrs 71.65% "74.63% 95.87% 97.67% 81.96% 82.85% 

100°C 16 hrs/140°C 5 hrs 85.64% 87.59% 96.34% 94.67% 87.36% 86.48% 

Table 3.16: Percentage insoluble material determined by Sol-Gel analysis 

The first thing to notice from these results is that the combined totals for the soluble 

and insoluble portion do not add up to I 00% exactly. There are several reasons for 

this which mainly lie with the crudity of the experiment. Firstly, the cur~d polyester 

is less dense than the dichloromethane so it floats on the surface of the liquid. When 

the solution was agitated the resin had the tendency to remain stuck on the sides of 
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the tube. The results of this. was that not all of the wefghed resin was used .100% of 

the time in the test. This meant that not all 9f the soluble portion was extracted from 

the resins in all cases. In an attempt to compensate for this the samples were left in 

solution longer and shaken less frequently. · This gave roughly the sa!Jle. results as 

before. The ideal method for this extraction. would be to use a So~et. extraction 

system. In this case the samples could be heated to expedite the extraction of the 

soluble portion. Another advantage would be that the samples would not need to be 

shaken as the dichloromethane would be continuously dripped down onto the 

samples. The reason why the soxhlet was not .used was because of the sheer number 

of samples involved. There were essentially too many samples and too few soxhlet 

extractors available for use. Despite this the results can be regarded as a good 

representation of the extent of cross-linking in the resins. The results clearly show 

that BPO and AZBN do not produce an adequate degree of cur;~ in . the resins. 

Acceptable degrees of cure are when there is 5% or less soluble material left in the 

resins. Dicumyl peroxide, on the other hand, shows an excellent degree of cure, 

especially when cured at 80°C for 16 hrs and then post cured for 5 hours at 135°C. 

The conclusion drawn from this testing was that this initiator with these cure 

conditions should be adopted as the standard method for curing the new resin. 

3.3 Smoke Testing Results 

The smoke testing was carried on separate occasions during the project. Initially only 

resins treated with DMMP were studied and then at a later stage resins with TEP 

were studied. It was found that the results differed quite markedly. These results are 

114 



shown in Appendix E (Table E 1 and Figs. E 1 - E4 refer to results from testing with 

DMMP and Table E2 and Figs. ES - E8 refer to testing with TEP). This was assumed 

to be because of a fault with the light bulb for the photometer which resulted in a new 

bulb being inserted into the apparatus. This bulb was unfortunately not exactly of the 

same type as the old bulb _which could no longer be obtained. In addition to this, 

there seemed to be some problems in achieving a satisfactory flame at times during 

the testing. To try and compensate for these discrepancies in testing, the samples · 

were prepared, cured and post-cured at the same time under exactly the same 

conditions. The samples were then tested as _quickly as was possible. The results are 

shown in Appendix F. 

3.3.1 Treatment of Data 

As well as recording the time to flame extinction and the maximum light absorption · 

(this is taken to be the highest point on the graph), the smoke density rating and the 

amount of smoke evolved per gram of sample burnt were also calculated. The smoke 

density rating is calculated by dividing the total area under the graph by the maximum 

possible graph area, i.e. the area given by a maximum 100% light absorption for tlie 

entire four minutes of the test and multiplying this figure by 100 to get a results in 

percent, see Fig. 3. 7. !he smoke per gram of sample is calculated by dividing the 

area under the graph by the number of grams of sample consumed during the test. 
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I\Jaxi..tnum Light Absorption 

1<:·~:AI. Maximtlffi Ana 

ffl Graph Area 

Time (Sees) 

Smoke Index Rating= (Maximum Area+ Graph Area) x 100 

Fig 3. 7: Typical YT plot for smoke evolution showing maximum light obscuration 

point and calculation for Smoke Index Rating. 

It may appear, at first glance, that the uni'ts for the total smoke evolved and the smoke 

evolved per gram or resin burnt are rather peculiar, being in seconds and seconds/g 

respectively. The reason for this is that units for the area under the graph and the total 

maximum area are a function of both the Y-axis and X-axis units. As the Y-axis is 

given as % it has no real units to use. The graph area can, then, only be expressed as 

a function of the X-axis units which is seconds. It must be stressed that this does not 

refer to a time or a definite quantitative amount of smoke. Rather, it gives a point of 

reference in comparing values from different samples. In this case the ma,ximum 

graph area is taken to be 24000 seconds. This is calculated from 60 seconds x 4 (the 

length of the test is 4 minutes) x 100 (maximum % value - this has no units). The 

results obtained when the samples were· tested together are shown in Tables 3.17 
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( aliphatic resin with phosphorus addi.tives) and 3 J 8 ( normal resin with phosphorus 

additives), 3.19 (styrenated resins and ATH) and 3.20 (triazine resins and ATH). 

These results are shown graphically in Appendix F. The reason for the use of ATH 

ties in with the reason why the phosphorus additives were tested at differing times. 

The initial smoke studies were carried out with Drv!MP which is a widely used 

additive for unsaturated polyesters. It was found that the more of the triazine resin 

was consumed in the test than the styrenated resin when DM1v1P was the additive. It 

was, therefore, decided to use a different phosphorus additive, which· might 

conceivably reduce.flammability as well as trying an additive which has been shown 

to reduce both flammability and smoke, in this case ATH. · The results are shown 

graphically in Appendix F (graphs Fl - Fl8). 

The smoke testing results, initially, show two things about the proqucti9n of smoke as 

a result of the constituents of the resins. These.are ·the contributions to the total 

smoke caused by styrene and phthalic anhydride. In the aliphatic resins the phthalic 

anhydride was replaced by adipic acid which has no benzene ring. In the triazine 

resins the styrene is replaced. Graphs F2 and F7, in Appendix F, show the amount of 

smoke per gram of resin burnt for the normal resins and the aliphatic resins 

respectively. These results are also shown in Table 3.17 and 3.18. It can be seen that 

on average the normal resins with styrene and no additives produces 3602 sec per 

!,rram of smoke. The equivalent aliphatic resins produce, on average, 2353 sec per 

gram smoke. This is a reduction of about 35% .. It can, then, be said that 35% of 

smoke produced in the normal' resin is caused by phthalic anhydride. It must be 
/ 

stressed, at this staoe that this figure for the amount of smoke produced by the 
~ ' -

phthalic anhydride is not an exact figure. 
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Sample Tmax (sec) ODmax:(%) Total smoke Sample Smoke/g Smoke 

(sec) Consumed (sec/g) Density 

(g) Rating(%) 

SADOl 144 76.3 10110 3.88 2605 42.12 
'. 

SAD02 160 86.3 11125 3.14 3543 46.35 

SAD03 188 86.0 10110 3.27 3092 42.12 

SAD04 172 76.3 10125 2.95 3432 42.18 

SAD05 140 38.3 5365 2.80 1916 22.35 

SAD06 140 40.0 5845 2.60 2248 24.35 

TADOl 190 27.3 3440 2.98 1154 14.33 

TAD02 176 30.0 3670 3.31 1109 15.29 

TAD03 200 26.3 3210 2.95 1088 13.38 

TAD04 196 36.7 3785 3.86 981 15.77 

TAD05 187 32.4 3231 3.52 919 13.46 

TAD06 195 30.2 3000 2.94 1020 · 12.50 

SATOl 160 79.0 10140 3.84 2641 42.25 

SAT02 156 85.3 10765 .1.25 3312 44.80 

SAT03 156 290.3 12730 3.05 4174 53.04 

SAT04 168 88.3 11745 3.23 3636 48.90 

SAT05 152 59.3 7855 2.76 2846 32.73 

SAT06 180 43.0 5950 2.31 2576 24.79 

TATOl 186 30.5 3630 2.75 1320 15.12 

TAT02 184 28.7 3240 3.40 953 13.50 

TAT03 196 30.0 3590 4.23 849 14.96 

TAT04 168 32.7 4210 3.09 1363 17.54 

TAT05 162 29.1 4231 2.85 1485 17.63 

TAT06 164 28.1 4031 2.91 1385 16.79 

Table 3.17: Results from direct comparisons between aliphatic resin with either 

triazine monomer or styrene monomer and treated with either TEP or DNTh1P. 
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Sample Tma. .. (sec) 0Dmax(%) Total Smoke Sample Smoke/g Smoke 

(sec) Consumed (sec/g) Density 

(g) Rating(%) 
.· 

SNDOl 128 98.0 15250 4.31 3583 63.54 

SND02 136 97.0 14955 3.24 4616 62.31 

SND03 148 94.0 13775 3.77 3652 57.38 

SND04 168 89.0 11685 3.56 3283 48.69 

SND05 124 93.3 13820 3.28 4214 57.58 

SND06 112 91.3 13670 2.74 4989 56.96 

TNDOl 152 46.7 6575 4.16 1581 27.39 

TND02 138 52.0 7512 3.38 2223 31.30 

TND03 156 53.7 8505 4.0b 2126 35.44 

TND04 120 59.7 8370 3.06 2735 "'"-34.88 

nmo5 .. 
.135 60.3 8420 3.26 2583 '35'.08· 

I 
. 

TND06 . 129 58.7 8129' 3.54 2296 33:87 

SNTOl 2148 98.3 14560 ... -4.02 1,. 3621 · ·. 60.66 

SNT02 136 97.7 ,' 14550 3.44 4248 60.~ 
SNT03 152 96.0 13830 . 3.06 4520 57.62 

SNT04 112 91.0 13255 2.66 4983 , 55.23 .. 

SNT05 128 78.7 11365 2.73 4163 47.35 

SNT06 132 75.5 11175 2.86 3908 46.56 

TNTOl 132 53.0 8175 4.39 1863 34.06 

TNT02 140 47.7 7055 4.36 1618 29.39 

TNT03 96 58.0 8875 4.03 2202 36.98 

TNT04 132 48.0 7508 4.25 1766 31.28 

TNT05 120 49.2 7259 3.97 1828 30.25 

TNT06 132 50.3 7356 4.01 1834 30.65 

Table 3.18: Results from direct comparisons between nonnal resin with either 

triazine monomer or styrene monomer and treated with either TEP or DM1vIP. 
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Sample Tmax (sec) ODmax (%) Total smoke Sample Smoke/g Smoke 

(sec) Consumed (sec/g) Density 

(g)' Rating(%) 

SNAOI· 240 61.3 5155 4.77 1081 21.48 

SNA02 240 38.6 3245 4.48 724 13.52 

SNA03 240 47.0 3525 1.42 2482 14.69 

SNA04 240 54.6 5300 5.18 1023 22.10 

SNA05 240 32.0 2880 4.62 623 12.00 

SNA06 240 47.5 3323 1.05 3164 13.84 

SNA07 240 48.7 4075 5.36 760 16.98 

SNA08 240 
..,.., .., 

2665 4.66 573 11.52 .) ., ·-' 
SNA09 240 30.0 1680 1.42 1289 7.00 . 
SNAIO 240 51.0 4610 5.26 876 19.20 

SNAii 240 34.0 23,5· 4.33 664 11.98 

SNA12 240 40.2 2363 1.53 1544 9.85 

SAAOI 228 20.1 3785 4.53 836 15.77 

-·. ~, 

SAA02 240 19.3 1660 3.28 506 6.91 

SAA03 234 28.6 2210 2.04 1083 9.21 

SAA04 216 23.0 .1898 4.42 429 7.91 

SAA05 240 23.7 2335 3.54 660 9.73 

SAA06 240 20.0 1320 2.78 475 5.50 

SAA07 240 18.3 1375 •4.46 308 5.73 

SAA08 240 20.0 1595 2.78 573 6.64 

SAA09 240 31.5 2055 2.80 734 8.56 

SAAlO 240 21.3 1455 4.51 323 6.06 

SAA11 228 22.7 1784 2.94 607 7.43 

SAA!2 240 25.0 1780 2.87 620 7.42 

Table 3.19: Results of smoke testing from styrenated resin samples with A TH and 

viscosity additives 
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Sample Tmax (sec) ODmax (%) Total smoke Sample Smoke/g · Smoke 

,(sec) Consumed (sec/g) Density 

(g) Rating(%) 

TNAOl 
240 38.6 4016 3.98 , ' 1009 16.73 

TNA02 
240 29.5 2932 4.12 712 12.21 

TNA03 
240 30. l 2982 2.01 1484 12.42 

TNA04 
240 25.0 3652 4.23 863 15.21 

TNA05 
240 22.1 2596 3.56 . 729 16.60 

TNA06 
240 28.6 2365 0.99 965 9.85 

TNA07 
240 27.3 3521 3.65 965 21.34 

TNA08 
240 24.7 2410 3.25 741 10.04 

TNA09 
240 22.9 1420 '1.62 876 5.92 

240 27.4 ' \ 3950 5.0t 788 ', 19.09 
TNAlO 

TNAll 
240 21.9 2356 3.25 728 9.82 

,,·, 

TNA12 
240 21.8 1562 1.36 1148 6.51 

·, 
.. 

