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is 

SUMMARY 

All commercial plastics will burn under the right 

conditions. To overcome this problem incorporation of 

flame retardant additives and chemical modification to 

the polymer have been used with varying success. These 

measures may affect solid phase pyrolysis of the resin or 

the burning of volatile fragments in the gas phase. The 

present research was devoted to development of methods 

for studying the gas phase reactions in a manner applic- 

able to burning conditions. 

The performance of a range of commercial flame re- 

tardant additives was assessed in an unsaturated polyester 

resin system using test methods which reflect burning and 

ignition properties. A marked synergistic effect was 

noted between halogenated compounds in the presence of 

antimony trioxide. On heating antimony trioxide with 

chlorinated paraffin antimony trichloride was shown to be 

the chief reaction product. Weight loss experiments indi- 

cated that some mixtures should have been more effective 

than was observed in the early experiments. It was con- 

cluded that these test methods provided conditions of too 

low thermal stress and a number of resin formulations were 

subjected to the more severe BS.476 fire propagation test. 

A diffusion flame apparatus suitable for burning 

model fuels was set up and a number of inhibitors were 

studied but practical difficulties occurred in attempting 

to disperse metal halides quantitatively in the flame.



iii. 

An apparatus was designed for burning premixed model 

fuel/air flames to study materials such as metal halides. 

Antimony trihalides and a number of other metal halides 

were shown to be effective inhibitors. The particular 

efficiency of antimony trihalides was attributed to their 

ability to undergo oxidation providing solid particles 

which were effective in abstracting reactive flame species. 

A number of techniques have been established using 

known technological effects, these have been used in ob- 

taining some new information which is applicable on a 

broader basis.
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CHAPTER 1 

THE PROBLEM 

The work described in this thesis represents one half 

of the first stage of an investigation into the flammability 

of plastics materials. 

More specifically the area covered involved the study 

of the effect of flame retardant additives on a stvrene 

cross-linked unsaturated polyester resin with particular 

emphasis on additives which were active in flame inhibition. 

The other half of the work (which will not be dealt with 

in detail in this thesis) involved the study of the effect of 

additives on the vovrolysis of the same cross-linked nolvester 

“system end also the identification of nrinaryv nyrolvsis pro- 

ducts from this resin. 

In order to put the work described into persrective it 

is useful to consider the problems associated with uncontrolled 

fires as a whole especially those occurring in confined snaces, 

tot+. The statement of the Problem Rae ae ok ee — edits 

    

  

The use of combustible materials in both structural and 

internal fittines, in buildings, has pvreviously been considered 

acceptable. However, development of the newer synthetic poly- 

meric materials as replacements and often in addition to these 

accented materials has been viewed with considerable caution 

by the svecifying bodies. This caution is not comnietely un- 

founded as under the right conditions 211 commercially imvortent



plastics materials burn. However, with careful design and 

use of flame retardants this should not elininate their use 

in many anplications, 

The development of fire in buildings can be considered 

in three phases. 

a. Ignition and growth of fire wntil all conbustibles . 

vresent are involved. 

b. Burning out of+all of the combustibles. 

ec. Gradual decay of the fire, smouldering of burnt out 

materials, 

Ignition occurs by the transfer of heat by radiation, 

convection or conduction to combustible materials. If. in 

the case of solids the heat source is great enough to cause 

degradation into smaller combustible fragments such as liouids 

and gases then in the presence of sufficient oxidant and high 

“enough temnerature snontaneous ienition may occur. Tenition 

will occur more readily in the presence of an external ignition 

source such as a small flame. After iondteed an adequate 

supply of heat, fron the exothermic oxidation reactions 

occurring in the flame zone, to the unchanged material, re- 

Suius in) 2.sclf perpetuating reaction cycle... digs. scouente: oF 

events ts common to all combustible plastics materials, initial 

degradation occurring in the range 250 - 550°. 

The growth of fire now depends upon the transfer of heat 

from the burning comnonent to other combustibles present. This 

may be achieved by:- 

a. Radiation from the flames, the amount of heat radiated 

is dependent upon the size of the flames. To a lesser derree



heat may be radiated from within the burning material. 

bse BY convection currents of hot gases over unchanged 

combustible material, this denends to a large extent on the 

ventilation available. 

c. By conduction of heat to combustible material in 

contact with the flame. 

Once flash over has been reached, that is the involve- 

ment of all of the combustibles, the temperature attained 

and the duration of this phase denends unoon the nature and 

the amount of combustibles present. 

The time from ignition to flash over is obviously im- 

portant from the point of view of personnel escanings from 

the building, therefore, the longer this veriod is the rreater 

the chance of escape. As stated previously, under the right 

conditions, all commercially important plastics materials 

‘burn. It therefore seems clear that once flash over hes been 

reached any plastics present will be involved irresnective of 

treatment with flame retardants. Bearing this in mind it 

would seem necessary to see that plastics do not appreciably 

add to the total fuel contribution, 

The function of flame retardants would therefore seen 

to be primarily aimed at decreasing the ease of irnition of 

the material and reducins the contribution of the material 

to spread of fire. Other points arise, however, which are 

equally imvortant from an escape point of view. These are 

the production of smoke and toxic combustion products both



of which contribute significantly to deaths in fires. 

Two other factors should be considered with respect 

to the spread of fires involving plastics materials. These 

are dripping of burning materials and after glow in the char 

sO burnt out materials. The former is mainly confined to 

thermoplastics materials and the latter to thermosetting 

resins. 

The assessment of the fire hazard of plastics materials 

Should ideally take. all of. these factors into account. Most 

of the work carried out in inanchey has been directed toward 

producing materials which satisfy various test specifications, 

notably the spread of flame test; paying little atipention-to 

the smoke or toxic combustion products develoved. Research 

undertaken by the Joint Fire Research Organisation and The 

Rubber and Plastics Research Association is currently con- 

“cerned with these apsects of the pvroblen. 

During the growth of fires in rooms variations in thermal 

stress occur and test methods exist which describe the per- 

formance of materials under various thermal stress conditions. 

“Three classes of flammability tests exist ranging in size and 

objective from the small scale screening tests to the larger 

design tests, to the large scale tunnel or simulated structure 

tests. Little correlation is possible between results of the 

various classes. An imoortant difference between the scale 

of test is often the heat flux produced per unit area of test 

mi ece.



Factors which contribute to this difference in heat 

fix ares 

a. Whether the test is open or enclosed. 

bob. The position of the flame front in snace relative 

to the bulk of the unchanged material. Obviously a vertical 

Petyip of material burning downwards from the ton subjects 

unit area of material to a much lower heat flux than the 

same strip burning upward from the bottom. In the latter 

case the convective component of hot combustion gases 

streaming over the material is imnortant. Whilst in the 

former case heat is fed back by molecular conduction and 

radiation processes from the relatively small flame sun- 

ported above the material. 

These asvects of thermal stress may be important when 

assessing the effectiveness of flame retardant additives in 

“materials. Additives which are not chemically bonded into 

the resin matrix are liable to migrate to the surface and 

leach out. Two component flame retardant systems rely on 

decomposition of one component to produce a species which | 

‘reacts with the second component resulting in formation of 

the active snecies. (See Chanter 1). If the decomnosine 

component is volatile below its decomposition temperature 

then it is feasible that under conditions which involve 

heating the resin below its ipnition temperature this com- 

ponent may volatilize out of the matrix unchanged. This 

would pennit in a lower concentration of the active snecies 

formed. Thus the severity of the flammability test may in 

certain circumstances determine the apparent effectiveness 

of. a system.



It is therefore apparent that in order to get an accurate 

picture of the performance of a material under real fire con- 

ditions, exposure to the large scale tests is required. This 

is expensive and an obvious requirement is the develonment of 

-sereenins tests which yield results which may be reliably 

correlated to performance im real. conditions. 

Attempts at rendering combustible articles non-combustible 

by means of treatments, dates back as early as the lth Century 

B.C. In 1735 an English patent was granted to J. Wyld for a 

flame proofing composition and in 1821 Gay Lussac studied 

various inorganic salts which rendered fabric non-combustible. 

Since this early work a great number of pnatents have been 

granted for flame proofing compositions, which, until the early 

4950's were mainly concerned with cellulosic materials i.e. 

wood and textiles. Some of the knowledge pained from these 

systems has been anplied in en empirical manner over the past 

two decades to synthetic volymeric materials with varying de- 

grees of success. 

Flame retardsnce may be conferred on plastics materials 

in two general ways, these are loosely termed 'reactives' and 

‘additives'. Reactives cover those reterdants which are chemi- 

cally bonded into the polymer. This is achieved by subdstitu-. 

ting retardant molecules either in the main backbone of the 

polymer, 2S cross-linking agents in thermosetting materials, 

alternatively as side chain or ring substituents. Retardants



introduced in this manner have the advantages of permanency 

and also that they are 'on the spot' when the volymer degrades. 

The main disadvantage lies in the cost of the final material. 

The use of reactive flame retardant comvositiomis increasing, 

particularly a= the volyurethane and cross-linked volyester 7 

fields. 

Flame retardant additives are extensively used in all 

plastics materials, the sresat advantage beins thet they may 

be incorporated by Simple mixing processes thus rendering 

the cost of the final compound considerebly lower than for 

reactives. Additives suffer from the disadvantares of mi- 

gration to the surface and hence lack of permanency. It is 

also necessary to be careful in selecting the additive to 

ensure its compatibility with the base material. This is 

“not always possible as in the case of antimony trioxide and 

other insoluble inorganic additives. 

The three most common elements used in impartins flame 

retardance to plastics materials are phosvhorus, chlorine 

and bromine. The probable modes of action of these will be 

develoned more fully in the next chavter but let it suffice 

to say at present that there are two broad areas in which 

flame retardants may reduce the flammability of plestics 

materials. Theseare (1) The solid phase, by interference 

with normal pyrolysis and reducing the concentration of com- 

pustible fragments produced. (2) By upsetting gas phxse 

resections in the flame zone resulting in reduced feedback of 

energy to the unchanged material and ultimately in complete



extinguishment. 

This division formed the basis on which the dual approach 

to the problem was adopted. An attempt was made to study the 

“effect of fleme retardant additives on the pyrolysis stage 

and also to identify the primary thermal derredation products 

of a cross-linked polyester resin. This is important from 

the point of view of total fuel contribution to a fire. This 

aspect of the work will not be dealt with in detail in this 

thesis which was concerned with vert (2) of the division. 

It is clear from this brief introduction that the vroblems 

associated with the flammability of plastics materials are 

complex and many points need examination. While to a large 

degree these can be treated as sevarate vroblems they are 

_linked together and must ultimately be considered in the con- 

Gexe of the wales as a whole. 

41.2. Approach to the Problem 

It was noted in the preceding section that the broad 

points which need consideration ere concerned with the total 

thermal contribution of the material, its ability to ignite 

and spread flame and the likelihood of production of smoke 

ana toxic combustion vreducts. It was also noted that other 

laboratories are currently studying the latter two points 

and it was concluded that the time available would initially 

be best spent on a fairly detailed investigation O1:.one



\O
 

plastics material, with reference to the remaining points. 