TAAOl 240 14.6 2987 5.23 571 12.44 

TAA02 240 14.2 1420 .. 4.32 ,,h 328 5.92 

TAA03 240 12.8 1565 2.51 ,. 6?~ _., 6.52 

TAA04 240 16.1 1253 3.41 367 5.22 
: .. 

TAA05 240 14.8 1352 1.65 819 5.63 

TAA06 240 13.2 943 1.98 476 3.93 

TAA07 240 20.6 1032 . !· 3.89 265 4.3 

TAA08 240 17.4 1348 2.65 508 5.62 

TAA09 240 17.8 1432 1.98 7"~ _.) 5.97 

TAAlO 240 11.8 923 2.97 310 3.84 

TAAll 240 14.7 1241 1.98 626 5.17 

TAA12 240 19.4 631 1.02 618 2.63 

Table 3.20: Results of smoke testing from triazine resin samples \vith ATH and 

viscosity additives 
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The reason for the discrepancy lies with the fact it has been assumed that each 

component produces an exactly proportionate amount of smoke during combustion. 

This is not necessarily the case as the benzene rings might somehow interact within 

the network to produce more smoke than would otherwise be produced. The use of 

the smoke per gram resin burnt in this comparison is to compensate for discrepancies 

in the burning behaviour of the resins caused by slightly varying conditions within the 

smoke chamber which result in differing amounts of the resins being burnt. This 

leads to anomalous amounts of smoke being produced. 

Looking at the effect of styrene on the overall smoke production of the resins it must 

be stated that the same principle applies to the effect caused by styrene as for phthalic. 

anhydride; . It must also be said that the triazine · ring will also produce a certain 

''> amount of smoke .. In the case of the normal resins (Graph F2 1and Table 3.18) the 

styrenated resins produce, on average, 3602 sec per gram of smoke compared to 1722 

sec per gram for the triazine resins. This is a reduction of about 52%. In the case of 

the aliphatic resins (Graph F7 and Table 3.17) this reduction is in the order·of53%. 

Again this appears to be disproportionate as the styrene only contributes 35% to the 

styrenated resins. The reason why such a large reduction is seen could lie with the 

fact that the triazine ring accounts for between 55. - 60% of the resins as opposed to 

35%. This could lead to a larger reduction than would be expected because less of 

the other carbon rich components are present in these resins. 

It is now important to discuss the effects of phosphorus and resin flammability on the 

smoke production of the resins. Looking at the normal resins first (relating to Graphs 

Fl - F5 and Table 3.18) the first item to consider is the total amount of smoke 

produced from the burning polymer as this is more indicative of the true smoke 
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behaviour of the resin. For this analysis· the data as shown on graphs Fl and F3 are 

needed. Initially, with no phosphorus additives present, the triazine resins give a 

smoke reduction over the styrenated resins of about 52%. This is reduced to an 

average of 3 8% at l 0% loading levels of phosphorus additives. · The reason for this is 

that at these higher phosphorus loading levels the flammability of the styrenated resin 

is reduced considerably. On average 33% less of the sample is consumed at 10% 

additive level than when no phosphorus is present. In the case of the triazine resins 

the effect of the phosphorus on the.flammability is negligible. On average only 12% 

less sample is consumed at 10% additive loading level than at 0% additive lo_adings. 

This shows that the amount of smoke produced is .heavily dependent on the amount of 

resin burnt. When a sample chars due· to·the presence of a flame retardant additive 

· . .less flammable material is available for smoke production . .These results also show 

that the phosphorus is having very little flame retardant effect on the triazine resins. 

In general it can be seen that the presence of TEP or DMMP causes no major increase 

in the amount of smoke produced. TEP does, however; seem to reduce the amoUDt: of· 

smoke produced in both types of resin, very slightly, over the DMMP. Graph F2 takes 

into account the amount of resin actually burnt. The untreated triazine resins produce 

an average of 52% less smoke than the untreated styrenated resins. At the higher 

loading levels of phosphorus the smoke reduction caused by the triazine ring is 

around 53%. This is constant with the untreated resins. Once again, it appears that at 

higher additive loading levels the TEP treated resins produce less smoke than the 

DMMP treated resins. 

Graph F4 shows that the maximum light obscuration caused by the smoke produced 

from burning the untreated triazine resm 1s about 49% less than that from the 
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untreated styrenated resin. The importance of this is that in a real fire situation one 

major obstacle to escape is the blackness of the smoke. If, then, smoke produced 

from a burning resin does not obscure vision the escape would be easier. . At the 

higher end of the additive scale this reduction falls to 35%. This change in reduction 

of light obscuration can be caused by one of two effects. The first of these is that at 

the higher loading levels of phosphorus less smoke is produced from the burning 

resins which leads to a subsequent reduction in light obscuration. The second 

possible cause for this phenomenon is that, in a system like this one~ light obscuration 

is a function of particle size. Smaller particles scatter light more than larger particles 

and so would show a higher light obscuration. It is conceivable~. the~ ·that a system 

which produces less smoke of smaller particle size v,ould· show a higher light 

obscuration value than a system which produces large smoke particles. 

The final graph (Graph F5) relating to the normal resins shows-that, in most cases, the 

time taken for the untreated triazine resins to reach maximum light absorption is · 

longer than the equivalent styrenated resins. When· phosphorus is present in the 

resins, however, this is not the case and the styrenated resins take longer to reach 

maximum light absorption. The importance of this only becomes clear when this fact 

is considered along with the fact that, in all cases, the triazine resins took longer to 

start producing smoke during the test. It is clear, then, that once these resins start 

burning they do so very quickly , producing an initial rush of smoke evolution. The 

culmination of the results from the smoke testing of the normal resins is that the 

triazine resins reduce smoke production by up to 53% over the styrenated resins. The 

problem is that at higher additive loading levels the styrenated resins burn less and so 

produce less smoke. This effect, however, is not seen in the triazine resins which 
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bum to roughly the same extent irrespective of the amount of phosphorus present and · 

therefore do not show an appreciable reduction in smoke evolution over the additive 

content range. This combined with the fact that the triazine resins appear to produce 

smoke at a considerably quicker rate than the . styrenated resins means that the 

advantages gained by incorporating the triazine ring into the normal resin are reduced 

by the rapid smoke production when phosphorus is added to the resins. 

In considering the effect of the triazine ring and the addition of the phosphorus to the 

aliphatic resins, the same consideration are going to be taken into account as for the 

normal resins (Graphs F6 - FIO and Table 3.17); Again looking initially at the total 

smoke evolution from the resins (Graph F6) it is clear that the triazine resins show 

· considerable advantages over the styrenated resins when . no phosphorus is present. 

This is shown by a reduction in smoke evolution by the. triazine resins qf 65% over 

the styrenated resins. This advantage is increased, in the case of the triazine resins 

treated with TEP, up to 5% loading levels. · In the case of the DMMP additive the 

overall reduction stays fairly constant. At 7% phosphorus additive· levels there is a 

marked difference in the smoke production of the styrenated aliphatic resins. The 

smoke evolution is reduced from an average of about 10935 sec to as low as 6610 sec. 

This reduces the difference in smoke evolution between the two resins to about 40%. 

This can be attributed to the fact that at these higher loading levels the flame retardant 

effects of the additives is increased to such an extent that much more char is produced 

and so a subsequent reduction in smoke evolution occurs. This is shown by the fact 

that less of the samples containing the higher additive levels are consumed during the 

test. Saying this, however, the difference in sample consumption is much less marked 

from loading levels of 3% onwards. This, then, would seem to negate the theory that 
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the reason for low smoke production comes predominantly from the reduction· of 

sample consumption. It must be considered, in this argument, that the char in these 

resins does not contribute a great deal of weight to the remaining sample but do retain 

the carbon rich backbone in the sample so preventing smoke production. Allowing 

for this it is safe to say that a large reduction in smoke could be achieved whilst only 

reducing the sample consumption by about 0.5g. 

Graph F7 shows the amount of smoke evolved from the resins whilst taking into 

account the amount of sample consumed;. ·. With no phosphorus additive present the 

triazine resins reduce .the smoke evolved pergram or resin by about 53% over the 

styrenated resins. Again this reduction is constant up to loading levels of 3% additive. 

·At loading levels greater than this the styrenated resins produce much·less smoke per 

gram of resin burnt. This,reduction in the smoke; at.these levels for the styrenated 

resins, is much greater for resins treated with D:rvtMP .. This can also~be said for the 

triazine resins which show a reduction in smoke evolution with increasing D!vfNIP . 

content. At additive levels of 7% and above the reduction of smoke evolved caused 

by the introduction of the triazine ring is 52% for the triazine resin with 7% DMMP, 

48% for triazine resin with 7% TEP 55% for the triazine resin treated with 10% 
' 

DMMP and 46% for the triazine resins treated with 10% TEP. This shows that, 

although there is a reduction in the advantage gained by using the triazine monomer 

rather than styTene when phosphorus is present, the triazine resins still perform 

considerably better in terms of smoke production. 

In terms of maximum light obscuration (Graph F9) it appears that the triazine resins 

cause considerablv less lioht to be obscured than the styrenated resins at additive . ::, 

levels of O - 5%. This manifests itself by the triazine resins only obscuring 36% light 
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whereas the styrenated resins obscure a maximum of 88% light. At loading levels of 

7% and above the styrenated resins obscure much less light. In the case of the resins 

treated with DtvfMP the difference in light obscuration between the two resins types 

drops to 6% at 7% DMMP and 10% at 10% DM1v1P. In the case of TEP, however, the 

light obscuration difference is 30% at 7% TEP and only 15% at 10% TEP. It could be 

assumed that this reduction in light obscuration is a direct result of the drastic 

reduction in total smoke evolved from the styrenated resins. This phenomenon of 

reduced smoke evolution is not seen in the triazine resins so the overall differences in 

light obscuration would be reduced. If this were the case, however, one would expect 

this difference to be in line with the change· in total smoke evolved. As has been 

discussed, there is a 46 - 55% reduction in smoke evolution from the triazine resins 

over the styrenated resins at these higher phosphorus levels. Another anomalous.effect 

is that, the triazine resins treated with TEP show improved performance in terms of 

maximum light obscured but poorer performance in term of total smoke evolved than 

the DMMP treated resins. These effects can be explained when· one considers the 

data shown in Graph Fl O which shows the time to maximum light obscuration. At 

additive levels of 3% and above, the triazine resins treated with DivfMP take much 

longer to reach maximum light absorption than those treated with TEP. The resins 

treated with TEP could, then, have a lower maximum but still produce more total 

smoke. This principle can also be applied to the comparison between the triazine 

resins and the styrenated resins. In general the styrenated resins reach maximum light 

absorption more quickly than their triazine equivalents. · It is possible that the total 

smoke evolved could be very different even though the light obscuration values are 

relatively close together (Fig. 3.8). 
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Time (Sees) 

Fig;, 3.8: Schematic representation of area differences caused by varying maximum 

values and the respective times to,reach the maximum. · 

It can be:clearly seen that the area mapped under the red line is larger than the·atea 

mapped under the black line even though the black graph has a higher maximum 

point. 

The use of ATH was deemed useful as it was thought that ·this would give an 

indication as to how the triazine resins would behave in terms of smoke evolution 

when effectively fire retarded. It must be stressed here that these results can in no 

way be directly compared to the results obtained from the smoke testing with 

phosphorus. This is because, in all cases where A TH is added, the amount of resin 

actually available for burning is anywhere from 33% to 50% less than was available 

in the testing with phosphorus as the additive. The results are shown in Tables 3.19 

and 3.20 as well as graphically in Appendix Fas Figures Fl 1 - Fl8. Taking this into 

account it is obvious that the resins containing A TH will produce less smoke than the 

resins not containing A TH. 
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Looking at the normal resins first (Tables 3.19 and 3.20, Figures Fl 1- FIS) it can be 

seen that in general the largest reduction in smoke evolution by the triazine resins 

occurs when only 50phr A TH is present. This is to be expected as it is with these 

samples that the most resin. is present.. In the other samples the amount of resin is 

sequentially reduced and so the effective differences in sample composition· have a 

smaller effect on the smoke production of the resin. The first surprise comes from the 

fact that at 100 phr ATH more smoke is produced, for the resins containing viscosity 

additive 966, than for the samples containing 75phr. The reverse is actually expected. 