The dual aporoach to the project was indicated in the 

previous section. 

Styrene cross-linked unsaturated volyester resins 

seemed to have exceptional potential in structural appli- 

cations and in the untreated condition they readily burn. 

For this reason a general purnose styrene crossed resin was 

selected for study. The additive method of incornorating 

retardants was chosen as this would yield directly comparable 

information. As a study of the mechanism of retardants wes 

intended the resin was used in the non reinforced condition 

and cast specimens were tested. 

The aim of the initial experiments was to provide back- 

‘ground information about the action of a renge of commercial 

flame retardant additives when ineornorated into the standard 

resin. Three test methods which would yield information on 

the action of retardants were selected and those retardants 

which appeared effective by their action in the gas phase 

were noted. These results lead to the closer investigation 

of the dction of moderate temperatures on some of the addi- 

tives. Weisht loss exneriments were conducted at various 

temperatures between 300 - 600°C on mixtures of halogenated 

compounds and metal oxides as a means of following reactions. 

Quantitative analysis of reaction products established the
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active species in the organic halogenated compound/an- 

timony trioxide system. 

Selected resin formulations were tested under B.S.l76 

Fire Propagation Test conditions in order to compare the 

Sestits obtained with the less severe smaller tests in the 

light of the weight loss exveriment results. 

One of the original objectives of the work was to 

identify those types of flame retardant which were active 

in flame inhibition and to more closely observe the nature 

of this inhibition. On consulting the literature, however, 

it was realised that the problems associated with flames and 

their inhibition were vrofound and that it was beyond the 

scope of .a project in plastics technology to add signifi- 

cantly to the fundamental knowledge already available. Al- 

‘though the initial objectives were modified it was felt that 

useful information could be obtained by a less fundemental 

approach and eauinment was set up which would be used for 

classifying the effect of inhibitors on premixed and dif- 

‘fusion flames in a semi-empirical manner. It should be 

emvhasised that althouch the eauinment develoved was besed 

on that-used for obtaining fundamental information this was 

not the intention of this work but rather that they should 

serve as means of screening inhibitors which had apveared 

promising from other work. 

The work carried out on flames used model fuels due to 

the fact that vrecise information was not available on the



a 

primary degradation products of cross-linked polyesters, 

The fuels chosen were those which appeared from vrelimi- 

by 
nery identification work 7 to be imvortant. It is horned 

that when further information regarding these products 

becomes available the flame work will be extended to these. 

Should the project be continued it would seem that a 

logical extension to this work would be to obtain auanti- 

tative information with regard to the concentration of 

inhibitor required in the gas vhase to vroduce a given effect 

on the flammability test ratings. This is important in many 

instances from the point of view of toxicity of the inhibitor, 

which should also be considered in its own right. 

O0-0-0-0-0-0
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CHAPTER 2 

LITSRATURE SURVEY 

A survey of the literature relating to the problem 

of flammability of plastics proved a difficult task. Al- 

though a great deal of work has been published little is 

still understood of the mechanisms of flame retardants. 

Much work seems to have been undertaken with a view to 

meeting particular test specifications and the investiga- 

tion of the function of additives which achieved this 

result seemed to be of tanhies importance. 

3t is not the object of this chapter to calalogue 

the published work on flame-proofing and flammability but 

rather to examine those papers which seemed to have parti- 

cular relevance to the aspect of the problem to which this 

thesis is devoted. 

For convenience, the chapter has been divided into 

four sections, dealing with the theories of flame inhibi- 

tion, general papers on the flammability of plastics, 

papers relating specifically to the flammability of cross- 

linked polyester resins and flammability testing. In 

general, where published reviews exist on a topic, these 

are cited and only the more relevant points are selected 

for comment. 

2.1. Flames and Flame Inhibition 

The amount of research effort currently devoted to 

the problems associated with flames is indicated by the 

one hundred paper symposia sponsored bi-ennially by the 

Combustion Institute, most of the papers representing 

original research.
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While it is beyond the scope of this thesis to review 

in detail all of this research effort an attempt has been 

made to select those papers which have seemed relevant to 

the present study and to those which represent major steps 

forward in the general field of flame inhibitions 

It would seem a logical prerequisite of any study of 

flame inhibition to have a good general back ground know- 

ledge of the processes taking place in uninhibited flames. 

However, except for the 'simpler' systems, such as the 

hydrogen/oxygen combustion reaction which is now well 

established’ a complete picture of the combustion pro- 

cesses of even the lower hydrocarbons is still a thing of 

the future. 

It has clearly been established that reactions occur- 

ring immediately prior to and in the flame zone involve 

free radicals“ and are chain reactions. These chains are 

perpetuated by the regeneration of active species such as 

0, H and OH in branching reactions which are important for 

the hydrogen air combustion reaction:- 

H+ O 9 ————> OH + O weceseeeeee 1 

OH + Hy ————m Hp0 + HW ceseseseeee 2 

O + H, ———™ OH + H ........... 3 

While it is appreciated that flames involving hydro- 

carbons are further complicated by the presence of such 

species as CHs, CHO and CO radicals etc. it is reasonable 

to assume that branching reactions such as those in 1, 2 

and 3 are again important and in addition propagation 

reactions such as 

HO + CO Sy a SE rs co + Bee. 2 

probably occur.



1h. 

Working on this assumption it is clear that any action 

resulting in the decrease in concentration of the active 

species 0, H, OH in the flame zone should result in a de- 

crease in the chain branching reactions and ultimately 

cause the flame to cease propagating. All of the current 

theories of ‘chemical’ inhibition are based on the removal 

of active species from the reaction zone. 

It is probably useful to indicate the difference bet- 

ween physical and chemical inhibitors. Cooling and "planke- 

ting' are the two main effects relied on by physical inhi- 

pitors. Large quantities of inert material with high heat 

capacity will upset the heat balance of the flame and will 

ultimately extinguish it. Alternatively if the fuel and 

oxidant supplies can be separated by an inert substance this 

will result in extinction of the flame (though this mechs- 

nism is often put forward it is a little difficult to see 

how it may operate in practice). Inhibitors operating 

by the physical mechanism are generally required in con- 

siderably higher concentrations than chemical inhibitors 

and for this reason research into chemical inhibition would 

seem to be the most rewarding. 

There are two types of flames to be considered, these 

are the 'premixed' flame (where fuel. and oxidant are mixed 

beforehand) and the 'diffusion' flame (where oxidant and 

fuel meet only at an interface and mix by diffusion pro- 

cesses) both of which may be encountered in a practical 

fire. At this stage it is convenient to consider these two 

types of flame, and important properties associated with 

them separately.
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2.1.1. The Premixed Flame 

Premixed flames are generally believed to be controlled 

by the rate of generation of heat from reactions occurring 

within the flame zone, the thermal diffusivity of the medium 

and also the molecular diffusion of the snecies present. No 

conclusive experimental evidence seems to exist regarding the 

relative importance of these factors. 

Three of the exnerimentally measurable vronerties of 

premixed flames are used for assessing the relative effective- 

ness of inhibitors. 

2.1.1.1. Flammability Limits 

The majority of work undertaken has been edaairie ce 

the effect of inhibitors on these limits. The lower flam- 

madility limit of a fuel in air is the minimum concentration 

‘(by volume) of fuel in a fuel/air mixture throurh which a 

flame just propagates. Increasing the concentration of fuel 

above this level results in altering the characteristics of 

the flame (such as speed, temperature, luminosity) until the 

igdper limit is reached. The general affect of adding inhibitors 

eo flammable mixtures is to reduce the range of flammable 

mixtures. #hen assessing inhibitor effectiveness a property 

known as the peak percentage is determined. This is the 

lowest concentration of inhibitor in fuel which prevents 

flame propagation through all mixtures of fuel and oxidant.
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Much discussion has arisen regarding the limits of 

flammability and questions have been put forward regarding 

their actual existence. Three solutions appear possible“ :- 

a. Limits currently measured represent asymptotic 

approaches to a fundamental limit. 

b. A fundamental limit may exist but it corresponds 

to a weaker mixture than can be burned with conventional 

equipment. 

ec. No fundamental limit exists and observed limits 

are due to heat loss, gravitational disturbances or similar 

effects. 

2.1.1.2. Quenching Diameter 

This is a technique which has been developed com- 

paratively recently. Experimentally it involves allowing 

a premixed flame to propagate through a conical shaped com- 

bustion tube of carefully controlled dimensions and obser- 

ving the diameter of the tube at which the flame is quenched. 

Inhibitors have the effect of increasing the quenching 

Giameter. This value reflects the sensitivity of the 

flame, and associated reactions, to heat loss. 

2.1.1.3. Burning Velocity 

This property is a measure of the average reaction 

rate in the flame and will decrease with increasing inhi- 

bitor concentration. There are many experimental techniques 

for determining this value, varying in simplicity and 

accuracy. 

a. One method utilizes equipment similar to that 

for determining flammability limits. The procedure involves
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timing the passage of flame between sensing electrodes 

set a pre-determined distance apart. Obviously quite 

sophisticated timing equipment is necessary for accurate 

results. 

b. A simpler technique involves a bunsen burner 

type method. Premixed oxidant and fuel are burnt at the 

outlet of a burner tube which is concentrically situated 

inside a larger tube. Nitrogen is passed through the 

outer tube (in order to eliminate the possibility of a 

aiffusion flame occurring around the premixed flame). 

The average burning velocity is then defined as the ratio 

of volumetric gas flow to the area of visible flame sur- 

face. 

ec. A more precise method involving nozzle burners 

and using a Schlieren cone angle method (i.e. substantially 

measurement of the angle of the inner cone of the flame) 

has been developed. In such methods burning velocity is 

usually determined from the equation. 

Pe = Vy sin 0 

where Ve is the velocity of the unburned gas and 9 is 

half the Schlieren cone angle. 

Previously Ve has been obtained under cold flow con- 

ditions but experimental evidence now shows that unburned 

gas velocity is significantly affected by the combustion 

process. A technique has now been developed which involves 

in 
the determination of Ve under flame conditions.
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2.1.2. The Diffusion Flame 

Although most of the recent investigations have been 

confined to on premixed flames quite a considerable 

number of the earlier studies were carried out on diffusion 

flames. 

The main experimental technique is the concentric 

tube burner, with fuel flowing through the inner tube and 

oxidant through the outer. The flame is supported above 

the inner tube. The effect of inhibitors, both in the fuel 

and oxidant side of the flame have been studied and the 

conclusions drawn were generally similar to those from 

studies on premixed flames”, 

A different educiton exists for inhibition of diffu- 

sion flames than for premixed flames. In the latter case 

the reduction in rate of chemical reaction leads to a de~ 

crease in rate of heat release which in turn diminishes 

the velocity of flame propagation. While steady state 

combustion by a diffusion flame is not governed by the 

kinetics of reaction but by the rate of energy transport 

from the flame and the rates of mass transport of fuel and 

oxidiser to the flame front. 

2.1.3. Flame Inhibition 

Only those theories which concern 'chemical' inhibi-~ 

tors (as previously defined) will be considered. 