This suggests that this additive acts to produce more smoke. Again, surprisingly, the 

amount of smoke evolved per gram of resin for all samples containing 100 phr ATH 

is more than that for samples containing 75 phr. This is particularly curious when one 

considers that in excess of 66% less of these samples are consumed during_ the test " 

than samples containing 75 phr. This seems to indicate that at higher loading levels 

the A TH actually gives rise to more smoke being produced. This could be a result of 

the ATH causing more heat to be radiated away from the resin and so causing more 

incomplete degradation of the resin and so leading to more smoke. Once again 

samples containing the 966 viscosity additive produce more smoke than those with 

the 980 additive. Surprisingly some of the triazine resins produce more smoke per 

gram of sample than the styrenated equivalents. One reason for this could be a lack 

of complete sample homogeneity. If, for example, there were areas of the samples 

which, due to inadequate mixing or sedimentation of the A TH, had a lower 

concentration of A TH then these areas would be relatively resin rich. If these areas 

were exposed to the flame then more smoke would be produced. · This is entirely 
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possible as some sedimentation of the ATH did occur with the triazine resins due to 

their prolonged cure time and reduced viscosity at high temperatures. 

As is expected the maximum light obscuration (Graph Fl4) obtained from the triazine 

resins is less than that from the styrenated resins, with the largest reduction being 

observed at 50 phr A TH. Overall the amount of smoke produced from· all the resins 

treated with A TH is less than the untreated resins. , In the case of the 50 phr samples 

this reduction would be expected to lie in the region of 33% because the amount·of 

resins present has been reduced by 33%. · The 'actual value, using smoke per gram 

sample consumed data, is 70% for the normal styrenated resins and· 43% for the 

nom1al triazine resins. In both sets of testing the amount of sample consumed is 

roughly equal so the reason for this cannot lie with the fact that less sample,-was 

consumed. Rather this indicates that ATH is being consumed;during the test whilst 

not contributing to overall smoke evolution. It is perhaps more accurate to say that 

the ATH is decomposing to release its water content. · 

Very much the same smoke behaviour is seen with the aliphatic resins treated with 

ATH (Table 3.19 and 3.20, Figures Fl5 - Fl8). There appears to be no readily 

discernible pattern to total smoke evolution of the various resins (Graph F15) apart 

from the fact that the triazine samples produce less smoke than the equivalent 

styrenated samples. The amount of smoke per gram of resin burnt (Graph F16) also 

appears to have no real pattern save to say that in general there is little reduction, if 

any at all, in smoke evolved per gram of the triazine samples burnt over that produced 

per gram of the styrenated resins burnt. 

In tenns of maximum light obscuration it can be seen from Graph FI 7 that in all 

cases, except one, the maximum light obscured by the styrenated resins is greater than 
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that obscured by the triazine samples. From a detailed knowledge of the sample 

preparation it must be assumed that the discrepancies observed in the behaviour of the 

triazine resins lies solely with the sedimentation ofthe ATHand the subsequent lack 

of homogeneity in the triazine samples. As the use ofATH in the triazine samples is 

so problematic it is clear that this fire retardant additive may be of little practical use 

in this system. On top of this lack of compatibility comes the fact that the triazine 

resin on its own delivers a far greater improvement over the styrenated resins when no 

A TH is present. In general then, if A TH were to be used there is no great benefit in 

using the triazine monomer in the resin rather than styrene regarding smoke 

production. 

Summarising ·the results it is clear that the triazine resin considerably reduces,.the 

amount of smoke produced during combustion in comparisonto the styrenated resins. 

This reduction, however, is on a smaller.scale wh_en phosphorus is added to the resins 

because of the fire retardant effect of the phosphorus on the styrenated resins. This 

causes charring in the resins which retains the carbon rich, smoke producing 

components in the char. This fire retardant effect is not observed in the triazine 

resins. 

Another problem observed with the smoke testing is that the test itself is inherently 

unreliable as far as giving exact quantitative amounts of smoke. There are several 

reasons for this. Such reasons include the deposition of soot on the light source and 

photometer which prevents light from passing through to the photometer and so 

would give a higher total smoke value. Secondly the chamber was not completely air 

tight and so small quantities of smoke were occasionally lost during the tests. 

Unfortunately this loss cannot be assumed to be a constant which could also lead to 
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misleading smoke results. Thirdly, the total smoke .reading in a system like this is 

entirely dependent on the amount of light passing through the chamber from the light 

source to the photometer. This in turn depends on the smoke particle size. It is 

.known that smaller particles scatter light more than larger particles, so a certain 

amount of small particles will scatter light more than the same amount of large 

particles. In this situation the smaller particles will show a larger smoke production 

than the large particles even though this is not the case. 

The final major problem with this test is the fact that it only subjects the samples to a 

single heat flux. It has been identified that smoke production changes dramatically . . 

with varying heat fluxes (205). This· test, then; does not allow the researcher to 

discover how the resins will behave with varying heat, flu.xes. A more useful test 

would include measures to combat aILthese problems. This· would include a dynamic 

style test, where the smoke is swept along in a stream of air. This would prevent the 

deposition of soot on the optical system. Secondly; if the soot was then- carried 

through a pre-weighed filter then the total mass of smoke could be measured. This 

would give a much more quantitative measurement of the total amount of smoke 

produced. Such a system would have little or no smoke loss due,to leaks and holes in 

the system. Finally, the sample could be placed in a rube through a tube furnace 

which was capable of placing the sample under varying temperature conditions and so 

varying the heat flux to the sample. A very similar system has been invented by 

Whitely (206) with only the filter excluded from the test (Fig. 3.9). 
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Fig. 3.9: Schematic representation of improved smoke testing c~amber. 

Despite the criticisms of the smoke chamber used it must be clarified that the smoke 

chamber conforms to an accepted standard test fo~ · smoke production and that it gives .. 

reasonable qualitative comparisons between samples. 

3.4 Fire Testing Results 

3.4.1 LOI Testing 

The results from the limiting oxygen indexing testing are shown in Tables 3.21 (resins 

with TEP or Dl\.1M.P), 3.22 (resins with TPP), 3.23 (resins with melami~e) and 3.24 

(resins with TCEP). These are represented graphically in the Appendix as Graphs G 1 

·G8. 
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Oxygen Index Value(% 0 2) 

Sample 01 02 03 04 
" 

05 

SAFD 23.9 18.7 19.23 20.09 21.65 

SAFT' 18.23 18.26 19.27 20.18 21.88 

SNFD 18.17 18.74 20.54 20.93 23.65 

SNFT' 18.04 18.52 20.60 21.20 23.15 

TAFD 23.34 23.09·. " 22.62 .. ·22:91· 22.75 ' 

TAFT' 22.99 23.01 22.63 22.53 23.20 

TNFD 21.01 21.35 22.56 22.74 23.75 

TNFT' 22.51 21:40 22.65 22.77 23.60 

Table 3.21: LOI Results from fire testing with TEP and DMNIP 

Oxygen Index Value (% 0 2) 

Series 01 02 03 04 05 

SNFT*PP 18.21 1K83 19.62 20.25 .. 22.42 

SAFT*PP 18.15 18.52 19.51 ,, 20.30 22.00 

TNFT*PP 22.51 22.76 22.65 22.81 23.64 

TAFT*PP 22.67 22.83 22.91 23.29 23.72 
-

Table 3.22: LOI Results from fire testing with TPP 

Oxygen Index Value (% 0 2) 

Sample 01 02 03 04 05 06 

SAFMD 19.3 21.4 19.9 ?" ,., 
-.J . .) 24.8 26.9 

SAFMT' 19.5 21.7 20.6 ?" ~ _.),.) 24.9 26.5 

TAHvID 23.6 25.6 23.5 25.9 24.5 26.6 

TAFMT' 22.9 25.3 23.9 25.8 24.2 26.7 

Table 3.23: LOI Results of fire testing with varying amounts of melamine and 

phosphorus additives. 
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"' 
:,·. .: ,, .. Oxygen Index Value (% 0 2) 

. -.· 

Sample Series 01 02 .. 03 . 04 

SAFC 18.3· '18.5 20.9 22.8 

SNFC 18.4 18:9 21.4 22.7 

TAFC 22.6 ··24.9 ·25.l · 24.5 

TNFC 21.6 21.75 ' 24.8 26.1 

Table 3.24: LOI Results forfire testing with TCEP additive. 

The first thing to notice from these''tests. is that there is very little difference in 

flammability between the aliphatic'and'normal resins. In general some testing shows 

the untreated notn:ial resins to be more flammable and · some show the untreated 

aliphatic resins to be more flammable. The reasons for thi~i"probably lie with slight 

temperature fluctuations within the LOI chamber. If the temperature is not kept 

constant for each test then varying results will be obtained. This is because resins 

become more flammable at higher temperatures. This stems from the fact that 

degradation of the resins is more rapid at higher temperatures and so combustion 

becomes easier. It can be assumed that there is little or no difference in the 

flammability between the normal and aliphatic resins. 

The second obvious deduction from these results is that the untreated triazine resins 

show on average a 4-5% increase over the equivalent styrenated resins as far as LOI 

value is concerned. Technically, from these results, the triazine resins should be self-

extinguishing under normal atmospheric conditions. This is shown by the fact that 

\ 
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the triazine resins have an LOI values greater than 22%. As ·the atmosphere only 

contains 21 % oxygen, which is a lower value than is required for the triazine resins to 

sustain combustion, the triazine resins will self-extinguish. This does not mean that 

these resins will not ignite and it does not imply that the self-extinction of.the flame is 

nearly instantaneous, rather it means that these resins will self-extinguish eventually 

although the time scale of this cannot be determined from.this test. 

Table 3.21 and Graphs Gl and G2 show the testing of the normal and·aliphatic resins 

respectively treated with either TEP or D:tvfMP. There appears to be very' little 

difference in the relative fire retardant effects of DMMP and TEP when· used in the 

nonnal resins. Each seems to 'improve the LOI value by an equivalent amount The 

most important observation is that the presence of the phosphorus has very little effect ··· 

on the flammability of the triazine resin. The increase in LOI value from 0% additive 

to 20% additive is on average only ·1.9%. For the styrenated resins this increase 

amounts to 5.3% giving an LOI value for these resins which is roughly equal to the 

triazine· resins. It is conceivable that at higher loading levels of the phosphorus 

additives the LOI value for the styrenated resins would exceed that of the triazine 

resins. This gave an eariy indication that the phosphorus has no real 'fire retardant 

effect in the triazine resins and that there is no synergism between the phosphorus and 

the amine group as might have been expected. Indeed there is no effective additive 

effect between the triazine ring and the phosphorus either. This latter observation is 

also shown by the fact that the graph of LOI vs additive content for the triazine resins 

is a straight line ( Graphs G I and 2, yellow and light blue lines). If synergism were 

present then this line would curve away from the X-axis with a tailing effect at higher 

phosphorus levels. The line for styrenated resins is also, within experimental error 
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limits, a straight line (Graphs G 1 .and 2, . dark blue and red lines). This is to be 

expected as the fire retardant . effect is· dependent on · the phosphorus content 

concentration and gives a linear response. It would be expected that, at higher 

additive loading levels, the line would tail off as the maximum fire retardant effect is 

achieved. 

These observations are also seen in the aliphatic resins. It must be stressed here that 

the first point on the SAFD series line is an anomaly and can be discounted as being 

inaccurate. Again it is observed that the styrenated resins have a higher LOI value at 

high additive loading levels than at low .loading levels. This is again not observed 

with the triazine resins. One slightly encouraging observation is that at 20% additive 

levels the triazine resins still have a 1 - 1.5% advantage in limiting oxygen index 

values over the styrenated resins. Again no additive effect is seen in the,. triazine 

-
resins. This, as explained earlier, means that.the ph?sphorus additive is somehow 

being swamped in the triazine system. 

It was initially thought that, because the DM.MP and TEP had such relatively low 

boiling points, they were evaporating from the triazine resins during the high 

temperature cure. To test this theory an additive with a high boiling point was used. 

This was triphenyl phosphate. It was thought that, as this additive had such a high 

boiling point, it would not evaporate during cure and would then give improved LOI 

results. The results in Table 3.22 and on Graph 03 show that this does not occur. 

Instead of the expected effect·of increased LOI values for the triazine resins there is 

no real increase in LOI values as was seen with the other phosphorus additives. This 

indicates that evaporation of the additive from the resin is not the reason for the lack 

of fire retardant effects. 
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The testing with melamine was carried out to test the theory that the· basicity of the 

amine group attached to the triazine ring was inhibiting the acidic fire retardant effect 

of the phosphorus additives.· .. If this were the case· then the incorporation of the 

melamine, which has three basic amine substituents, intothe styrenated resins with 

phosphorus would inhibit the fire retardant effect of the phosphorus and so reduce the 

LOI values at higher phosphorus additive levels. 