Of the chemical inhibitors probably the most widely 

studied group are the organic or non ionic halides and of 

these the alkyl halides are the most extensively documented. 

It is clear from the preceding section that were it possible
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to inhibit the free radical reactions occurring at and 

immediately before the flame front then it may be possible 

to extinguish the flame. | 

Premixed flame studies on various fuel systems in 

air carried out by Burgoyne and WitliamdsLede’ and Coward 

and Jones! showed that methyl bromide was a considerably 

more effective flame inhibitor in all cases than nitrogen 

or cabon dioxide. 

TABLE I 

PEAK PERCENTAGES OF VARIOUS INHIBITORS 

  

  

  

  

  

  

  

            

Peak Percentages 

Combustible (in air)| Methyl Bromide Nitrogen | Carbon Dioxide 

Hydrogen 13.7 45 61 

Carbon Monoxide 6.2 68 52 

Ethylene 11.65 50 L4 

Methane 4.7 38 25 

n-Hexane 7.05 42 29 

Benzene fea dyby 51 

(after Friedman and Levy Ref. 2)     

Due to the low peak percentages of methyl bromide it 

was concluded that its action was chemical. This was sup- 

ported by the work of Burdon, Burgoyne and Weinberg® who 

studied the combustion products of hydrogen/air and carbon 

monoxide/air flames containing methyl bromide, near the 

limit of flammability and showed that methyl bromide did 

not survive the flame. The bromine was found chiefly as 
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hydrogen bromide and bromine. 

Simmons and Wolfhara? observed that methyl bromide 

affects methane/air flammability limits to about the same 

extent as methane + $ Bro and concluded that the effective 

inhibitor is either atomic or molecular bromine and that 

methyl bromide served only as a halogen carrier. 

A comprehensive study of the fire extinguishing pro- 

perties of fifty six compounds was carried out by a group 

at Purdue University !°, Results of this work tended to 

support the suggestion that the avent served mainly as a 

halogen carrier. Another genera’.isation which was drawn 

was that the halogens may be grouped in order of effective- 

ness Iodine > Bromine > Chlorine > Flvorine. 

Simmons and Wolfhard'' studied the inhibition of dif- 
fusion flames by methyl bromide which was added to both the 

fuel and also the oxidant sides of the flame. These results 

showed that the peak percentage when added to the air stream 

was about the same as those obtained for premixed flames 

but when the inhibitor was included in the fuel stream a 

much higher peak percentage was necessary. (approx. 10 tig 

The qualitative explanation offered for this was that in 

the reaction zone of methane/air flames stoichiometric 

amounts of methane and oxygen are present (about 10% 

methane). Assuming the inhibitor diffuses with the com- 

ponent to which it is added then in order to get the same 

amount of inhibitor to the reaction zone approximately 9x 

as much must be added to the fuel.
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2.1.4. Published Theories of Flame Inhibition by 

the Alkyl Halides 

An early theory by van Tiggelen'@ suggested that a 

reaction of the type 

CH, + Rk > RCH aE X eeecevoeeceoeeeoeees 5 

was responsible for inhibition of methane flames. This 

explanation relies on the relative ease with which the 

alkyl radical reacts with alkyl halides. It is suggested 

that this reaction is preferred to the alternative reaction 

of the methyl radical with more fuel, and that the haloger 

atoms are chemically incapable of continuing the reaction 

chains. 

Belles! favoured the reaction suggested by Fryburg ‘4 

H CH,X Se a aE a HX of CH; CCcVeeeeeeveeerses 6 

This has the advantage in that it is a known reaction for 

which activation energies had been estimated for all fuk 

halides. (Reaction rates of the halides were also known 

to be in the order Iodide > Bromide > Chloride > Fluoride). 

However it has the disadvantage of generating an active 

radical. 

Burdon, Burgoyne and Weinberg® measured product com- 

position and calculated flame temperatures for near limit 

hydrogen/air systems containing methyl bromide, From this 

data they calculated the energy of activation of the chain 

breaking reaction, the value of 3 Kcal they obtained was of 

the order of magnitude which had been assigned to the 

reaction between H and CH,Br. This would seem to support 

the reaction suggested by Fryburg.
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It should be noted, however, that these calculations 

rely on very broad assumptions of reaction temperatures and 

rates and it is probably only fortuitous that the results 

obtained agreed with predicted values. 

However a further study, by Fenimore and Jones'?, to 

test the proposal was carried out by probing flames burning 

on a cooled porous plate at low pressure. An independent 

value of the rate constant for the proposed reaction was 

determined and found to agree within a factor of 2 with 

the value deduced from flammability limits. It was con- 

cluded that the interpretations drawn by Burdon et aie were 

approximately valid but not exact. 

Rosser and Wise? investigated the effect of halogen 

containing substances on the burning velocity of premixed 

methene/air and of ammonia/oxygen/nitrogen flames. They 

assume that the temperature at which significant inhibi- 

tion occurs is above 4500°K and that it is necessary to 

consider the time available for reactions to occur at this 

temperature. For methane/air flames the time is estimated 

to be approximately 3 x 4074 secs. These conditions are 

adequate for dissociation of species such as Bro,» Ty and 

Fo but not for Cl, it may therefore be assumed that only 

in the case of chlorine is there likely to be molecular 

species in the flame, discounting the possibility that 

Bro or I, are inhibitors. 

Similar considerations may be applied to the halogen 

containing substances CH,Br, CHSBro, CHBr, and OF,Br and 

it appears that CH,Br is the least likely to be dissociated
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under these conditions. However, the reaction 

3 See a eeeeeorceeceoveseoces CH Br ; CH, + Br < 

is probably catalysed by Br:- 

Br + CH,Br ————> Bry + CHyeeccecceseveces 8 

Br —_—-——_—--— 2Br eeeeoeveeeoveevrseeeenveee 9 2 

therefore less severe conditions than those anticipated 

result in complete destruction of CH,Br. It would seem 

likely therefore that inhibition is due to a decomposition 

product of CH,Br. 

CFoBre and HBr are both exceptionally stable to de- 

composition this probably accounts for the low inhibition 

efficiency of CRoBry. However HBr is observed to be an 

effective inhibitor. The breakdown of HBr in the residence 

time available must be above 2000°K and also 

2HBr SS Ho + Bry wie Saleeice ociese VO 

is kinetically unlikely, therefore it is suggested that 

HBr is the effective inhibiting species. 

The possibility of formation of HBr from other inhi- 

bitors cannot be overlooked. A consideration of the energy 

changes involved indicated that hydrogen abstraction is 

feasible for fluorine and chlorine but less likely for 

bromine and iodine. 

The general inhibition mechanism was proposed:- 

eC ee HK 4 et ng oe a 

p + HX ——————_» | x se HB eeeeeeves ec eeve 12 

e e 

where Hi is HCO, HO, ete. and # is OH, H, CH, etc. The
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products H# and « may be stable or free radicals of lesser 

importance in oxidative chain propagation. These reactions 

must neseesandiy be competitive with propagation reactions. 

The high reaction temperatures tend to obliterate 

differences in reactivity observable at lower temperatures 

and the near equivalence of iodine and bromine is not sur- 

prising since neither would be expected to react with CH, 

or similar stable species at a rate comparable to the ex- 

termination rate of 12. However, both chlorine and fluorine 

may extract H from the fuel, resulting in reduced effective- 

ness of these, as this constitutes a reversal of reaction 11. 

The critical factor in the proposed mechanism is 

therefore the strength of HX, if too strong rates of re- 

actions such as 12 will be reduced and abstraction of 

hydrogen by stable species with X atoms may be favoured 

over reactions of type 11. Alternatively if H-X is too 

weak there is a tendency for the molecule to dissociate 

rather than react. The effectiveness of iodine and bromine 

reflects their almost unique balance between strength and 

weakness, 

Similar reductions in flame speed for the system 

ammonia/oxygen/nitrogen were also observed and it was con- 

cluded that the proposed inhibition mechanism was not 

limited to hydrocarbon/air mixtures. 

The work which formed the basis of this theory was 

extended © to include (a) Determination of the maximum 

temperature of methane/air flames (b) Flame spectra of 

methane/air flames (c) Study of the quenching of such
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flames by solid surfaces (d) The low temperature oxida- 

tion of methane. 

This work supported the general inhibition mechanism 

represented by equations 11 and 12 and it was further 

added that the mechanism may be regarded as a means of 

substituting x forf: . However, while inhibition may 

originate in this substitution it results from:- 

i. A reduction in the rate of transfer of activity 

by diffusion of species such as 0, OH, H. 

ii. A reduction in the rate of the exothermic 

propagation reaction. 

OH + CO——>C0, + H vssesseseeeeee Ih 

aa Also a reduction in the rate of the chain 

branching by reactions such as 

H + 09 ——— > OH + O cacececccssece 1 

The chief conclusions drawn from this work was that 

the high efficiency of chemical inhibitors was due to 

-a. A cyclic mechanism involving regeneration of 

active species. 

b. The large values of specific reaction rates 

between inhibitor molecules and specific chain carriers 

of combustion reactions. 

It was suggested that little advantage may be gained 

from an attempt to improve significantly on this chemical 

process but considerable advances may be made by studying 

the effect of changes of physical properties of inhibitors. 

Many other investigations have been carried out since 

this proposed inhibition mechanism the results of most of 

which tended to support the theory.
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Rosser et al? used the quenching diameter method 

(page 16) to study the effect of various inhibitors on 

methane/air, methane/NOy, methane/NO,/air and methane/NO 

premixed flames. The results of the study indicated that 

inhibition was extremely sensitive to the oxidant and that 

combustion involving NO and NO, was insensitive to inhi- 

bition. 

It was suggested that the sensitivity of hydrocarbon/ 

oxygen combustion was due to the occurrence of the modera- 

tely endothermic (20 Keals) reaction. 

H + ee HO + On ciel 1 

Permitting low concentrations of inhibitor to compete with 

major species for radicals such as OH, 0, H, thus interup- 

ting the chain reactions involving these species. 

The specific mechanism represented by 11 and 12 did 

not explain the observed effectiveness of PCL; and POC1; 

as flame inhibitors and no explanation was offered for this. 

4 
Recent work by Edmonson and Heap” on burning velocity 

measurements of methyl bromide inhibited methane/air flames 

using the accurate nozzle burner Schlieren coneangle technique, 

in general support the inhibition mechanism described by 

reactions 11 and 12. In addition they showed that (a) 

Addition of methyl bromide causes a shift of maximum burning 

velocity towards leaner conditions (b) The effectiveness 

of methyl bromide as an inhibitor increases as the methane 

content of the mixture increases (c) Successive equal 

additions of methyl bromide causes progressively smaller 

reductions in burning velocity.
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Butlin and Simmons’ studied the flammability 

limits of hydrogen/air/hydrogen halide mixtures over a 

wide range of mixture compositions and final flame tempera- 

tures by varying the oxygen content of the air. The 

efficiency in preventing propagation of flame was shown 

to decrease in the order HI > HBr > HCl. HI and HBr 

appeared to act as chemical inhibitors while HCl was 

primarily a thermal diluent. They concluded that the 

rich limit was controlled by competition between 

H + Of —————> HO + O cececececcecces 1 

and 

H + 1B ti ec Ho + Br eiache Basle eclsie'c ot 

but that the lean limit is not controlled in this way. 

Reaction 1 is generally considered to be an important 

chain branching reaction in methane/air flames, therefore 

it was assumed that this argument applies to hydrocarbon 

flames also. 

Aninvestigation by creitz'® on the effect of inhibi- 

tors on diffusion flames observed similar occurrences to 

those by Simmons and Wolfhara’', In essence the main ob- 

servation was that inhibitors added to the oxidant side 

of the flame were more effective than when added to the 

fuel. This was attributed to the failure of the inhibitor 

to survive the combined effects of the reducing atmosphere 

and pyrolysis in the pre-flame zone. The lack of effec- 

tiveness, it was concluded, was due to the necessity of 

having the intact molecule or its freshly released decom- 

position products in the flame reaction zone.
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Results reported in this paper and other unpublished 

work indicated that those materials which were most effec- 

tive inhibitors had the ability of capturing electrons. 

Only those which form negative ions with relatively high 

electron affinities such as O and OH or negative halogen 

ions are said to be important inhibitors. 

A proposal which reconciles these observations with 

Rossers proposed mechanism has been reported 2, 

A typical inhibitor, trifluoro bromomethane, attaches 

low energy free electrons by a dissociative attachment pro- 

cess 

Cr ,Br Ceo Br- + CFs eoeeeeceecesn 14 

Inhibition could occur through reaction between S OH’ 

and/or H with the negative ion Br” and/or the residual 

radical CF. 

4 -C, CF; 2 H ———-> CP,H* eeeereoeeeeeveeneeeee 15 

Excess energy equal to C-H bond may be lost by collision 

with a third body M. 

CFzH + M er me ee + * MMi ieee ss os 16 

Other authors have reported the ability of residual radicals 

to inhibit flame reactions. Rosser et af? proposed that 

the effectiveness of bromine containing inhibitors is 

equivalent to the equivalent amount of bromine in methane/ 

air flames burning at maximum speed. However comparing 

cF,Br with 2Bry they concluded CF; must contribute to the 

15 inhibition. Fenimore and Jones suggest CH, radicals from 

either CH, or CH,Br are powerful inhibitors in methane/ 

hydrogen/air flames and suggest that CH; react mostly with



29. 

O atoms in air or oxygen flames making O atoms unavailable. 

The Br may also be effective 

Pee oes Br + en cee. 47 

The stabilizing reaction is not necessary here as excess 

energy is carried away bye. 

It was concluded that it was possible that both re- 

Sidual radicals and negative ions contribute to the inhibi- 

tion process, leaving the overall result the same as in 

the current mechanisms. The paper includes a number of 

experimental observations (by Sher workers) which are 

claimed to support this theory. 

2.1.5. Inhibition by Solids in the Flame 

It is a well known fact that finely divided salts 

such as NaHCo, can be used to prevent ignition of combus- 

tible gases or alternatively as fire extinguishers. 

Various studies of combustion inhibition@ have revealed 

that powdered materials vary widely in their ability to 

inhibit combustion, that alkali metal salts are effective 

inhibitors and that the effectiveness of some powders is 

proportional to the specific surface area of the material. 

Rosser et a1! proposes that any future study of 

flame inhibition should include a study of heterogeneous 

inhibition, and that the relative importance of 

a. Absorption of heat by the particle. 

b. The contribution of heterogeneous reaction on 

the surface of solid particles which remove important 

radicals. 

c. Influence of homogenous reactions proceeding in 

the vapour phase between combustion radicals and substances



30. 

resulting from the vaporization of the solid particles. 

A later paper by the same workers<° described a 

study of the effect of finely divided metal salts on pre- 

mixed flames where they suggest that the inhibition mecha- 

nism of powders probably involve a succession of steps:- 

3 Heating of powder particles by hot flame gases. 

41, Evaporation of powder particles. 

a Decomposition or reaction of evaporated 

material to provide metal atoms. 

iv. Inhibition of the combustion process by 

metal atoms, 

This theory however has not been supported by the 

work of Dewitte et al°! or Frieaman and Levy°*. The 

former workers studied nitrogen diluted methane/oxygen 

flames and showed that the residence time of the particle 

in the flame is only great enough to permit a temperature 

increase in the particle of less than 100°C, Friedman and 

Levy used an opposed jet type methane/air diffusion flame 

for studying inhibitor effectiveness and showed that 

elemental potassium was far less effective than a com- 

parable concentration of bromine. They propose a mechanism 

where gaseous potassium hydroxide is the effective inhibi- 

ting species probably by reaction Such as:- 

ROR + Week HOR a ee, . A 

OER ee HO SO ws 19 

From the early work it was clear that there were two 

types of solid inhibitor these were classed as physical 

inhibitors and chemical inhibitors. Similarly as in the
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case of homogeneous inhibitors physical inhibitors are 

thought to be active primarily by a cooling action. 

Dewitte et ate classified the inhibitors they studied 

and assigned A1,0z, Aly (SO), ) 35 Si0,, Cu0d, MgCOz as 

thermal or physical inhibitors and K5S0, 5 Ko00;, KNO;, 

KCl, KBr, KI and NaCl as chemical. They suggested that 

the efficiency of the chemical inhibitor depended upon 

adsorption of radicals at the particles surface where 

they were ideally situated for recombination and that the 

efficiency was related to the ease with which free valence 

electrons could be made available to the colliding radical. 

235 
Semenov pointed out that these electrons were more easily 

produced by solids having polar bonds than those having 

more covalent bonds. | 

The flame imnapas ben effectiveness of iron penta- 

carbonyl and lead tetraethyl has been observed", although 

these substances themselves are flammable materials. Much 

work has been carried out on the use of lead tetraethyl as 

an anti-knock agent in petroleum combustion. This work 

seemed relevant to the problem in that the anti-knock 

mechanism is thought to proceed by reduction in concentration 

of active combustion species. Salooja showed that the 

lead compounds formed during combustion, in glass apparatus, 

of hydrocarbons containing lead tetraethyl were chiefly 

orthorhombic and tetragonal polymorphs of PbO. The effec- 

tiveness of lead tetraethyl is thought to be due to this 

formation of PbO (PbO had previously been shown to be 

effective in destroying peroxides and OH and HO, radicals).
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Chamberlain and Walsh@° showed, by the use of a 

Tyndall beam, that the oxidation of lead tetraethyl produced 

a fog and that deposits from the fog consisted of PbO. 

Further, tellurium diethyl, iron > eiiadice mee and nickel 

tetracarbonyl are all known, or strongly suspected, to have 

produced fogs, all of them are effective anti-knocks. It 

is also significant that the alkyls of bismuth, lead and 

thallium are anti-knocks but the alkyls of mercury are not. 

This is explained by the fact that at combustion tempera-~ 

tures mercuric oxide decomposes yielding mercury which boils 

providing no solid surface in the flame. 

It should be emphasised that the whole subject of 

flames and their inhibition is extremely complex and that 

this survey has tended towards an over simplification in 

order to reconcile it with the essentially technological 

approach, which has been adopted in this project, to the 

problem of flammability of plastics. 

2.2. A General Review of the Literature on the Flamma- 

bility of Plastics 

Many excellent reviews have been published on the 

problem of flammability of plastics,°”? 28, 29, 30 each 

dealing with the subject in a similar manner. On consul- 

ting these it is immediately apparent that few significant 

developments have occurred since work was first commenced 

on the problem. Much work has been undertaken but in 

essence the three most common elements used in flame re- 

tardance are still chlorine, bromine and phosphorus. In- 

organic materials are used to a smaller extent, mainly in
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conjunction with one of the previous types of compound. 

The bulk of the published work is in patents, of which 

the majority employ a variation on one or another of these 

31, 52, 33, 4s nave been written about methods. Four papers 

the work described in this thesis, copies of which may be 

found inside the back cover, these will be referred to in 

due course. 

2.2.1. The Action of Chlorine 

Early formulations in polystyrene used very high 

percentages of chlorinated materials i.e. 50 - 60% of 

chlorinated naphthalenes~», 20 - 60% of chlorinated bi- 

36, 37, 35 - 70% of chlorinated paraffin waxes”, phenyls, 

Lower concentrations of chlorinated paraffin wax were used 

in cellulose acetate butyrate?” (22 - 35%). Obviously 

the high concentrations of these additives largely excluded 

their use in commercial formulations. 

- Patents granted to Clayton and Heffner in the late 

49301 st? and early 49h0' st covered the use of combinations 

of chlorocarbons and antimony trioxide for the flame proofing 

of fabrics. It was found that the effectiveness of these 

systems was related to the ease of liberation of hydrogen 

chloride from the chlorine compound and it was also shown 

that the use of antimony trioxide considerably reduced the 

concentration of chlorinated material required. This 

practice is now widespread. Suggestions have been made as 

to the mechanisms of this synergistic effect although no 

experimental evidence has been published in support. 

Be114? proposes that the halogenated organic compound
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thermally decomposes to yield hydrogen chloride which | 

reacts with antimony trioxide to produce antimony chloride 

or oxychlorides. Schmiat=° further suggests that this 

antimony/chlorine compound is volatilised into the flame 

where it is oxidised. Energy of the system is then re- 

duced by collision of the high energy free radicals at the 

oxide particle surface. This he terms the wall effect. 

Rearponth and Thwaite-> have shown that the predominant 

reaction product between chlorinated paraffin decomposi- 

tion product and antimony trioxide is antimony trichloride, 

yo 
Subsequent wor showed this to be an effective flame 

inhibitor and that Schmidt's suggested wall effect was 

probably at least partly correct. 

43 bh Fenimore and Jones and Fenimore and Martin whilst 

studying the flammability of polyethylene made a number of 

observations with regard to the effect of chlorine and 

antimony trioxide systems. Fenimore and Jones who studied 

the burning of polyethylene in oxygen and also nitrous 

atmospheres showed that polyethylene containing chlorine 

in the absence of antimony trioxide inhibited burning in 

both nitrous and oxygen atmospheres, while combinations of 

chlorine and antimony trioxide proved effective inhibitors 

only in oxygen atmospheres. They concluded from this that 

antimony trioxide/chlorine combinations inhibited by flame 

poisoning while chlorine alone affected the pyrolysis 

process. This was supported by the work of Fenimore and 

Martin who showed that chlorine in the polymer was conside- 

rably more effective than when introduced into ethylene/air 

flames.
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45 46 
Work on cellulose and polymethyl methacrylate 

provided evidence that the presence of chlorine affects 

the pyrolysis of these materials. Investigations carried 

out in this laboratory"? indicated that mixtures of 

halogenated organic compounds with antimony trioxide have 

little affect on the pyrolysis processes of unsaturated 

polyester resins. 

48 
Martin and Price” , while studying the flammability 

of epoxy resins noted that triphenyl antimony alone was 

an efficient flame retardant for this material. However, 

previous work had shown that triphenyl antimony was not a 

flame retardant in polyethylene, in the absence of chlorine. 