The first factor for comment is the fire retardant effect imparted by only incorporating 

the melamine. Table 3.23 and Graph G4 shows the results from adding melamine so 

that 1.87% nitrogen is added to the systems. Graph G6 shows these results compared 

to the results obtained from testing the same resins·without melamine. The first thing 

to notice from this graph is the increase in LOI values, for,·the two resins, caused 

solely by melamine. This is shown by the increase at 0% P additive level. For the 

styrenated resins the melamine causes an increase of just over 1 % in the LOI value 

compared to the resins with no melamine. For the triazine resins this increase is 

much less pronounced and is on average 0.1 %. At 1 % loading levels of the 

phosphorus additives the increase in LOI for the styrenated resins treated with 

melamine, compared to those with no melamine, rises to an average of:i.8%. This 

increase is slightly more than would be expected if only an additive effect were in 

action between the melamine and the phosphorus additives. If the additives were 

acting additively it would be expected that the rise is LOI value at the 1 % phosphorus 

additive level, for the resins with melamine, would only be just over l %. This is 

exactly the same as the increase caused by melamine alone. The· extra increase in 

LOI value could, however, be caused by slight experimental error and is by itself 

inconclusive proof for any mild form of synergism. 
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At 10% phosphorus additive levels the melamine..;containing resins show a very large 

increase in LOI value over the resins with no melamine. This increase is 3%. This is 

a 2%.increase over the expected value, assuming additivity. The triazine resins.show 

the same sort of behaviour with the LOI value increasing disproportionately to the 

expected additive increase. This increase is 1 % at 1 % phosphorus additive and 1.4% 

at 10% phosphorus additive levels. These results·lead to two important observations, 

the first of which comes from relatively poor LOI increase for. the triazine resins with 

melamine. In the case of Graph G4 the melamine is present at 1. 87% w/w of the total 

resin. The structure of melamine is very similar to that of the triazine monomer and 

so can be assumed to act in much the same way in terms of fire. retardant effect within 

. the resin. This small increase in the triazine type.fire retarda.'lt (as1melamine) when 

compared to the fact that the triazine monomer alteady makes up about 55% of the 

,. total resin is relatively insignificant and such a large increase in LOI value would not 

be expected. 

The second observation of importance to arise· frorii these results is the 

disproportionate increase in LOI value seen in the melamine-treated resins. This 

indicates that there is indeed some synergism occurring between the melamine and 

the phosphorus additives. This synergism is more than likely between the amino 

substituents on the melamine and the phosphoms additive. It is possible that the 

methoxy or ethoxy groups on the phosphorus additives are becoming bonded to the 

amino groups on the melamine. This is very similar to the mode of synergy as seen in 

poly(acrylamides) with phosphonate-type additives. If this is the case then it proves 

that the basic nature of the triazine monomer is not the reason for the phosphorus 

additive having no effect in the triazine resins. In fact the graph shows that in the 
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triazine resins with melamine· the phosphorus is having an increased effect on the LOI 

value of the resins. The results of the melamine testing with 1.9% melamine are 

repeated when 18.75% w/w melamine is used in.the resins; except thatthis occurs on 

a slightly larger scale. The presence of the melamine alone in the styrenated resins 

leads to an increase in LOI of 3%. In the triazine resins this increase is 2%. · At 1 % 

phosphorus additive levels the increase forthe styrenated resins is 5% and 3% for the 

triazine resins. At 10% phosphorus additive loading levels the styrenated resins with 

melamine show an increase over the styrenated resins with no melamine of 5% and 

for the triazine resins this is 4%. Again these results are showing some:signs of slight 

synergism. There are, however,: riot enough results to categorically prove this theory 

of synergism and so this must be classed as a tentative thought. What is obvious, 

though, is that it is not the basic nature of the triazine that is preventing the 

phosphorus· additive from behaving normally as a fire retardant. The reason must, 

then, lie elsewhere. 

Table 3.24 and Graph G8 show the results of the LOI testing carried out with TCEP. 

This was carried out because it was thought that if the chlorinated additive only 

operated in the vapour phase, as had been previously suggested, then the triazine ring 

would not be able to inhibit its mode of action and so LOI values greater than those 

obtained using TEP or DMNfP would be achieved. If, on the other hand, the two 

elements only act additively, as has also been suggested, then again a greater LOI 

value would be achieved from the effect of the chlorine in the vapour phase. The 

graph shows that there is a reduction in LOI value for the normal styTenated resins 

treated with l 0% TCEP compared to those treated with DMMP or TEP. This is 

surprising as at 5% TCEP loading levels the LOI value is slightly higher than for the 
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equivalent resins with TEP or DMMP. The aliphatic resins, on the other hand, show 

an increased LOI value, throughout the TCEP loading level range, when compared to 

when they are treated with TEP or DMNIP. This leads to the conclusion that the 

value for the LOI at 10% TCEP for the normal resin is anomalous and caused by 

experimental error. More testing would be needed to give conclusive results as to the 

true effect of the TCEP in the styrenated resins. The triazine resins, however, show 

quite marked increases in LOI, when treated with TCEP, when compared to the resins 

treated with TEP or DtvllvfP. This shows that the triazine ring is not interfering with 

the mode of action of TCEP as it does with TEP or DlvfMP. Whether this is because 

the TCEP acts in solely in the vapour phase or whether this is an additive interaction 

is not clear from these test results. 

In summary, the important observations arising from the LOI testing are that untreated 

triazine resins are more inherently fire retardant than untreated styrenated resins but 

that phosphorus additives do not have any great fire retardant effect in the triazine­

based resins. This inhibition of the fire retardant effect is not because of the basic 

nature of the triazine ring. Indeed, with primary amine substituents, such a ring type 

shows some synergy with the phosphorus additives. The use of TCEP in the triazine 

resins give much better fire retardance than the use of non-halogenated additives. 

The mode of action of this is not readily detectable from this testing. It may be 

necessary to modify the triazine monomer so that it contains primary amine 

substituents rather than the tertiary amine substituent that is currently present on the 

ring to see if phosphorus-nitrogen synergy is possible in this type of system. In order 

to detennine the mode of action of the TCEP it will be necessary to carry out 

phosphorus analysis of the chars to see if any phosphorus is left in the char of resins 
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treated with this additive. If phosphorus is retained in the char to a large extent then 

this is proof that no phosphorus-chlorine synergy is taking place. 

3.4.2 Surface Spread of Flame Testing 

The results for this testing are shown in tables 3.25 (normal resins) and 3.26 (aliphatic 

resins). These are shown graphically in Appendix Has graphs Hl - H9. 

Sample Bum time (sec) Bum length (mm) 

,,~ 
,, 

Q 

Bum length/sec 
(mm/sec) 

Table 3.25: Results from surface spread of flame tests on normal resin containing 
either styrene or triazine with either TEP or DMMP. 

142 



Sample Bum time (sec) Bum length (mm). Burn length/sec (mm/sec) 

? 

? 

? ? 

? 

u--~-'-a,..;.,.2J....lJ..1-~~~-~~----l..:t!t..~~~-l-~~~1U,!__~~-4~~~__\.l...l.2lL--·' ~ 
4 == ii 

Table 3.26: Results from Surface spread of flame testing with aliphatic resifr,-, 

Graph Hl shows the amount of time that each sample burnt before extinctio.n of the 
• "I • ·~ 

flame. The triazine resins do not burn for as long as the_ styrenated resins at all of the 

phosphorus additive levels. This backs up the results of the LOI testing which show 

that the triazine resins are les~ flammable than the styrenated resins. These results 

indicate that DMMP is better at retarding fire in both systems. This is shown by the 

fact that the resins treated with DMMP burn for a shorter period of time than those 

treated with TEP. Graph H2 shows the flame spread of each sample. The.first most 

noticeable observation is thaJ the triazine resins show a smaller surface spread of 

flame at all additive levels .. Secondly it appears, again, that DMMP is giving the best 

perfonnance in both resin types. Only three samples, however, pass the test. These 

samples are the triazine resin with 5 and l 0% DMMP and the styrenated resin with 
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5% DMl'vtP. Only one, of these shows class one perfonnance, this one being the 

triazine resin with 5% DMlvIP. · None. of the resins with TEP give acceptable 

perfonnance in this test. It has been shown, however, that additives such as TEP and 

DMMP may actually contribute to the flame spread of resins (158) because of their 

low boiling and flash points. It was found; in this study, that the optimum levels for 

% phosphorus was 0.2% for TEP and 0.6 - 0.8% for DMNfE>. This is not the case in 

our study where the optimum levels are slightly higher at 1.7% for TEP and 0.85% for 

DJ\11v1P. Also our study showed that for both types of resin the surface spread of 

flame was actually reduced by the presence of the phosphorus additives. 

Graph H3 shows the surface spread of.flame per second for the samples. In the case 

of the resins treated with TEP it appears that for all. loading levels:of TEP the triazine 

resins bum faster than the styrenated resins. i:At 10% of the TEP, however, the 

triazine resin burns at very close to the same rate as the equivalent styrenated resins. 

For the resins. treated with DMNfE> it is only at 10% · loading levels that the styrenated 

resin actually has a slower burning rate than the styrenated resins. It is obvious then 

that although the DMNfE> and TEP may have been implicated in adding slightly to the 

surface spread of flame they are, in this case, actually aiding in reducing the surface 

spread of flame as well as the burning rate. It is clear that the nonnal resins require a 

better additive to give them acceptable surface spread of flame performance. 

For the aliphatic resins Graph H4 shows the amount of time each sample burnt before 

flame extinction. As for the normal resins the triazine resins achieve flame extinction 

much more quickly than the styrenated resins. This occurs at all loading levels of the 

phosphorus additives. On average this reduction in burn time is about 77 seconds. In 

terms of actual surface spread of flame it can be seen that, on average, the triazine 
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resins:treated with TEP have a lower surface spread ·of flame than the styrenate.d 

resins treated with TEP ( Graph H5)., The only case where this does not occur is at 5% 

loading levels of the additive. Surprisingly· the resins treated .with DMMP do not 

follow the expected trend, with the triazine resins.· having a smaller surface spread of 

flame. The triazine resins treated with D:MMP only show better performance at 0% 

and 10% loading levels of DMMP .. It is only at 10% loading levels of the phosphorus 

additives that acceptable fire performance is achieved in the aliphatic tiiazine resins: 

For the styrenated resins treated with DMMP, class 2 fire performance is achieved at 

loading levels of DMMP of 5% and over. TEP in the styrenated resins does not give 

acceptable fire performance at any loading levels. Importantly, it·can be seen from 
I 

Graph H6 that in all cases the styrenated resins burn more slowly than the triazine 

resins, the major differences in burn coming at 1 and·::5% of the additive loading 

levels. 

Comparing the behaviour of the aliphatic resins to the normal resins (Graphs H7 - H9) 

it is clear from Graph H7 that the untreated aliphatic styrenated resins have a lower 

bum time than the equivalent normal resins. The triazine resins, on the other hand, do 

not show such a clear cut difference, and allowing for experimental fluctuations, it 

can be said that the triazine resins have roughly the same bum time. When the resins 

are treated with phosphorus additives it is clear that the aliphatic resins treated with 

DM:rvtP actually have a longer bum time than the normal equivalents, at the additive 

levels where these resins show better flame spread performance. It is, then, prudent 

to look at the burning rate of the polymers (Graph H9). The aliphatic styrenated resin 

with DMMP has a slower burn rate than the normal equivalent. In fact, in just about 

all cases for all the resins, the aliphatic resins show slower burning rates than the 
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nonnal resins. Given that the difference in burning times at phosphorus loading 

levels of 1 % and above, for all resin types, is small and the fact that the aliphatic 

resins have a slower burning rate explains why the aliphatic resins have better flame 

spread performance. The reason for the slower burning rates for the aliphatic resins 

must lie with the change in structure which· is somehow· causing. these resins· to 

degrade more slowly than the normal resins. 

In summary, the surface spread of flame testing has· shown that overall the triazine 

resins do perform better than the styrenated resins .. Unfortunately, however, none of 

the resins show acceptable fire performance. The major·disadvantage of the triazine 

resins is their fast burning rate which means that they bum along a longer distance in 

a short time. For the triazine resins to be improved it is necessary to find out why 

they have such a fast burn rate. One area to look at, initially, would be the difference 

that the use of the powder bound CSM makes on the flame spread compared to the 

emulsion bound CSM. 

3.5 Thermogravimetric Analysis (TGA) 

Thermal gravimetric analysis is used to determine the thermal decomposition 

characteristics of a sample. It measures the weight loss from the sample at various 

temperatures. This way the thermal decomposition stages of the sample can be 

determined. The main reason for this testing was to see if the triazine resins degraded 

more quickly than the styrenated resins at lower temperatures. If this proved to be the 

case then this would provide the explanation for the higher surface spread of flame of 

the triazine resins. 
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The TG traces for the resins can be seen in Appendix J as Figures 11 and I2 for the 

nonnal styrenated resins with no phosphorus and 20% TEP respectively; 13 - 16 for 

the aliphatic styrenated resin with no phosphorus, 20% TEP, 20% DMMP and 20% 

TCEP respectively, 17 - IlO for the normal triazine resins with no phosphorus, 20% 

TEP, 20% DMMP and 20% TCEP respectively and I1 l'" 114 for the aliphatic triazine 

resins with no phosphorus, 20% TEP, 20% DMMP and 20% TCEP .. respectively. 

Each figure has two traces on it, the first being the thermal decomposition profile of 

the sample. This shows how much of the sample remains at any given. temperature 

during the test. The second trace, called the first derivative, shows the individual 

decomposition stages of the sample. and the amount. of weight loss. each stage 

represents. The first derivative also shows the:.temperature of each decomposition 
.. 

stage at which the maximum rate of weight loss occurs. The most important aspect of 

this testing, for the purposes of this project, was the direct compari$On of the thermal 

behaviour of the triazine and styrenated resins. 

Looking, initially, at the normal, untreated resins (Figs. I1 and 17) it can be seen that 

the triazine resin decomposes more quickly than the styrenated resin at lower 

temperatures. Indeed the triazine resin begins its first major decomposition stage at 

around 234 °C peaking at a loss of about 21 %/min at 360°C. The styrenated resin 

begins its first major decomposition stage at around 280°C peaking at a weight loss 

rate of 24 % per minute at 398°C. The total weight loss of the first decomposition 

stage for the triazine resin is considerably less than that for the styrenated resin. By 

around 600°C virtually all of the styrenated resin has ,been lost. At the same 

temperature around 14% of the triazine resin still remained. In fact at all 
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temperatures above about 390°C the triazine resin retains more of its original weight 

than the styrenated resin. 

From this infonnation an explanation for the increased surface spread of flame rate 

for the triazine resins can be postulated. It is obvious, from the design of the surface 

spread of flame equipment that there is a temperature gradient along the length of the 

sample. At the hotter areas of the sample the triazine resin will readily decompose to 

release flammable products. This process will happen more quickly than with the 

styrenated resin because the triazine resin begins to decompose at lower temperatures 

than the styrenated resin. The reason why the styrenated resin bums · longer than the 

triazine resin is that it is inherently more flammable than the triazine resin. 

Unfortunately no analysis of the thermal decomposition · products from the first 

decomposition stages was carried out. This would have given a good indication as.to 

the nature of these products and from that their relative flammabilities. 

The incorporation of phosphorus additives into the resins has the effect.of increasing 

the temperature at w1'jch thermat decomposition starts. In the case of TEP (Fig. 12) in 

the styrenated resins this increase amounts to about 42°C with the peak weight loss 

rate occurring at 425°C. In the case-of the triazine resin with TEP (Fig. 18) the onset 

of decomposition occurs at 280°C with the peak weight loss rate occurring at around 

360°C. With DtvfMP (Fig. 19) the triazine resin initially decomposes at 319°C with 

the peak weight loss rate occurring at382°C. Finally for the triazine resin with TCEP 

(Fig. IlO) the initial decomposition .stage begins at 303°C with the peak weight loss 

rate occurring at 402°C. By raising the temperature at which thennal decomposition 

starts the surface spread of flame rate will be reduced. This is because the samples 
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are more thermally stable and less· prone to rapid decomposition at lower 

temperatures. 

Again, with the aliphatic resins, there are. differences· between· the styrenated and 

triazine resins as far as thermal ·decomposition is concerned. Most importantly in 

terms of explaining the fast surface spread of flame is the temperature of the first · 

thermal decomposition stage. The aliphatic styrenated resin (Fig. 13) has its first 

thermal decomposition stage at around 320°C which peaks at 426°C. For the 

untreated aliphatic triazine resin (Fig. I1 I) this stage is at 280°C and peaks at 3 85°C. 

So once again the triazine resin is more prone to rapid thermal decomposition and so 

would have a quicker surface spread of flame; 

The introduction of phosphorus into the aliphatic resins (Figs. 14 - I6, styrenated 

resins, Il I - 114, tiiazine resins) has the same effect as in the normal resins. This is to 

retard the initial decomposition stage to a higher temperature. The subsequent effect 

of this is·to reduce the decomposition rate and so reduce the surface spread of flame 

rate. Another important fact arising from this testing is the appearance of peaks 

relating to the loss of the phosphorus additive from the styrenated samples. In all 

cases where phosphorus is present in the styrenated resins there is an early weight loss 

peak relating to the loss of the phosphorus additive. In the case of the triazine resins 

this peak is only significant when TCEP is the additive (Fig. 114). This indicates that 

the triazine resins actually help retain the phosphorus additive in the polymer matrix 

whereas the styrenated resins do not. This observation obviously needs to be checked 

more accurately but does go some way to indicating an incompatibility problem 

between the triazine resins and the phosphorus additive. It was stated in the 

introduction that for an additive to be effective as a flame retardant in a sample then it 
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must be functional within the main thermal decomposition range of the sample. 

Additives such as TEP and DMMP are used in styrenated polyesters exactly because 

they do function in the thermal degradation range of these polymers. It has been 

shown, however, that the triazine resins actually decompose at entirely different 

temperatures to the styrenated resins. This means that the polymer has already 

undergone decomposition before the TEP and DI:vllv1P become effective as flame 

retardants. These results gives rise to several items which need investigating in more 

·detail in order to prove the theory. These include the analysis of the phosphorus. 

content of the char, the temperature at which charring occurs, an IR investigation into 

what happens to the phosphorus additive during combustion and finally the :general 

structures of the chars formed. 

3.6 Char Analysis 

This testing was carried out to see if the phosphorus actually remained in the resins as 

was indicated by the TGA testing. If the phosphorus is actually retained in the resins 

then this would prove that the loss of the additives from the resin is not to blame for 

the lack of synergistic interaction. It would also go further to show that the 

phosphorus additives and the triazine resins are incompatible as far as flame 

retardance goes. At the same time the amount of char produced from each resin 

sample was determined. The results of this testing are shown in Table 3.27. In each 

case the phosphorus additive was used at 20% w/w loading levels. The respective 

amount of phosphorus expected for each additive is then 5% for DNr:MP, 3% for TEP 

and 2% for TCEP. 
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% P found 

TN Series TA series SN Series SA Series 

P Additive No Char %Char Charred No Char %Char Charred No char %Char Charred No Char %Char Charred 

TEP 3.3 26.50 5.98 3.25 21.59 6.21 3. i5 13.29 5.99 3.45 12.85 4.5 

DMMP 4.75 20.24 0.64 4.85 19.42 0.99 5.1 4.68 1.31 4.67 0.00 0.00 

TCEP 2.1 43.06 3.24 2.02 41.97 2.4 2.11 11.28 2.8 1.99 9.98 3. l 

No Additive - 17.06 - - 16.98 - - - - - - -

3.27: Tabulated results for phosphorus analysis of chars. 

...-;· 
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Within experimental error, the values obtained for the amount of phosphorus present 

before combustion are in keeping withthe expected values. In all cases, assuming no 

phosphorus was lost during combustion, it would be expected that the phosphorus 

would make up a larger percentage of the char than the un-combusted resin. Table 

3.28 shows the amount of phosphorus expected for eac~ char based on the amount of 

char left at the end of the combustion process. 

.. % P EXPECTED IN CHARRED SANIPLES 

TNRESIN -TA RESIN SN RESIN SA RESIN 

TEP 12.45 15.05 . ,--; 70 · _.,, 26.85 

DM1vIP 23.47 · 24.97 108;97 -

TCEP 4.88 4:81 18.71 19.93 .. 

Table 3.28: Expected amount of phosphorus in charred samples 

These results are significant in that they.categorically show that pho.sphorus is indeed 

lost from the resins as they bum. This would be more significant if this only occurred 

from the triazine resins. This is not the case and phosphorus is lost frorri both resins 

but remains in the styrenated resins in· quantities sufficient to cause charring. This 

then proves that although the triazine resins do lose phosphorus this is not the cause 

of the inactivity of the phosphorus in the triazine resins. This is especially true as it 

appears that more phosphorus is lost from the styrenated resins than from the triazine 

resins. 
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It appears that nearly all of the . DMMP additive is lost from the resins· during . 

combustion and that it is relatively poor at causing charring compared to the· TEP and 

TCEP additives. It is, also, of note that the untreated triazine resin produces more · 

char than the styrenated resins with any of the additives at 20% loading levels. It is 

also important to notice that the incorporation of the phosphorus . additives into the 

normal triazine resins gives rise to a 3% increase in char formation for DlvfMP, a 

9.5% increase for TEP and a 26% increase for TCEP. These rises in char formation 

are very similar in the aliphatic resins treated with. the phosphorus additives. It is 
. . - . 

these rises in the char production that leads t~ the, slight increases in LOI value of the 

· triazine resins treated with the phosphorus additives compared to the untreated resins. 

This increase in char formation contradicts the theory previously put forward that the 

phosphorus and the triazine resins are thermally incompatible, i.e.· the trfazine resin 

has a decomposition range that is not the same as the temperature range within which 

the phosphorus additives become active char producers. It could als~ be stated that, 

as the untreated triazine resin produces more char without phosphorus than the 

styrenated resins with high phosphorus loading levels, the phosphorus could not cause 

excessive charring in the triazine resins. If, however, the results obtained from the 

charring temperature are considered (Table 3.29) along with the information gleaned 

from the TGA work then another theory can be put forward as 'to the observed low 

activity of the phosphorus additives. 
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~ ... TNRESIN TA RESIN SN RESIN SA RESIN 

Temp. Initial 260°C 270°C 310°C 315°C 
Char (°C) 

Temp. 100% 650°C 635°C 600°C 580°C 
Char loss 

Table 3.29: Initial char temperatures and temperatures for· total char loss for each 

untreated resin. 

As has been discussed, and has been proved with the results above, the triazine resins 

decompose to form an initial char at temperatures that are much lower than for the 

styrenated resins. The TGA results, however, show the phosphorus additives raise the 

initial decomposition temperatures of these to give lower burn rates. This would have 

no real effect on the flame retardance of these resins. As it has been shown, the 

. .. 

phosphorus remains in the condensed phase so it is possible that the phosphorus is 

actually working as it normally would. The reason why the phosphorus is only 

showing very small effects comes from the fact that, when it is present at 10% loading 

levels in the triazine resins, it is only making up about 16% of the total fire retardant 

content of the resins. In the triazine resins the triazine monomer itself is a char 

promoting fire retardant and it makes up approximately 60% of the total resin. The 

10% phosphorus additive, then, which is also a char promoter only makes up a small 

portion of the fire retardant content of the resin and can only contribute a small 

amount to the overall charring of the combusting resin. In order to test this theory it 

is important to show that the phosphorus additives are acting in the same way, during 

combustion, in both the styrenated and triazine resins. This can be shown by FT-IR 

analysis of the chars obtained from the burnt polymers. 
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3.7· FT-IR Analysis of Res.ins 

The analysis of each individual portion of t~e resins is _shown in Tables 3.30 .-: 3.34. 

These were carried out from the pure compounds and also from ihe resins treated with 

the additives. The spectra for the treated resins are shown in Appendix J as Figures JI 

- Jl7. 