From this it was concluded (without direct experimental 

evidence) that the feedback of heat from flames resulting 

from the combustion of epoxy resins was sufficient to 

vaporize triphenyl antimony while that from polyethylene 

was not. 

‘Bell et avi suggests that an important consideration 

is the chlorine, antimony trioxide ratio while Fenimoreand 

Martin + demonstrate that the amount of halogen is not 

critical for a given level of antimony trioxide above a 

certain level. 

The early problems associated with chlorinated addi- 

tives have now been largely overcome. These included poor 

weathering properties and also the plasticizing effect on 

many plastics materials. Be1l4+@ has shown that substitu- 

tion of a small amount of titanium dioxide for antimony 

trioxide greatly improves the weathering characteristics.
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Obviously, detrimental effects of the additive on the 

physical properties of the material will be reduced by 

using an additive with a higher concentration of chlorine. 

A British Patent?° granted to B.A.S.F. suggests that the 

concentration of 6 tenia should not be below 40% of the 

weight of the additive. 

Schmiat~° points out that while chlorine substituents 

are cheaper, breakdown to hydrogen chloride requires con- 

siderably more energy than for the corresponding bromine 

compound. As a result of hie nydrocen chloride tends to 

be proiuced more slowly over a wider temperature range 

whilst hydrogen bromide may be present in greater concen- 

trations at a given time. On the other hand the chlorinated 

materials are capable of withstanding the higher processing 

temperatures often found in such plastics materials as ABS 

and polypropylene. 

2.2.2. The Action of Bromine 

.It has frequently been reported that bromine compounds 

are substantially more effective than chlorine containing 

compounds, values of between 3 and 15 times have been quotea* 

Jolles”- points out that this is misleading as much depends 

upon the ease of liberation of the halogen from a specific 

compound.



37. 

TABLE IT 

COMPARISON OF BOND STRENGTHS OF VARIOUS CHLORINATED 

AND BROMINATED COMPOUNDS 

  

  

  

  

  

  

  

  

  

  

  

  

          

Bond Dissociation Energies D (X-Y) 

Xx x 

-Cl -Br 

Keals Keals 

H- 103 88 

CH- 81 68 

CoH, ~ 81 67 

n-C 3H. 82 68 

(CH; ) \CH- 82 68 

(CH; ) 3C- 78 644, 

CeH.- 86 74 

C6HeCHo- 68 51 

CH, :CHCH,- 58 48 

CeH,Cco- 74, 57 

After Jolles Ref. 53     

However there is little doubt that other things being 

equal bromine is more effective than chlorine. Volans?+ 

points out also that the activity of bromine varies with the 

nature of the parent molecule. In general bromine in 

aromatic compounds is of low activity probably due to the 

higher bond strength. (see Table II.) 

There seems to be less published evidence to show 

that bromine is active in altering pyrolysis processes of
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the base polymer than chlorine?°. However, a study carried 

out by Cullis and smith? on the effect of volatile bromine 

on the decradstton of polyethylene and also its oxidation 

at approximately 400°C showed that the rate of degradation 

of the polymer is unaffected by the presence of volatile 

hydrocarbons. Hydrogen bromide substantially reduced the 

rate of weight loss but caused considerable fragmentation 

of initial gaseous products. Investigation of the effect 

of some simple organic bromine compounds showed that they 

retard the degradation of polyethylene only if they degrade 

to hydrogen inn te 

Volens?* carried out pyrolytic studies in air and 

also nitrogen on four modified polystyrenes each containing 

2% bromine by weight, in different chemical forms. He 

concluded that the crucial factor in inhibition is the 

initial spurt of fuel vapour rich in hydrogen bromide 

which occurs under essentially anaerobic conditions causing 

localised rupture of the flame and ultimately a complete 

breakdown of the flame system. This conclusion was essen- 

tially supported by ibimers?” who showed that the first 

pyrolysis products evolved from polystyrene containing 

tris 2, 53 dibromopropyl phosphate were 3 - 7 times richer 

in bromine than the concentration of bromine in the un- 

changed material. 

As in the case of chlorine compounds antimony trioxide 

DF 
has been shown to heave synergistic activity. Pumpelly 

who investigated the activity of compounds other than 

antimony trioxide as synergists, with hexabromobenzene, in
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rigid polyurethane foam showed that antimony trioxide was 

unique amongst those materials tested. 

48 
Martin and Price who used the oxygen index method 

of studying the flammability of epoxy resins showed that 

triphenyl stibene in concentrations as low as 3 Sb atoms 

per 1000 C atoms was an effective inhibitor. Addition of 

bromine to the resin did not produce any further increase 

in the index until the concentration of Sb atoms was 

raised above 3 per 1000 C atoms. Using N,0 as oxidant it 

was again shown that antimony is mainly important in 

poisoniig flame reactions. From this it was suggested 

that the halogen is the antimony carrier and that the 

effectiveness of triphenyl antimony is due to its high 

vapour pressure and thermal stability. Triphenyl phos- 

phorus was an effective inhibitor both in oxygen and 

nitrous oxide and it was concluded that this must affect 

pyrolysis reactions. Addition of bromine containing com- 

pounds had an effect less than additive, and it was con- 

cluded that two separate mechanisms were taking place. 

Observations made by Bichhorn?® represented a major 

‘break through' in the use of bromine containing compounds 

as flame retardants. It was shown that the concentration 

of acetylene tetrabromide required for self extinguishing 

foamed polystyrene could be reduced from 5 phr. to 0O.5.phr. 

by inclusion of 0.5 phr. dicumyl peroxide. Similar effects 

were observed with other peroxides, hydroperoxides, azo
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compounds, quinone imines, benzothiazole sulphenamide, 

disulphides and a dibenzyl compound. A number of halogen 

compounds with dicumyl peroxide were also inatested 

and it was generally shown that bromine was more effective 

than chlorine and that aliphatic bromine was much more 

effective than aromatic. A general rule was that if the 

halogenated compound alone showed any effectiveness then . 

this was increased by inclusion of a free radical initiator. 

It was thought that the synergistic activity could be ex- 

plained in one or more of the following ways: 

1. The initiator decomposes and increases the rate 

of decomposition of the halogen compound or alternatively 

initiates decomposition at a lower temperature. MThermo- 

gravimetric studies showed that 90% decomposition of 1,2 

dibromotetrachloroethane took place at 20°C lower in the 

presence of dicumyl proxide than alone. 

2. The initiator, halogen compound or both inter- 

acting lowers the temperature at which oxidation of the 

polymer occurs. In this way it is suggested the decom- 

position temperatures of the halogen compound and the 

polymer may be better matched. It has been shown that 

ai tert butyl peroxide appreciably lowers the vapour phase 

oxidation temperature of benzene and also the effective- 

ness of hydrogen bromide in lowering the oxidation tempera- 

ture of hydrocarbons is well known, 

3. The initiator thermally decomposes and accelerates 

the breakdown of the polymer and promotes reaction between 

the polymer fragments and the halogen containing material



leading to a delay in the loss of halogen. Samples of 

polystyrene containing acetylene tetrabromide only and 

also acetylene LeotuaBronide + dicumyl peroxide were heated 

in air. Samples were withdrawn at various temperatures 

and analysed for bromine. Appreciably greater amounts of 

bromine were found to be present in those samples containing 

Gicumyl peroxide over the temperature range 150 - 300°. 

It was shown also that free radical scavengers had 

no effect on the self extinguishing properties of polysty- 

rene containing only acetylene tetrabromide but had con- 

siderable effect on those containing acetylene tetrabromide 

with peroxy synergists. Hence a free radical mechanism was 

confirmed. | 

Ingram? investigated the possibility of materials 

other than those studied by Eichhorn as synergists in 

foamed polystyrene. It was shown that N-nitroso N methy- 

laniline, N-nitrosocarbazole and N-nitroso diphenylamine 

were all effective but had the undesirable properties of 

inhibiting polymerization. NN dichloro NN diphenyl urea 

and NN dichlorotoluene sulphonamide were effective but of 

limited value because of hydrolysis by atmospheric moisture. 

Fenimore’’, investigating the synergistic activity 

between tris 2,3 dibromopropyl phosphate and dicumyl 

peroxide in polystyrene rods, showed that peroxides had 

little effect on the evolution of bromine. This supported 

Rinderstan’S who proposed that the inclusion of peroxides 

caused the polymer to fragment and then melt more readily 

causing the material to drip under the test conditions,
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giving a false impression of its flammability. 

2.2.3. The Action of Phosphorus 

The use of inorganic and organic phosphorus con- 

taining compounds as flame proofing materials has been 

extensive, particularly in cellulosic polymers. Organic 

phosphorus compounds are most commonly used in polyure- 

thanes and cross-linked polyester resins, but also find 

application as flame retardant plasticisers in polyvinyl 

chloride. 

62 points out that there are three principal Boyer 

methods of incorporating an organic phosphorus compound 

into a plastics material. 

1. Incorporating the compound as a physical additive. 

A number of disadvantages arise from the fact that the com- 

pound is not chemically bonded to the polymer, these include 

a lack of permanency. The compound is liable to leach out 

of the resin over a period of time. Also, a softening of 

the resin often results from this type of incorporation. 

The common esters of phosphoric acid TCP, TPP and TXP are 

mainly used for this type of application. 

2. Inclusion as a comonomer, in this way the phos- 

phorus becomes part of the backbone of the resin. This 

leads to a better protection of P-0-C linkages which are 

liable to be hydrolysed if not chemically Encorporated°-. 

Also by using this method it is possible to select the sites 

on the polymer network where the phosphorus is to be situated. 

3. Chemically combining a phosphorus containing 

compound to reactive sites in a ready formed, conventional
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resin. In this way phosphorus may be included without 

subsequent reduction in molecular weight which often re- 

sults if phosphorus is present during polymerization. 

The efficiency. of phosphorus is enhanced if used in 

conjunction with a halogen which may be present in the 

same molecule. Some workers have reported synergistic 

activity between the two elements although this does not 

appear to be applicable to all combinations. 

It is not intended to deal with the methods of in- 

corporasion of phosphorus containing compounds into poly- 

mers in detail but let it suffice to say that existing 

reviews cover this subject?°? 61 

It is well known that phosphorus containing compounds 

are excellent materials for reducing the phenomenon of 

after-glow in many char producing materials. After-glow 

is the name given to the highly exothermic solid phase 

oxidation of carbon. 

2o + J nce oa amo 2C0 

This obviously represents a hazard in that it may act 

as ignition source for any combustible material in the near 

vicinity. 

63 
Jacques summarizes the activity of phosphorus conm- 

pounds in flame proofing as:- 

a.’ Providing an alternative route of lower exo- 

thermicity for the oxidation of carbon. The phosphorus 

compound is converted to otha an of phosphorus and phos- 

phoric acid, these may mask the surface of carbon from 

the atmosphere or alternatively be reduced to lone pair



phosphorus compounds simultaneously to the oxidation of 

carbon. This reaction occurs above the polymer surface 

and provides a neaais of rapid heat exchange between the 

surface and the surrounding atmosphere. 

b. Phosphorus acts as a halogen carrier and the 

ease of hydrogen halide liberation is usually enhanced 

by the relative ease of thermal breakdown of the phosphorus 

pearing part of the compound. Additionally it may act as 

a catalyst in halogen atom formation at the carbon surface. 