Wavelemrth (cm-1
) Peak assionment 

2985 CH3 asvmmetric stretch 

1480 O-CH2 deformation 

1445 CH, asvmmetric deformation 

1394 O-CH2 wag 

1370 CH, svmmetric deformation 
' -

1274 P=O stretch 

1167 CH1 rock 
,,, 

1100 Out Of Plane CH~ rock 
~~-

1031/976 -~--.... asymmetric P-0-C deformation 

822/801/744 svmmetric P~O._C deformation 

Table 3.30: Peak assignments for TEP additive (207) 

Wavelength (cm-1
) Peak assignment 
-· 

1732 C=O stretch 

1600 Ring deformation 

1582 Ring deformation l 
1280 C-0 stretch 

1120 O-CH2 deformation 

745 Ring 

Table 3 .31: Peaks in IR spectrum from phthalate ester portion of the unsaturated 
polyester resin (UPR) (208) ·_ 
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Wavelength (cm-1
) Peak assignment 

1732 C=O stretch 

1265 , ' · C-C(0)-0 stretch 

1050 : -- 0:-CHi-C asymmetric stretch 

979 trans CH3 wag 

Table 3.32: IR peaks caused by fumarate ester portion of UPR (208) 

Wavelength ( cm-1
) Peak assignment 

2959 -CH3 asymmetric stretch 

2855 -CH3 symmetric stretch 
-

1464 -CH3 asymmetric deformation 

1315 · p.:cH3 symmetric deformation 

1233 P=O . 

1186 CH3-0-P rock . 

1033 P-O-CH3 
,, 

916 P-CH3 on (OR)2P(O)Me 

825 P-0-C symmetric stretch 

Table 3.33: Peak assignments for IR spectrum ofDNIMP (207) 

Wavelernrth (cm"1
) Peak assiITTlment 

2963 CH1 asvmmetric stretch 

2889 CH1 svmmetric stretch 

1457 CH1 asvmmetric deformation 

1280 P=O and CHi-Cl 

1028 P-0-Et asvmmetric deformation 

972 P-0-Et asvmmetric deformation 

Table 3.34: Peak assignments for IR spectrum from TCEP. n.B. shouldering on peak 

at 1280 cm-1 is due to the presence of the P=O and the CH2-Cl group which cause 

peaks in the same region. (207) 
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The major problem observed in the interpretation of these spectra is that, one of the 

most identifiable groups in the TEP (Fig J3) i.e. the P=O group gives rise to a peak in 

exactly the same region as the C-C(0)-0 group of the fumarate-ester and the C~O 

group of the phthalate ester. This could cause problems in determining the existence 

of the P compound in the UPR. To overcome this the most obvious solution is to look · . . 

at the P-0-C group peaks at 1031 and 976cm·1 
•. As can be seen in the non-combusted 

samples the TEP is indeed present as indicated by the peaks ·at 1031 and 976 cm·1
• 

The reason for combustion without the phosphorus additive was to determine the IR 

spectrum of the charred resin without phosphorus (Figs. J6 - normal styrenated, JlO -

normal triazine and J 14 - aliphatic. ttiazi~e ). No detailed analysis of these spectra was 

carried out and their only use was for comparison with the ·charred resins with 

phosphorus. The firs.t samples that were analysed were the SN and TN resins with 

TEP additive (Figs J7 and Jl l respectively) .. There were. several peaks which 

occurred on the resin with phosphom~ additive spectra which were not.readily visible 

on the spectra from the resins charred with no phosphorus additive. These peaks were 

at 1320, 1260, 1082 and 980 cm·1. The peak at 1260 cm-1 could cause problems with 

the interpretation if it came from any C-0 group from the ester parts of the resin. In 

the interpretation it was therefore important to eliminate the presence of ester groups 

and their subsequent peaks on the spectra. It was seen from the spectra that there 

were no peaks at 1730 cm·1 (indicative of C=O) 1120cm·1 (indicative of O-CH2 in 

phthalate portion) or 1050cm"1 (indicative of O-CH2-C asymmetric stretch from 

fumarate ). This evidence shows that the ester linkages are not present in the charred 

samples. [t can, therefore, be said that the peak at 1260cm·1 comes from a P=O group 

and not a C-0 group. The presence of phosphorus was confirmed from the ICP-AES 
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work. The presence of the above peaks can, then, be interpreted as follows (Table 

3.35) 

Wavelength (cm·1
) Peak assignment 

1320 P-CH3 

1260 P=O 

1082 P-O-CH3 
-

980 P-0-P 

. 

Table 3.35: Peak assignments for extra peaks on charred resin+ TEP Spectra 

These peaks occur in both the TN resins and the SN resins treated with. TEP. It is 

clear from the spectra that a P-0-P bond has been formed during the cornbustion 

process. The presence of P-O-CH3 is also clear as is the presence of P=O. The 

frequencies of these peaks also gives away a great deal of information as to the nature 

., 

of the formed compound. From these frequencies there are two possibilities (204): 

0 0 
Ro,,.J I li__oR 

/p'- /!:''. 
R O R 

OR 

Obviously such detailed identification is not possible with a great deal of accuracy 

using only IR analysis. It is, however, safe to say that some sort of 

158 



polyphosphate/phosphonate has been produced by the combustion process. There are 

no signs of any P-N interaction. 

The presence of the triazine rin_g, then, does not actually inhibit the change which 

occurs in the phosphorus additive upon combustion. Much the same sort of changes 

are seen when DMMP and TCEP are used. These changes are also observed with the 

aliphatic resins. It has now been proved that phosphorus is present in the chars of the 

resins and that the same types of phosphorus compounds are formed in both the 

triazine and styrenated resins during the combustion· process. This, used in 

conjunction with the fact that the phosphorus does cause some charring, would seem 

to concur with the theory that the phosphorus is acting in its normal manner but that, 

as it only constitutes a small portion of the total fire retardant compliment in the resin, 

it can only have a very limited effect in char promotion. 

It has been shown that the triazine resins do have better burning behaviour than the 

styrenated resins in terms of smoke production, LOI values and surface spread of 

flame and that they actually bum faster than the styrenated resins. It has also been 

shown that there is no phosphorus-nitrogen synergism in this system although this 

may be feasible if a primary amine substituent were used rather than the tertiary 

amine that is currently being used. Finally, it has been suggested that the phosphorus 

only has a small effect as it only makes up a small portion of the char-promoting 

compounds in the resin. It is now time to consider the relative mechanical properties 

of the two resins. 
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3.8 Mechanical Testing 

3.8.1 Flexural Testing of the Untreated Resins 

The graph shape obtained from the testing is shown in Fig. 3.10: 

Load 
(kg) 

Deflection (mm) 

Fig. 3.10: Diagram showing approximate graph shape obtained from flexural testing 

(some tailing of the graph may occur towards the apex) 

The following equations were used to calculate flexural strength and modulus: 

Fmax 

BD 2 

I0045dF 

Bo 

Fmax = 
B = 
D = 

x 1. 5 x span x 9. 81 = flexural strength 

= Flexural Modulus 

Max. Load (kg) 
Width (mm) 
Thickness (mm) 

dF 
8 

= 

= 

Full Scale Deflection (kg) 
Deflection (mm) 

dF and o in the Flexural Modulus calculation were calculated by extrapolating the 

graph line along the steepest part of the !:,>Taph to a pre-determined point along the Y­

axis. At this point a vertical line was dropped to the X-axis. dF was the full scale 

deflection value at the end of the extrapolated line to the X-axis and o was the 

deflection from the intersection point of the extrapolated line with the X-a'<is to the 
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point where the downline meets the x..:a'xis. The results are shown in Table 3.36. 

Sample ·width B Depth Fmax (kg) dF (kg) o (mm) Flex. Flex. Mod. 

(mm) D Strength l'vIPa 
•c0 

(mm) MPa 

SAOl 10.9 6.35 
negligible negligible negligible negligible negligible 

SA02 10.9 6.35 
negligible negligible negligible negligible negligible 

SA03 10.8 6.30 
negligible negligible negligible negligible negligible 

SA04 10.85 6.30 
negligible j negligible negligible negligible · negligible 

SA05 10.75 6.25 
negligible negligible n~gligible negligible negligible 

• •O 

SA06 10.75 6.25 
negligible negligible negligible negligible negligible 

SA07 10.73 6.20 
negligible negligible negligible negligible negligible 

SN03 11.91 4.15 17.75 40 13.4 84.55 2517.6 

SN04 11.50 4.76 27.8 40 9.9 119.57 3529.2 

SN05 11.35 4.60 17.5 40 10.5 78.92 3371.5 

SN06 11.10 4.40 25.0 40 
. ·. 

12.5 120.52 2895.9 

SN07 11.09 4.30 16.5 40 · 13.3 81.46 2742.1 

TAOl 11.5 6.75 7.8 20 .. 21.05 23.65 738.67 

TA02 11.1 6.80 11.0 20 20.1 34.31 900.45 
" 

TA03 11.5 6.80 10.0 20 22.2 30.11 786.92 

TA04 11.5 6.75 8.5 · 20 22.2 25.78 I 786.92 

TA05 11.3 6.75 10.25 20 16.4 31.64 1084.07 

TNOl 11.1 4.5 3.1 20 4.9 14.61 3693.7 

TN02 11.6 4.78 7.5 20 5.2 31.85 3330.6 

TN03 11.6 4.70 8.5 20 4.9 36.71 3534.5 

TN04 11.5 4.40 3.5 20 5.4 16.29 3235.1 

TN05 11.8 4.35 2.5 20 6.1 11.47 2791.1 

TN06 11.6 4.35 3.1 20 5.5 14.46 3148.9 

Table 3.36: Results from flexural strength testing 
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Averaged out these results give the following values: 

Specimen Flexural strength (Mpa) Flexural Modulus (Mpa) ··• 

SA negligible · . negligible 

,,. 

SN 91.49 
.. 

3090 
.• 

: 

TA 29.10 . 859.41 

TN 20.90 (14.21) 3289.0 

.. · 

Table 3.37: Averaged values for Flexural strength and modulus. (Figures in brackets 

are those obtained when exceptionally high or low results are ignored) 

The results show that the styrenated aliphatic :re~ins have no resistance to bending 

(shown by the flexural modulus value) and that they require very little force at all to 

produce excessive flexing. In contr~st to this the SN resins require the l~gest amount 

of.force to break (shown by the highest flexural strength value) andth~y al~o have a 

high resistance to bending. The results seem to indicate that the TN resins have the 

highest resistance to bending, shown by the high flexural modulus value, but they 

unfortunately have a very low flexural strength. The TA resins· have a higher flexural 

strength than both the SA and TN resins but, compared to the SN and TN resins have 

a relatively low resistance to flexing. This resistance is much greater than the SA 

resins showing that these resins are much less flexible than the SA resins. This loss of 

flexibility in the TA resins and the very low flexural strength· in the TN resins could 

be due to the cross-linking monomer having two reactive sites which may lead to a 

higher cross-link density in these resins than the styrenated resins. If this is the case 

then there would be less "space" for the force to be distributed in the triazine resins 
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leading to an increase in brittleness and so a;reduction in flexural strength. This can 

be disadvantageous as in some application a high flexural strength is needed. 

Initially this problem can be solved by the use of glass reinforcements which will 

greatly improve the performance of the triazine resins. In a longer term approach the 

use of a mono-functional monomer may be more advantageous in increasing the 

flexural strength of the triazine resin. One ,other factor to look at in altering the 

flexural strength of this resin is the reactivity ratio of the' allyl unsaturation to the 

maleate unsaturation in the polymer backbone. It is known that. with styrene the 

cross-link bridges can vary from two styrene units to seven. It is thought that· with 

allyl groups there is close to an alternating structure, with the allyl groups showing 

little tendency to homopolymerise. We have shown tltat,the triazine monomer will 

homopolymerise but it may be that it preferentially polymerises with the. maleate 

unsaturation. If this is the case then the'same theory applies that the chains'are tightly 

bound together and so there is no room for the flexural force to be distributed through 

the polymer matrix. 

3.8.2 Heat Distortion Temperature 

The results from the heat distortion temperature testing are shown in Table 3.38. 

These results support the theory that the triazine resins have a higher crosslink density 

than the styrenated resins. This is shown by the increase in heat · distortion 

temperature ( effectively the glass transition temperature) of the triazine resins over 

the styrenated resins. When a polymer has a high cross-link density then the chains 

are tightly bound together. The effect of this is that more energy is needed to soften 
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the polymer. This gives nse to a higher heat distortion temperature ( or glass 

transition temperature). The differences in heat distortion temperatures between the 

styrenated and triazine resins is quite large indicating a l~rge difference in cross-link. 

densities. 

Sample Width Thickness Length Load (kg) Deflection · Deflection 

(mm) (mm) (mm) (mm) Temp ( 0 C) 

SNOl 4.28 11.75 101 .722 .30 72'.3 

SN02 4.53 11.60 101 :744 .31 72.6 

SAOl - - 101 - - -
SA02 - - 101 - - -

TNOl 4.5 11.4 101 .714 .29 106 

TN02 4.5 11.2 101 .689 .29 110 

TAOl 6.53 10:38 •· ·101 .859 .31 56.0 .· .. 

TA02 6.60 10.60 101 .906 .31 58.0 ~. 

Table 3.38: Table showing results from HOT testing on all resins. n:B. No testing 

was carried out for the SA series as these resins deflected fully upon application of 

the load at temperatures below room temp. 

3.8.3 Barcol Hardness Testing 

This testing is carried out to find out how hard the polymer is. This is also an 

indication of the cross link density of the polymer matrix. Basically the resistance to 

penetration by a sharp needle is being measured. When a polymer matrix has a large 

crosslink density then needle penetration is obstructed giving a high hardness value. 

It is often advantageous to have a good hardness as this means that the surface of the 

polymer is less prone to abrasion and erosion. The results are shown in Table 3.38. 
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These results are averaged from ten individual readings taken over the entire surface 

of the polymer sample . 

. Sample Barcol Hardness 

SA resin 0 

SN resin 32-36 · 

TA resin 18-21 

TNresin 51-56 ... 

Table 3.39: Results from Barco! Hardness Testing 

. .... 

The results show that the triazine ~-esins are m~ch harder than the corresponding 

styrenated resins. This again could be due to a higher cross-link density in the triazine 

resins. Factors affecting the Barcol Hardness val~e include. poor curiilg at the -

polymer surface caused by oxygen inhibition of the curing process: It is important, 

then, to ensure that complete curing takes place. 
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4.0 Summary of Results 

The main aim of this section is not only to review the results obtained from the 

project but, perhaps more importantly, to consider how this project can be modified to 

give a more acceptable novel resin system. 

The synthesis of the new monomer is a relatively easy two stage reaction using 

cyanuric chloride as the starting material to give the intermediate product, 2,4-

dichloro-6-diethylaminotriazine. This reaction gave conversions of in excess of 85%. 
. . 

From this product two synthetic routes were thought to be of interest. The first was to 

produce a dialkyloxy derivative of this which could then be transesterified to produce 

a triazine - glycol oligomer. The synthetic route to the dialkyloxy intermediate was a 

simple reaction involving the reaction of an alcohol, in this case ethanol, with the 2,4-

dichloro-6-diethylaminotriazine. The product was 2,4-diethoxy-6-diethylamino 

triazine, with a conversion of over 90%. The transesterification of this product with a 
.. 

glycol, in this case diethylene glycol proved possible but did not give the exact 

product desired. The glycol was «activated" with sodium metal and then reacted with 

the diethoxytriazine derivative. It was hoped that the product would have hydroxyl 

end groups at both ends of the oligomeric chain. These end groups would then have 

been end-capped with and unsaturated acid to produce a potentially cross-linkable 

high nitrogen containing oligomer. It was found, however, that only one hydroxyl 

group was present at the end of the chain, the other end being an unconverted ethoxy 

group. The most probable reason for the failure of this experiment ,vas that there was 

not sufficient excess of the glycol to achieve the removal of both etho;,,,-y groups from 

the chain. If this synthesis were to be carried out at a future date then a l 0: l 
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glycol:triazine ratio may give more desirable results. The reason for not trying this 

was that the synthesis of a potential cross-linking monomer was· successful. 

This synthesis involved the reaction of the 2,4:..dichloro-6-diethylaminotriazine · with 

allyl alcohol to give a liquid product, which after removal of the excess allyl alcohol 

using a rotary evaporator and then washing with water, gave a waxy solid with a 

melting point of 28 - 29.5°C. 

This difunctional monomer, 2,4-diallyloxy-6-diethylaminotriazine gave a degree of : 

cure of 97%. This, however only occurred with dicumyl peroxide at high 

temperatures. No cold cure was achieved using various initiator systems. It is 

probable that no other peroxides produce free radicals. with a high enough affinity to .. · 

the diallyloxy uiisaturation to produce adequate curing in this novel system. · · 

The main disadvantages"of this curing mechanism are that it can only be carried out at 

elevated temperatures and that it is slow. This is because the dicumyl peroxide has a 

high critical temperature ( 100°) and will not produce free radicals below this point. 

At this temperature it also has a relatively long half life of around 1.5 hours (204) so 

the release of free radicals is slow, leading to a slow cure time. 

Smoke testing of the new resins gave varying results when carried out at different 

times. The main reason for this was the simplicity of the testing procedure. The fact 

that a constant flame could not be maintained throughout the testing period caused\ 

some adverse effects on the results and also the fact that the light bulb for the photo­

cell had to be changed during the testing for a bulb which was not exactly the same 

caused some variations in the results. 

Taking the results at face value, however, it has been shown that the triazine resins, 

containing no additives, reduce the amount of smoke released during combustion by 

167 



52 ..; 65% over the styrenated resins with no additives. This reduction is caused by 

two main factors. The first is that the triazine ring has a much higher nitrogen content 

than styrene. It is well"known that nitrogen containing compounds produce little 

smoke during combustion. The second reason is that the triazine resins actually 

contain up to 60% w/w of the triazine monomer. This drastically reduces the amount 

of non"nitrogen"containing components in the resins · and so producing even less 

smoke. It is possible that if the amount of triazine in the resins were reduced to a 1: 1 

ratio of monomer:fumaric unsaturation then the smoke production of the resins would 

increase. 

It has been found that the phthalic anhydride in the UPRs accounts for approximately 

35% of the total smoke produced during combustion. The amount of smoke caused 

·· by styrene could not really be determined because of the disproportionate amount of 

triazine monomer present in the novel resins compared to the amount of styrene in the 

old resins. The effect of phosphorus on the smoke production of the triazine resins is 

negligible but in the case of the styrenatedresins the amount of smoke is reduced to 

quite a large extent. At 10% loading levels of the phosphorus additives the reduction 

in total smoke caused by the triazine is only 38 " 40% over the styrenated resins with 

10% loading levels of the additives, the reason being that the styrenated resins are 

much less flammable at these loading levels, whereas the flammability of the triazine 

resins is hardly affected by the phosphorus additives. When one takes into account 

the amount of resin burnt durino the test it can be seen that at the highest phosphorus 
t:, 

additive loading levels the triazine resins cause a 53 " 55% reduction in smoke 

evolution compared to the equivalent styrenated resin. This shows that on an 
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equivalent scale the triazine resins produce · much less smoke than the styrenated 

resins. 

It appeared that TEP treated resins gave slightly better smoke performance than ones 

treated with DivIMP. One major problem in fires is the loss of visibility which 

severely hampers escape. When the triazine: resins are used they cause much less 

light obscuration than the styrenated resins and so visibility is greater .. From these 

results it can be clearly seen that the triazine resins · have· greatly improved smoke 

production compared to the styrenated resins. In fact these resins seem to give tlie 

best ·comparative performance when they are not treated with any additives at all. ; · 

· It must be stressed here that the NBS smoke chamber used in this study. is far from 

jierfect in terms of giving totally representative results'. · An improved, smoke test 

would incorporate a gravimetric analysis of the smoke e,volved as well as a facility for 

va1ying the heat of the degradation temperature.· This would take into account the 

inaccuracies caused by soot deposition on the photocell as well as the differences in 

smoke evolution caused by varying heat fltLxes. 

The use of ATH in the resins as a flame retardant additive which was likely to be 

more effective than the phosphorus additives showed again that the triazine resins 

tended to produce less smoke than the equivalent styrenated resins. In general the 

·. resins treated with A TH evolved much less smoke than the resins without ATH, the 

reason being that the A TH accounts for 33 - 50% of the total sample and so much less 

smoke would be expected. 

LOI testing has shown that the triazine resins have better flame retardant properties 

than the styrenated resins when no phosphorus is present. At these loading levels the 

styrenated resins achieve LOI values which are very much in line with those of the 
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triazine resins. This occurs for TEP, D!vfMP and TPP showing that these additives 

have very little effect on the flame retardant properties of the triazine resins. This 

also shows that there is no N-P synergism between the phosphorus additives and the 

amine group on the triazine ring, as might be expected. 

The use of melamine in the resins with the phosphorus additive gave rise to some 

interesting results. It appeared thatthe combined effects ofthe phosphorus additives 

and the melamine was greater than the expected additive effects, indicating the 

presence of a synergistic interaction between the two. This synergism most·probably · 

comes from the interaction between the primary amine. substituent. on the melamine 

ring and the· phosphorus additives. When they interact the phosphorus becomes. an_, 

inherent part of the melamine ring and so is not lost from the condensed phase as the 

combustion process proceeds. In this .way t~e phosphorus has a . greater .. effect than 

when it is used alone and can be lost from the burning sample. In fact studies of the 

\ 

chat have shown that in the styrenated resins a large amount of the phosphorus is lost 

from the sample during combustion. It is conceivable then that if the triazine ring had 

a primary amine substituent rather than the current tertiary amine then phosphorus 

nitrogen synergism may occur. This possibility should certainly be tested in any 

future work on this project. 

The use of the chlorinated additive also gave rise to a greater increase in LOI value of 

the resins than the use of un-chlorinated additives. This was shown, by the char 

analysis, to be an additive effect from the phosphorus in the condensed phase and the 

chlorine in the vapour phase. Again, as for the smoke testing, it seems that, although 

the best LOI value is gained at 10% loading levels of the phosphorus additives, the 
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best comparative improvement ts seen when the resms contain no phosphorus 

additives at all. 

In terms of the surface spread 'Of flame testing· it is again seen that the triazine resins 

do perform better than the styrenated resins. Unfortunately this improvement in 

performance is not as great as expected.. The reason for this is· that the rate of flame 

spread in the untreated triazine resins is much greater than in the untreated styrenated 

resins. The effect of this is to cause the flame to spread mtich more before the natural 

fire retardance of the resins can extinguish the flame. . It is; then, advantageous that 

the triazine resins have a much shorter bum time than the styrenated resins. . 

It has been proved, from TGA studies; that the reason for .this accelerated bum rate 

lies with the fact that the triazine resins ·show a first decomposition stage at lower 

temperatures than the first decomposition stage .in the styren~ted r~sins. The effect of 

this is to accelerate decomposition at higher temperatures which 'leads to faster 

burning. The presence of the phosphorus additives in the resins, both styrenated and 

triazine, leads to a reduction in bum rate and so the surface-spread of flame .. Despite 

this, however, none of the resins show acceptable surface spread of flame 

performance. The TGA studies showed that the reason for the lower burning rates in 

the presence of the phosphorus additives is caused by an increase in the temperature 

at which the first decomposition stage occurs. The effect of this is to lower the 

decomposition rate at higher temperatures and so reduce the burning rate of the resin. 

Studies on the charring temperature of the resins has shown that the triazine resins 

produce a primary char at much lower temperatures than the styrenated resins. This 

occurs at the first decomposition stage as shown by the TGA studies. It has also been 

seen that the triazine resins produce much more char without phosphorus than do the 
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styrenated resins with 20% additives loading levels.· Along with this·a small additive 

effect has been seen between the phosphorus and the triazine. · This comes from the 

fact that an increase in percent char produced is seen in the triazine resins with 20% 

phosphorus along with a small increase in the LOI value of the treated triazine resins. 

From the fact that the phosphorus additives actually do increase the charring of the 

triazine resins it can be deduced that the triazine. ring: itself does not produce the 

maximum amount of charring that could possibly occur in this resiri. 

From the studies carried out on the chars it has been seen that the phosphorus 

additives behave in exactly the same way in both types of resins, during combustion. 

It can be assumed, with confidence, that the phosphorus behaves normally as a fire 

retardant in the triazine resins. The reason why only very a very small. effect is seen 

in the triazine resins is that both the triazine monomer and.,the phosphorus a~ditives 

are char promoters, i.e. they work in the same way. The phosphorus additive, 

however, only makes up about 16%· of the total fire retardant components of the 

triazine resin and as such can only exert a very small fire retardant effect compared to 

the triazine monomer. 

A further test that should be carried out to prove this theory more is to reduce the 

amount of triazine monomer in the triazine resins. In this case·there should be a small 

decrease in the LOI value of the untreated resins .. The phosphorus would then make 

up a larger proportion of the fire retardants in the resins and so should show a larger 

fire retardant effect than in the resins with more monomer. 

It is very interesting to see that the TCEP additive produces such a large amount of 

charring in the triazine resins. If it assumed that the halogen actually acts in the 

vapour phase then this extra charring can only be caused by the phosphorus portion of 
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the additive. There must, then, be some sort of obscure interaction between the 

remnants of the TCEP additive, after the chlorine has been released to the vapour 

phase and the triazine ring. A detailed.study of this·phenomenon would be extremely 

interesting. 

Mechanically the triazine resins do not possess all of the advantages of the styrenated 

resins. In terms of the flexural testing it is clear that although the normal triazine 

resins possess a larger resistance to flexing (flexural modulus) they have a 

considerably lower flexural strength. That means thaUhese resins resistflexing to a 

greater extent but will break under a.flexural strain that is much lower than the strain 

needed to break the styrenated resins. In the case of the aliphatic resins the triazine 

resin has a greater modulus and strength than the equivalent styrenated resin. The 

presence of as high flexural modulus and low flexural strength is indeed.indicative of 

a very hi.ghly cross-linked brittle resin. This· observation -is backed up . by the high 

Barcol hardness of the triazine resins compared to the styrenated resins and the higher 

heat distortion temperature of these resins compared to the equivalent styrenated 

resins. High values for both of these tests indicate a high cross-link density. For 

some applications this is advantageous as a resin which does not distort under high 

heat conditions and is hard wearing has some useful applications in industry. 

Obviously the brittleness of the triazine resins is not desirable and needs further 

investigation. There are two possible reasons for this brittleness. The first, and 

perhaps least likelv is the fact that the triazine monomer is difunctional. In this . ' 

scenario much more crosslinking can occur because there is a 4: l monomer 

unsaturation:pol:vmer unsaturation in this system. This leads to the chains being more 

tightly bound together and so energy dissipation within the system is more difficult 
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leading to a !:,'Teater ease of fracture. The reason that this is less likely is that in this 

system there is only a certain amount of cross-linking that can occur and there are far 

more sites of unsaturation on the monomer than the polymer. With the fact that 

styrene uses up just about all of the double bonds when it cross-links the UPRs it 

becomes clear that a large amount of the unsaturation on the monomer will not be 

used. 