The formation of activated species containing P-X bonds 

is envisaged WAdbdabing phat phosphorus may also have an 

effect on the gas phase reactions. 

Tang and neii9 » While working on cellulosics, showed 

that phosphorus compounds lower the pyrolytic decomposition 

temperature and raise the yield of char. It is suggested 

that a similar mechanism probably occurs for synthetic 

polymers. 

2.3. Flammability of Unsaturated Polyester Resins 

Unsaturated polyester resins are prepared by a con- 

densation reaction between a dihydric alcohol, a dibasic 

saturated acid and a dibasic unsaturated acid. Resulting 

64, 
in linear chains of the type. 

Oe. GA eS Ge A 

where G is the dihydric alcohol (often 1,2 propylene glycol). 

A is the dibasic acid, often phthalic acid. 

D is the dibasic unsaturated acid, often maleic acid. 

Cross linking may be introduced by means of a vinyl 

monomer (M) usually styrene, resulting in a network
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such as:i- 

G G A G G A G G 

mo) ©- 
© 

—() @- 
G G A. G G A G G         
The use of glass fibre reinforced polyester resins 

is extensive in the road transport, building, chemical 

manufacturing, shipping and railway industries. Often 

applications arise requiring the use of a material with 

reduced flammability. The subject of flammability of 

polyestcr resins is adequately dealt with in four 

reviews°>? 66, 67, 68. 

Yankyn?? points out that all polyester a 

whether flame retarded or not are combustible at an 

ambient temperature of 750°C. However, in many applica- 

tions a self extinguishing material (one which does not 

continue burning on removal of external flame) is all 

that is required. This property and also a reduced 

burning rate may be achieved in a number of ways:- 

14. Incorporation of Inorganic Additives. 

2. Incorporation of Organic Additives. 

3. Modification of the saturated acid. 

4. Modification of the unsaturated acid. 

5. Modification of the glycol. 

6. Modification of the monomer. 

Often combinations are used.
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2.3.1. Inorganic Additives 

In general these are only effective by diluting the 

amount of combustible present and they do not always have 

the effect of reducing flammability. For example laminates 

prepared using glass mat ignite more readily than cast 

resin of the same thickness. However borax and also alum 

are quite effective when used in high concentrations, 

chalk and silica are also used but are less effective. 

Alumina hydrate A1(0H) ,°9 used in conjunction with the con- 

ventional halogen/antimony triox:.de is said to enhance the 

fire resistance. 

The various types of organic additive almost exclusively 

employ halogen or phosphorus or both and the general use of 

these has already been dealt with (sections 2.2.1., 2.2.2., 

ad 220.53) | 

2.3.2. Modification of the Saturated Acia 

Tetrachloro and also tetrabromo phthalic anhydride 

may be substituted for phthalic anhydride but the bromo 

compound tends not to be used commercially due to unreliable 

curing characteristics””. Het acid or hexachlorendomethy- 

lene tetrahydro phthalic acid is used quite extensively 

and good fire retardant properties may be achieved without 

additional additives 

cR 

Cc i Se Hco 

h &] So 
ce cf tH co Het Anky deide 

R
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However resins prepared from this are expensive, 

difficult to use and tend to yellow and cloud on storage, 

consequently a lower chlorine content resin is prepared 

commercially often with additives such as chlorinated 

paraffin and antimony trioxide used. 

2.35.5. Modification of the Unsaturated Acid 

Some resins have been made with chloromaleic acid 

although they contain insufficient chlorine to be self ex- 

tinguishing without added antimony trioxide. 

2.3.4. Modification of the Glycol 

This method is not widely used although a number o.- 

compounds have been reported probably most of which will 

not find commercial application. 

2.3.5. Modification of the Monomer 

Fianna’? concluded that in order to achieve a com- 

pletely fire retardant composition it would be necessary 

to substitute at least part of the styrene, which is used 

65 
as comonomer in most commercial resins. Parkyn points 

out that good self extinguishing resins can by made by 

replacing all or part of the styrene with dialkyl benzene 

phosphonate CH, PO( OCH,CH = CHy) 5. However, use of this 

cross linking agent tends to increase considerably the 

cost of the final laminate. 

2,5 Dichloro styrene has been used although flam- 

mability is only slightly reduced. However this method 

may be useful in supplementing one or another of the 

methods already described. Bennet et a1! studied a 

number of condensed alkyds using dibromo styrene as cross
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linking agent. The paper deals mainly with curing pro- 

perties and physical properties of the final material but 

it was concluded that dibromo styrene/antimony trioxide 

systems achieved a degree of flame retardance comparable 

with commercial flame retardant resins already available. 

One aspect which has not been dealt with by the re- 

view papers is the study of thermal degradation of cross 

linked polyesters. In fact, little work has been carried 

out on this subject although a large number of papers have 

been published, especially by Ritchie!" » regarding linear 

resins and associated model compounds. 

There seems to be two chief techniques used ae the 

study of thermal degradation (1) Vacuum pyrolysis and 

identification of products /* (2) Thermal techniques such 

as differential thermal analysis (d.t.a.) and thermogravi- 

metric analysis (t.g.a.). 

2.3.6. Pyrolysis and Analysis of Produces 

Schmiat /? agesigned an apparatus for the vacuum 

pyrolysis of cross linked polyesters and subsequent analysis 

of products by gas liquid chromatography. It was claimed 

that the degradation products were few and were carbon 

dioxide, acetaldehyde, acrolein, styrene, phthalic anhydride 

and a few unidentified phthalate esters in small ee 

At 200°C carbon dioxide and unreacted styrene was 

given off. Just above 300°C phthalic anhydride appeared 

and at about 34.0°C all of the phthalic could be distilled 

out. Above 00°C phthalic anhydride, carbon dioxide and 

acetaldehyde were liberated rapidly, styrene also appeared,
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reaching a peak at u60°c. At 550°C volatile formation 

was completed. 

Other ‘uhiiehsd work appears to have been carried 

out with a primary objective other than product identifi- 

74 
cation. Anderson and Freeman identified degradation 

products from heating a styrene cross linked resin of 

phthalic, maleic, propylene glycol by means of a mass 

spectrometer and also infra red. A 3 gm. sample was 

heated, in a stream of air, at a rate of 5°C/min. from 

room termperature to 500°C. Over the range 200 - 300°C 

benzaldehyde and unsaturated hydroxy esters were detectecd. 

300 - 400°C produced hydroxy esters and phthalic anhydride, 

4.00 - 500°C yielded a mixture of phthalic acid and phthalic 

anhydride in addition to low molecular weight esters of 

propylene glycol. Preliminary studies! of other degrada- 

tion products of a maleic anhydride propylene glycol, 

styrene crossed resin at 250°C indicated that these include 

crotanaldehyde, acetaldehyde, acrolein, carbon monoxide, 

carbon dioxide and water. 

2.3.7. ThermalAnalytical Techniques 

Both thermogravimetric analysis and also differential 

thermal analysis are extremely sensitive to variations in 

sample size and particularly particle size of the gailipie> 

For this reason it is difficult to correlate results of 

studies by different workers. As this aspect did not appear 

to have direct relevance to the present study let it suffice 

to cite the following references without reviewing their 

7,775, 169°47,.78- 
contents
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2.4. Flammability Testing 

The state of flammability testing is extremely con- 

fused: many tests exist varying in sophistication from 

simply holding a piece of material in a bunsen flame to 

a full scale fire in a simulated structure. In most 

cases correlation of results from one test method to 

another is not possible. Reviews of standard flammability 

50 but these serve test methods have been publishea, /9° 

only to catalogue the standard test methods in use in the 

U.S. anc Britain. A paper by fearmonth’: surveys generally 

the types of test methods available and concluded that 

these could be classified into three sections:- 

i. Simple tests, useful for sorting purposes but 

not very significant. 

ii. A set of more useful tests used to pick out the 

empirical factors involved and widely used as specification 

tests, effective but difficult to correlate with each other. 

dii. Several tests involving small scale fires, these 

were informative but expensive in time and money. 

Sauber and Patten®? emphasised that two major aspects 

of flammability must be considered and that these were 

ignition and burning properties. Scott /9 took up this 

point and arranged his review accordingly, he listed the 

main specifications regarding flammability of ASTM and 

British standards and the following is taken from his 

review. 

2.4.1. Ignition Tests 

B.S. 476 Part 1 Section 1 495302 

ASTM p1929-68°>,
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2.4.2. Burning Tests 

(a) Screening Tests 

B.S. 2782 Part 5 Misc. Methods 508a-50en°4 

B.S. 737° 
ASTM p635°6 

ast D757°/ 

(b) Large scale screening tests to evaluate design 

and material suitability for structural applications. 

B.S. 476 Part 1 Section 2°% 

B.S. 476 Part 3°9 

astm £16270 

ASTM E84?" 

and in addition 

(c) Simulated structure tests, these are specific 

to a particular application and therefore are not standard 

methods. 

In addition to these, many other methods exist which 

are used to a lesser extent. Fenimore and Martin? however 

have developed a small scale method which determines the 

oxygen demand of a burning plastic strip. The flammability 

of the material is assessed by a numerical index based on 

this. The details of this method are described more fully 

in the next chapter. 

The surface spread of flame test is important and is 

used for classifying combustible wall and ceiling lining 

materials which are often of reinforced polyester composi- 

tion. For this recson it seemed particularly relevant to 

discuss this method in more detail. Much development work
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carried out in industry is solely directed to producing 

a suitable material which conform to the specification 

of this test. , 

2.1.3... 3.9.176 Part 1 Section 2 

Six specimens each 36" x 9" and of their normal 

thickness are subjected to the test. The specimen is 

securely fixed to a suitable framework such that the face 

of the specimen may burn without obstruction from the 

supports. The framework is mounted. with its longitudinal 

axis horizontal and brought to its test position where the 

face of the specimen is exposed to a source of radiant 

heat. The intensity of heat from the source is such that 

the temperature at the end of the specimen nearest to the 

source is 500°C and the end furthest away is 430°C. In- 

mediately the specimen is exposed to the radiated heat a 

vertical 7" gas flame is applied to its hotter end for one 

minute. 

‘The rate of spread of flame front for measured dis- 

tances is observed along a line drawn parallel to the long 

axis 3" from the bottom edge of the specimen. Measurements 

are carried out until the flames have died out or for 10 

minutes whichever is the longer. Materials are classified 

as follows:- 

Class 1 Surface of very low flame spread, not more than 

72". 

Class 2 Surfaces of low flame spread, less than 12" in 

44 minutes and less than 24." total spread.
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Class 5 Surfaces of medium flame spread, less than 12" 

in 13 minutes and less than 33" total. 

Class Surfaces of rapid flame spread either more than 

12" per minute or more than 33" total spread. 