Of course it is possible that the monomer unsaturation will homo-polymerise to form 

an even more interwoven cross-link matrix but the argument against this is the second- ----­

explanation for the observed brittleness of the resin.. It is known that in a polyeste_r 

system allyl-containing monomers have a low tendency to homo-polymerise. In fact it 

is thought that they produce a nearly alternating matrix with the polymer backbone. If 

this is the case, then, the polymer backbone chains will be more tightly bound 

together than in the styrenated resins where the styrene cross-links are between 2 and 

7 styrene links long. It is known, from the project, that the triazine monomer.will 

homo-polymerise but this is a very slow process and it is likely that the allyl 

unsaturation has a higher reactivity ratio to the fumarate unsaturation than to itself. 

In future studies to address this problem this must be investigated, If this proves to be 

the case then the monomer could be modified by using a vinyl amine substituent as 

the source of the monomeric unsaturation and the other two sites could be substituted 

with primary amine substituents (See Fig 4.1) 
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Fig 4.1: Structure of modified monomer with vinyl unsaturation and primary amine 

groups 

A monomer such as this one could show a synergistic intera.ction. with phosphorus .. 

additives such as TEP and DMMP via the primary amine groups and may well show 

better cross-link characteristics in terms of brittleness due to the presence.of only one 

site of reactive unsaturation which, being a vinyl group, could show a better affinity to 

itself and so give longer cross-link chains, thus reducing th~ brittleness of the resin.· 

In all the new triazine resin shows the best improvement in terms of fire behaviour 

over the styrenated resins when it is not treated with phosphorus additives. It does, 

however, show better performance when treated with phosphorus, although this 

improvement is not as great as would be hoped for. 

In terms of mechanical performance the triazine resins have some advantages but 

there is scope for improvement. Future work on this project must concentrate on 

determining whether synergism with primary amines is possible: finding a suitable 

phosphorus additive, which is active. when the triazine resin decomposes, if synergism 

is not possible; determining the cross-link structure of the resin to see why the resin is 

so brittle and then modifying the monomer accordingly. There is a lot of scope for 

this project and the future of the monomer or a modified version could be long and 

prosperous. 
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5.0 Conclusions 

=>Anew, di-functional cross-linking monomer, with a high nitrogen content has been 

synthesised for use in various unsaturated polyester resins. This monomer gives a 

high degree of cure in these resins using dicumyl peroxide as the initiator. The 

main drawback in cross-linking with this new monomer is that it is only possible at 

high temperatures. Room temperature cure is the accepted "norm". 

=> Comparative smoke testing of resins containing the new monomer compared to 

resins containing styrene has shown that the resins with the new triazinic monomer 

emit much less smoke during combustion than the equivalent styrene based resins. 

On average, 50 - 60% less smoke is produced from the triazine based resins. 

The use of phosphorus flame retardants had no real effect in terms of reducing 

smoke production in the triazine based resins. · A much larger reduction was 

noticeable in the styrene based resins. 

=> The limiting oxvgen index of the triazinic resins was considerably higher than the .... . ~ 

equivalent styTenated resins, indicating a reduced tendency to bu..111. 

The use of phosphorus flame retardants in the triazine based resins resulted in no 

significant increase in the limiting oxygen index. In the styrenated resin, howevet, 

a large increase in LOI value was seen with increasing amounts of the phosphorus 

flame retardant. 

The incorporation of both melamine and phosphorus flame retardants into the 

resins, both triazine and styrene based, showed a small synergistic interaction 

between the phosphorus and the melamine. Ostensibly this is from the interaction 
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of the phosphate/phosphonate groups · with · the primary amme groups: on the 

melamine. 

=> Resins containing the triazine monomer have a tendency to bum more quickly than 

resins containing styrene. The positive side of this is that they extinguish much 

more rapidly. Consequently the triaztnic resins have a lower ·surface spread of 

flame compared to the styrenated resins. The scale of this, however, is ·not as large 

as might be wished for. 

=> Again·the use of phosphorus flame retardants has a greater effect in the stytenated 

resins than the triazinic resins, in terms of reducing the surface spread of flame. 

=>· TGA studies have shown that the triazine resins thermally decompose .. at" lower 

temperatures than the styrenated. resins. This"is the reason for the faster bum rate 

shown by the triazinic resins. 

=> The reason why phosphorus has a greatly reduced fire retardant effect in the 

triazine resins compare to the styrenated resins has been shown to lie with the fact 

that in all cases where phosphorus was present in the triazine resins it only made 

up about 16% of the total fire retardant components of the resin. The rest was 

made up by the triazine monomer. Under these circumstances the phosphorus was 

acting as it normally would but its effect was being completely masked by the 

effect of the triazine monomer. 
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=>-Mechanically, the triazine based resins are much stiffer, harder and brittle, in the 

cured state, than the styrenated resins. This has been attributed to the nearly 
. . . . . . 

alternating copolymerisation seen with allyl groups in unsaturated polyester resins. 

This gives rise to a very high cross-link density which leads to brittleness. 

=> In general the new monomer imparts many favourable characteristics into an 

unsaturated polyester resin. These include reduced· smoke -emission, improved 

flame retardancy and surface spread of flame, greater hardnes~ and stiffness. On -
the negative side the resin is too brittle to be of use as a casting resin and it cannot 

be cured at room temperature. 

=> The monomer could be improved by using vinyl substitucnts: rather than allyl ones, 

to reduce brittleness and give room temperature cure. Also the use of phosphorus 

substituents may be of interest in terms of reducing flammability even more. 
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Sample Tmax ODmax Total Sample Smoke/g Smoke Text (sec) 
(sec) (%) Smoke Consumed (sec/g) Density 

(sec) (g) Rating 
(%) 

SADOl 99 49.3 6995 3.9 1793 29.18 140 

SAD02 104 43.0 6290 ... ? 
-'·- 1965 26.21 124 

SAD03 144 38.0 5154 ... ? .J.- 1610 21.47 135 

SAD04 142 43.7 5988 2.8 2138 24.95 135 

SAD05 148 54.3 7265 3.6 2018 30.27 136 

SAD06 134 58.5 7972 3.3 2415 33.22 128 

TADOI 180 39.5 4449 5.7 780 18.54 158 

TAD02 180 26.0 2872 4.8 598 11.95 138 

TAD03 198 34.5 3825 5.3 721 15.94 162 

TAD04 200 58.3 5955 5.6 1063 24.81 170 

TAD05 192 67.0 7895 5.2 1518 32.90 160 

TAD06 195 74.0 8310 5.0 1662 34.63 152 

SNDOl 129 72.7 11825 4.1 '2884 49.27 150 

SND02 101 91.0 14048 4.5 3121 58.53 151 

SND03 113 88.3 13465 3.7 3639 56.11 123 

SND04 101 96.0 15234 3.5 4352 63.48 120 

SND05 94 97.0 15995 4.0 3998 66.64 101 

SND06 72 98.3 17095 3.8 4498 71.23 131 

TNDOl 162 83.0 9053 6. l 1484 37.7'2 140 

TND02 146 50.5 6592 5.1 1292 27.47 136 

TND03 142 55.5 11797 5.8 2033 49.15 148 

TND04 139 62.1 11077 5.6 1977 46.15 143 

TND05 135 58.3 9228 5.8 1591 38.45 15 l 

TND06 146 60.3 10118 6.2 1631 42.16 126 

Table E 1: Results from initial Smoke testing with DMMP 
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Fig. E2: Smoke per Gram Resin Burnt vs DMMP Content of Resin 
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Fig. E3 :Smoke Density Rating vs DMMP Content of Resin 
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Fig. E4: Maximum Light Absorption vs DMMP Content of Resin 
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Sample 0Dmax(%) Sample Total Smoke/g Smoke 
Consumed Smoke (sec) (sec/g) Density 

(g) Rating(%) 

SAT'OI 86.0 4.28 13315 3111 55.48 

SAT'02 76.3 3.44 10430 3031 43.36 

SAT'03 72.7 3.14 10535 3355 43.89 

SAT'04 64.3 3.06 90825 3969 37.95 

SAT'05 79.0 3.60 10995 3054 45.81 

SAT'06 59.0 3.33 8085 2428 34.81 

TAT'OI 37.3 4.62 3440 745 14.33 . 

TAT'02 44.5 4.25 3938 927 16.41 

TAT'03 41.5 4.94 3938 797 16.41 

TAT'04 42.6 4.34 3625 835 15.10 

TAT'05 24.0 3.77 2820 748 11. 75 

TAT'06 30.0 3.55 2737 771 11.41 

SNT'Ol 84.0 4.15 13125 " 3162 54.69 

SNT'02 97.0 4.81 15615 3246 65.05 

SNT'03 95.7 4.25 15890 3739 66.21 

SNT'04 95.0 3.29 13225 4020 55.10 

SNT'05 97.7 4.86 14925 3071 62.19 

SNT'06 98.0 5.17 16820 3149 67.83 

TNT'Ol 52.0 4.21 9965 2367 37.85 

TNT'02 59.0 3.69 10045 2722 41.85 

TNT'03 57.7 4.00 9255 2313 38.56 

TNT'04 68.7 4.00 11230 2808 46.79 

TNT'05 59.3 3.86 13260 3435 55.25 

TNT'06 62.3 3.56 12985 3647 54.10 

Table E2: Results from Initial Smoke Testing with TEP 
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Fig. E7: Smoke Density Rating vs TEP Content of Resin 
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Fig. ES: Maximum light obscuration vs TEP content of resins 
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Fig. F1: Total smoke Emission vs Additive Content of Normal Resins 
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Fig. F3: Smoke Density Rating vs Additive Content of Normal Resins 
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Fig. F6: Total Smoke Emission vs Additive Content of Aliphatic Resins 
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Fig. F7: Smoke Evolved per Gram Resin Burnt vs Additive Content of Aliphatic resins 
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Fig. F8: Smoke Density Rating vs Additive Content of Aliphatic Resins 
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Fig. F9: Maximum Light Absorption vs Additive Content of Aliphatic resins 
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Fig. F10: Time to Maximum Light Obscuration vs Additive Content of Aliphatic Resins 
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Fig. F12: Smoke Evolved per Gram Resin Burnt for Normal Resins Treated with ATH 
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Fig. F13: Smoke Density Rating for Normal Resins Treated with ATH 
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Fig. F14: Maximum Light Absorption for Normal Resins treated with ATH 

~- --- _, 

701 ; 

60 

~ 50 -c: 
0 

:.::; 
~ 40 ::, 
(..) 

0 • . ·' ~,/ , ,,,. · , ,~1 "'., ,;;• . .• ,
1
'':;;. • ,~, . ·/ . ~-- ., enes 

i 1
} •rL--rL-r~ rL-r1-r1---~---rs-r1-1 ~ 1CJSNAS · · E 30 --{ .:: ·.. · . · ./w l'J: .. · .''", . . - · . ~; . ·;;;:· ~, .. · · t' .. ·~·· ,; .· , -~ ·.;_, :t .: . •. · · 111 TNA Series 

::, 
E 
>< co 
::! 

0 
1 2 3 4 5 6 7 8 9 10 11 12 

Sample Number 



Fig. F15: Total Smoke Evolved for Aliphatic Resins treated with ATH 
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Fig. F16: Smoke Evolved per gram aliphatic Resin, Treated with ATH, Burnt 
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Fig. F17: Smoke Density Rating for Aliphatic Resins Treated with ATH 
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Fig. G1: LOI Value vs Additive Content of Normal Resins 
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Fig. G2: LOI Value vs Additive Content of Aliphatic Resins 
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Fig. G3: LOI Value vs Additive Content of Both Resins 
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Fig. G4: LOI Value vs Additive Content for Aliphatic Resins treated with 1.875% Melamine 

25 ~ 

24 LL~--=========--= 
23 

-N 
0 -+- SAFMD ~ 22 
0 

- sAFMT' -Cl) 

---.-- TAFMD 
::::, 
co 
> 21 ~ TAFMT' 
0 
..J 

20 

19 

1s L~-+-~-+-~~t--~-+-~-+-~--t~~~~--:--~-:~--; 
0 8 9 10 1 4 6 7 2 5 3 

P Additive content(% w/w) 



Fig. GS: LOI Value vs Additive Content of Aliphatic Resisn Treated with 18.75% Melamine 
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Fig. G6: Comparison of Aliphatic Resins Treated with Phosphorus Alone and with Phosphorus and 
1.875% Melamine 
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Fig. H1: Burn Time vs Additive Content of Normal Resins 
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Fig. H2: Flame Spread vs Additive Content of Normal Resins 
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Fig. HJ: Flame Spread per Second vs Additive Content of normal Resins 
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Fig. H4: Burn Time vs Additive Content of Aliphatic Resin 
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Fig. H5: Flame Spread vs Additive Content of Aliphatic Resin 
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Fig. H6: Flame Spread per Second vs Additive Content of Aliphatic Resins 
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Fig. H7: Comparison of Burn Time for Aliphatic and Normal Resins 
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burnt in air. 
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