The results of the tests on six specimens are calcu- 

lated in such a way that not more than 1% of a material 

is likely to have a performance below the classification. 

Obviously this equipment is large and sensitive to 

variations in construction, consequently it is quite ex- 

pensive. In order to obtain consistent results, only 

establishments which have been licensed by the Joint Fire 

Research Organisation are permitted to conduct these tests. 

An apparatus to be used as a preliminary to this test 

has been developed?’. It is not intended that this should 

replace the large scale method but it does mean that if 

correctly applied the number of failures tested on the large 

scale should decrease. The preliminary test is not easy 

to set up, however. It requires its own room of particular 

dimensions with suitable provision for fume extraction etc. 

For this reason, again only few of these are available and 

it is common for those manufacturing concerns with the 

facilities, to. carry out tests for other firms, often com- 

petitors. 

0-0-0-0-0-0
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CHAPTER 3 

EQUIPMENT AND PROCEDURE USED IN ASSESSING A RANGE 

OF COMMERCIAL FLAME RETARDANTS 

Three techniques, reflecting both burning and 

ignition characteristics, were selected for assessing 

the performance of a series of commercial flame retardant 

additives, in a general purpose cross linked polyester 

resin. The objectives of this work programme were:- 

a. To check that the known technological effects 

of the additives used applied to the resin selected. 

b. To identify the types of additives which reduced 

flammability by their activity in the vapour phase. 

c. To serve as a basis from which further work 

could be initiated. 

3.1. Sample Preparation 

The resin used was a general purpose unsaturated 

polyester based on phthalic and maleic anhydrides and 

propylene glycol in the respective molar ratios of 

1:1:2.15. This was cross polymerised with 30% styrene 

monomer using the following procedure. 

i. The solid linear resin was dissolved in styrene 

monomer by rotating in a Pascall ball-mill for 8 hours. 

ii. Retardants were added to the resin solution and 

rotated in the Pascall ball-mill until good dispersion was 

achieved, normally about 30 minutes. The initiator (2% by 

weight benzoyl peroxide) was added and rotated for 10 

minutes.
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iii. Samples of cured resin, for testing, were pre- 

pared using a cure cycle of one hour at 70°C followed by 

a post cure of oh hours at 70°C. 

This cycle was arrived at by carrying out a number 

of cures at various times using the Vickers Pyramid 

Hardness Number as a Simple guide to the degree of cure. 

A full cure was aimed at and Tables III and IV indicate 

that this could be achieved by using the above cycle. 

TABLE III © 

HARDNESS NUMBERS OF ONE BATCH OF THs STANDARD 

RESIN CURED FOR VARIOUS TIMES 

  

  

  

  

  

  

  

  

  

At 70°C Cure Time VPN. 

(mins. ) 

10 - 

15 26.9 

20 27-3 

25 chan 

35 27.35 

45 25.8 

60 2835 

120 27-5        



TABLE IV 
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V.P.N. VALUES FOR SIX BATCHES OF THE STANDARD 

RESIN PREPARED AT DIFFERENT TIMES BUT UNDER 

At 70°c 

THE SAME CONDITIONS, 

  

  

  

  

  

  

  

    

PC. 22 Hours=4 £26; 30° Noure 
Resin Batch 

V.Pa Seale 

a 29.9 29.8 

b 29.9 29.6 

c 29.3 50.1 

a 30.2 29.0 

e 29.2 29eD 

e 29.8 30.4       

Note: Throughout this thesis standard resin refers to the 

cured resin using 30% by weight styrene monomer as 

cross linking agent, unless otherwise stated. 

TABLE V 

ADDITIVES USED 

  

Trade Name Nature of Additive Supplier 

  

Cereclor 70 

Solid chlorinated 

paraffin containing 

70% chlorine 

Imperial Chemical 

Industries 

  

7 70OL 

Liquid chlorinated 

paraffin 70% 

chlorine 

" 

  

  i 65L   Liquid chlorinated 

paraffin 65% 

chlorine 

i       

 



Table V continued.../ 
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Trade Name ‘Nature of Additive Supplier 

  

Cereclor $52 

Liguid chlorinated 

paraffin 52% 
Imperial Chemicals 

  

  

  

  

  

  

  

  

  

Industries 
chlorine 

Timonox Antimony Trioxide Anchor Chem. Co. Ltd. 

” Bismuth Trioxide Hopkins & Williams 

~ Arsenic Trioxide (Gen. purpose reagents 

Perchloropenta- 
Dechlorane Kingsley & Keith Chem. 

cyclodecane 78% 
4.070 Ltd. (Hooker Chem.) 

chlorine 

Perchloropenta- 
Dechlorane 

cyclodecane 65% " 
Plus 515 

chlorine 

Firemaster tris (2,3 dibromo- 
bE 

T23P propyl) phosphate 

tris (2,3 dichloro- 
- Albright & Wilson Ltd. 

propyl) phosphate 

TTP. Tri tolyl phosphate Geigy (U.K.) Ltd. 

Timer Tri xylyl phosphate Industrial Chems. Div. 
  

Flammex 4BS 
Tetra (pentabromo- 

penoxy silane) 
BS We. Berk. Ltd. 

  

  

    , 5BT Pentabromotoluene " 

’ 5AE Pentabromophenyl : 

allyl ether 

Tribromophenyl 

: 3AE "   allyl ether      
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Trade Name Nature of Additive Supplier 
  

Zinc Borate 

9506 
Zn(BO,) ,2H,0 Joseph Storey Co., Ltd. 

  

  
Calcium 

Borate 9578   Ca(BO,)52.5H0       

A full list of the commercial flame retardant additives 

used is to be found in Appendix I. Appendix III gives some 

information on physical properties of these materials. 

TABLE VI 

COMPOSITION OF RESIN MIXTURES USED 

  

  

  

  

  

  

  

  

  

  

ide 
  

  

  

    

Mixture 
Resin Additives 

No. 

1 100 15 Cereclor 70 

2 100 15 Antimony Trioxide 

= 100 15 Cereclor 70 + 7.5 Antimony Trioxide 

hy 100 |15 Cereclor 7OL + 7.5 sf " 

5 100 15 Cereclor 65L + 7.5 % " 

6 100 |15 Cereclor S52 + 7.5 : ” 

7 100 15 Cereclor 70 + 15 = " 

8 100 _|15 Dechlorane 4070 + 15 " . 

9 100 15 Dechlorane Plus 515 + 15 Antimony Triox 

10 100 |15 Dechlorane Plus 515 + 7.5 - n 

14 100 15 tris 2,5 Dichloropropyl phosphate + 

15 Antimony trioxide 

12 100 15 tris 2,3,Dichloropropyl phosphate 

AS 100 15 Firemaster T235P + 15 Antimony Trioxide        
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Table VI continued.../ 

  

  

  

  

  

  

  

  

  

  

    

Mixture ‘ 
Resin ° Additives 

No. 

14 100 15 Firemaster T235P 

15 100 15 Flammex 4BS + 15 Antimony Trioxide 

16 100 15 Flammex 5BT + 15 , " 

17 100 15 Flammex 3AE + 15 . = 

18 100-.145..8,7.P. 

19 100 21.15. 2 Ker. 

20 100 15 T.T.P. + 15 Antimony Trioxide 

21 100 15 Zine Borate 

a 100 15 Calcium Borate 

23 100 | 15 Cereclor 70 + 7.5 Bismuth Trioxide + 

7.5 Arsenic Trioxide.         
Specimens were cast to the dimensions demanded by the 

test specifications. 

5.1414. isnition Samples 

These were blocks of dimensions 3" x 2" x $" cast into 

a pre-heated mould capable of producing six specimens. The 

mould was coated with a release agent and the top face of 

the specimens covered with a strip of cellophane film. 

On completion of the curing cycle the specimens were trimmed 

to a regular weight on a linishing machine. A satisfactory 

weight range was found to be 4.9 to 5.5. g. 

3.1.2. Candle Burning Sticks 

These were cast in the form of sheets in frame moulds
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8 om@ x 4mm thickness between cellophane film backed with 

plate glass. On heating, the film became teut giving the 

resin casting a smooth finish. An initial attempt to cut 

test specimens from the fully cured sheet was abandoned 

due to loss of material through shattering. A method of 

cutting the material with a sharp knife when gelled but 

not hard proved the most satisfactory. The time taken for 

a sample of the material to reach this state depended upon 

the additive present. The optimum time for cutting the 

material was used to assess the effect of the additive on 

the curing characteristics of the resin. As flammability 

was the object of this study detailed attention was not 

paid to the effect of additives on other properties of the 

resin. However it was interesting to note that the additives 

used affected the cure of the resin in the expected manner. 

TABLE VIL 
OPTIMUM CUTTING TIMES 

  

  

  

  

  

  

  

  

    

Resin Mixtures Time Resin Mixtures Time 

No. (mins. ) No. (mins. ) 

Stan@ard Resin | 25 - 30 4 55° + oO 

2 5 =. SO 3 45 oe 2G 

ky ih 80. -" 55 5 50 - 55 
6 50a 55 7 4hO - 4d 

8 4O = 45 9 LO me AS 

10 ho - 45 11 4O - 45 

12 ug = 45 13 55 ~~ 60 

4h ho = 4d 15 BO ie HS         
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Table VII continued.../ 
  

  

  

  

    

Resin Mixtures Time Resin Mixtures Time 

No. (mins. ) No. (mins. ) 

16 55 <=" 40 af Bo =~ 5O 

18 BO Aes 55 19 60 =- 65 

20 45 . 250 21 BD tO 

22 oo ins 40 25 hO = 45         
The addition of organic materials increased the gel 

time es the viscosity of the added material decreased. In 

general the addition of inorganic compounds tended also to 

delay the gelling of the resin. 

3.1.3. Strips for B.S.S.2782 Method 508A 

A similar technique to that just described was used. 

The specification required specimens having dimensions of 

a x 0.5% .x%. 0,060". 

222 The Candle Burning Test 

The apparatus was first devised for use with plastics 

by Fenimore and Martin?-. The test procedure determines 

the lowest concentration of oxygen in the atmosphere 

supplied to the equipment which allows a test piece to 

- completely burn. This concentration is expressed in terms 

of the ratio:- 

[o,] 

[0] + [Np] 

where fo, | and [x] are the volume concentrations of 

Oxygen Index “= 

  

 



oxygen and nitrogen in the atmosphere, for air n is 

taken to be 0.210. 
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Essentially it consists of a vertical glass chimney 

8 cm. in diameter and 60 cms. in height with facility for 

supporting a test piece in a vertical position, centrally 

inside the chimney. Atmosphere gases (air, oxygen, nitrogen) 

were metered using flow orifices constructed in the labora- 

tory workshop fig. 2.



63. 

FIG. 2 

DETAIL OF METERING ORIFICES 

BOURDON TEFLON 
GAUGE -     

   
  

IN fl 

BRASS 
DISC 

The orifices were accurately bored in a brass disc 

and by rotation of the disc insertion of the required 

orifice into the flow stream was readily achieved. 

On the high pressure side of the orifice was set a 

Bourdon gauge, the pressure reading of which depended upon 

the size of the restricting orifice and the source pressure. 

When gas was allowed to flow into the barrel a teflon seal 

seated itself against the disc preventing leakage. The 

flow of gas into the barrel was accurately controlled by 

the use of precision regulators. On leaving the metering 

orifices the gases were mixed in a common outlet line and 

fed into the base of the glass chimney where further mixing 

was effected by passing through a layer of glass chips. 

Gas flow calibration curves were obtained over a wide range 

of gauge pressures, for each orifice, these may be found 

in Appendix II. 

The resin strips were ignited from the top by means of
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a coal gas flame supported at the end of a glass tube 12" 

in length. For steady burning it was found necessary to 

ignite in an oxygen rich atmosphere, this could be reduced 

once a stable flame was attained. Reference to the pres- 

sure reading on the gauge and the orifice in use enabled 

the volume of each gas flowing through the chimney to be 

obtained from the calibration curves. An Hlliott 803 con- 

puter was programmed to prepare tables of n values for 

mixtures of air/oxygen and air/nitrogen; by means of these 

tables equivalent oxygen indexes for varying rates of total 

gas flow through the chimney were readily available. The 

programme and tables may be found in Appendix II. 

Preliminary exveriments showed n valvse to be constant 

over a range of total gas flow rates through the chimney. 

TABLE VIII 

VALUES OF OXYGEN INDEX OF THE STANDARD RESIN FOR 

VARIOUS LINEAR (THROUGH THE CHIMNEY) GAS FLOW RATES 

  

  

  

  

  

  

  

  

  

Gas Flow Rate Oxygen Index 

cm/sec. 

he 0.191 

yey 0.192 

5.6 0.192 

7-9 o.792 

9.6 0.192 

44..' 3 0.192 

12.0 0.193 

14.8 0.196        
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In practice, wherever possible, the value of the 

oxygen index was obtained for at least two different total 

gas flow rates within the range 4.5 - 11.0 cm./sec. 

The metering equipment was not sensitive enough to 

obtain n values between 0.205 and 0.210 and also between 

0.210 and 0.228 this was due to the very low concentration 

of diluent gas required to obtain these values. It was 

found however, that few of the materials tested fell into 

these categories. 

Table IX (page 72) tabulates the results obtained 

using the three techniques but the histograms figs. 3, 

and 5 illustrate more clearly the effect of chlorinated, 

brominated and phosphorus containing compounds respectively, 

on the oxygen index. | 

FIG. 5. 

THE EFFECT OF CHLORINATED ADDITIVES ON THE OXYGEN 

INDEX OF THE STANDARD RESIN 
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Fic. 4 

THE EFFECT OF BROMINATED ADDITIVES ON THE 

OXYGEN INDEX OF THE STANDARD RESIN 
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FIG. 5 

THE EFFECT OF PHOSPHORUS CONTAINING ADDITIVES ON 

THE OXYGEN INDEX OF THE STANDARD RESIN. 
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3.5. The Setchkin Ignition Test 

Previous to the development of this test by Setchkin?4+ 

methods of determining ignition temperatures of plastics 

probably did not, in fact, determine the lowest temperature 

at which ignition would occur. This method determines the 

lowest ambient air temperature surrounding a sample of the 

material for which flash or spontaneous ignition would 

occur. The term flash ignition describes ignition of com- 

bustibles issuing from a material by means of an external 

heat source, generally a flame. Spontaneous ignition, as 

the name suggests, is the self ignition of combustibles in 

the absence of an external heat source.
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FIG. 6 

SETCHKIN IGNITION EQUIPMENT. 
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Essentially it consists of a vertical tube furnace, 

in the centre of which a sample is sited in a crucible. 

Inside the furnace a coronite tube of diameter 3"less 

than the bore of the furnace stands on three feet. 

Metered air is passed down between the furnace and the 

tube and then circulated up through the inner tube around 

the sample in its path. 

Temperatures are recorded at (a) Immediately above 

the sample surface (b) Below the sample holder (c) At 

the furnace coils. Temperature adjustment is made with 

reference to the latter thermocouple. 

A slight modification of the procedure set out in 

83 
ASTM D1929-68 - was adopted. The specification required 

an approximate determination of ignition temperature by
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raising the furnace temperature at a rate of 500°C/hour 

for linear air flow rates of 5 ft./min. 10 ft./min and 

45 ft./min. soddbemiyhiy and observing which flow rate 

produced the minimum ignition temperatures. The specifi- 

cation required isothermal determinations to be made near 

the temperature and at that flow rate indicated by the 

previous experiments. These experiments were required to 

be repeated reducing the temperature until ignition failed 

to occur. The temperature above this was taken to be the 

spontaneous ignition temperature of the material. 

In practice it was found that a temperature rise of 

500°C/hr. was not nearly sufficient especially with resins 

containing flame retardants, as most of the combustible 

volatiles had been released before the ignition temperature 

had been reached. A Caipupatoxt rise of 2,400°C/hr. pro= 

duced ignition in every case. 

| Preliminary experiments on the standard resin, to 

determine the air flow rate which produced the lowest 

ignition temperature showed that a flow of 5 ft./min. 

through the apparatus was appropriate and this was adovted 

for all later experiments.
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FIG. 7 

TIME TEMPERATURE RECORD OF SPONTANEOUS 

IGNITION DETERMINATIONS 
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(1) Standard resin (2) Standard resin + 15 pph Cereclor 70 

+ 15 pph Sb50; (3) Standard resin + 15 pph TPP. 

3.4. Rate of Burning Test BS.2782 Method 508A. 

The tests were conducted according to the specifica- 

8, tion which, briefly, required two pencil lines to be 

drawn on the specimen 1" and 5" from the same end and the 

strip to be held at an angle of 45° above a wire gauze. A 

coal gas flame, non luninous and $" in height to be held 

to the free end for 10 seconds and the time taken for the
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flame to spread between the two lines observed. 

Fic. 8 

BS.2782 METHOD 508A EQUIPMENT 

  

    
  

i TEST es TEST 
Mees PECIMEN 2 _ SPECIMEN 

  "14 

WIRE GAUZE 

  

      
If the flame failed to spread to the first line the 

material was designated self-extinguishing according to 

this specification. The white of burning was then easily 

calculated in ins./min. Five specimens of each resin 

mixture were tested and the mean value was reported.



TABLE IX 

{2s 

OXYGEN INDEX AND OTHER DATA FOR RESIN MIXTURES 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

Rate of 
Ignition 

Resin No. Oxygen Index i Wiaee N's Burning 

a in./min. 

Std. Resin 0.192 459 29.7 0.83 

4 a Bebe 483 26,2 Ovi2 

2 0,233 466 29.6 0.58 

3 0.350 4.80. 29.8 8. 

at 0.295 479 27.6 S.E. 

5 0.287 ‘+83 2525 S.E. 

6 0.260 472 15.9 B.E; 

7 0.367 506 30.9 S.E 

8 0.282 95 30.7 S.E. 

9 0.286 515 38.4 S.E 

10 0.252 492 33.8 S.E 

41 0.238 506 2eet S.5. 

12 0.2352 4.59 18.0 S.. 

13 0.295 456 32.0 S.E. 

14, 0.255 420 28.9 S.E 

15 0.346 481 e139 S.E. 

16 0.293 461 26.3 S.E. 

7 0.328 463 10 S.E. 

18 0.210 - 0.228 482 Wie 0.74 

19 0.210 - 0.228 476 14.6 0.81 

20 0.210 - 0.228 486 cei 0.67 

21 0.205 - 0.210 386 ot 0.90 

22 0.205 - 0.210 397 29.9 6.76 

23 0.295 489 Io S.E           
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The results quoted in this chapter will be formally 

discussed in Chapter 9 but it is appropriate to point out 

at this stage that those resin mixtures containing com- 

binations of halogenated compound and antimony trioxide 

were especially active in reducing flammability in the 

vapour phase. On the basis of these results and other 

published work synergism between halogen compounds and 

antimony trioxide was investigated more closely and these 

experiments are described in the next chapter. 

0-O-0-0-0-0
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CHAPTER 4 

THE EFFECT OF HEAT: ON MIXTURES OF HALOGEN 

COMPOUNDS AND METAL OXIDES 

Previous work indicated that the observed synergism 

between antimony trioxide and halogenated organic compounds 

was due to the formation of a volatile antimony halogen 

species which was efficient in interfering with flame re- 

actions. Working on this assumption it is hess netic to 

suppose that a simple guide to the effectiveness of a 

system could be obtained by following the weight — of 

a mixture of metal oxide and organic halogen.compound, 

over a temperature range where thermal degradation of the 

resin was known to occur. 

4.1. Sample Preparation 

Mixtures of organic halogen compound and metal oxide 

were 50 : 50 by weight unless otherwise stated. The 

powdered materials were accurately weighed and intimately 

ground together using an agate pestle and mortar. This 

method was also found satisfactory for the liquid halogen 

compounds. Samples containing resin were ground together 

with a ary ice in a bronze pestle and mortar. The sieve 

fraction passing through 36 mesh and retained on 100 mesh 

was used.
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TABLE X 

THE HALOGEN COMPOUNDS USED 

Trade Name Nature of Additive Supplier 

Solid chlorinated 
Imperial Chemicals 

Cereclor 70 paraffin 70% 

Chlorine 
Industries 

  

Cereclor 7OL 

Liquid chlorinated 

paraffin 70% Chlo- 

rine. 

vw 

  

Liguid chlorinated 

  

  

Cereclor 65L paraffin 65% " 

Chlorine 

Liquid chlorinated 

Cereclor S52 paraffin 52% it 

Chlorine 

Bromine containing . 
Bromoparaffin 

paraffin (Liquid) Development Product 
  

Dechlorane 1070 
Perchloropentacyclo- 

decane 78% Chlorine 

Kingsley & Keith 

Chemicals Ltd. 

(Hooker Chem. ) 
  

Flammex 5A Pentabromophenyl- 

allyl ether 
MW Berk Co. 9 Ltda. 

  

Flammex UBS 
Tetra (pentebromo- 

phenoxy silane) 

t 

  

Flammex 5BT Pentabromotoluene " 

  

Ammonium Chloride 

(NH),C1) 

Hopkins & Williams 

      Ammonium Bromide 

(NH, Br)      
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Trade Name Nature of Additive Supplier 
  

  Corvic P65-50 Polyvinyl chloride     
Imperial Chemicals 

Industries 
  

TABLE XI 
  

THE METAL OXIDES USED 

  

Antimony Trioxide (Sb,0;) 
  

Bismuth Trioxide (Bi,0;) 
  

Arsenic Trioxide (As,0,) 
  

Magnesium Oxide (M20) 
  

Aluminium Oxide (A1,0;) 
  

Stannic Oxide (Sn0, ) 
  

Zine Oxide (ZnO) 
  

Lead Monoxide (PbO) 
  

Rea Lead (PbO) ) 
  

Stannous Oxide (Sn0) 
  

Ferric Oxide (Fe,03) 
  

Titanium Dioxide (Ti0,) 
  

Manganese Dioxide (nO, ) 
    Ceric Oxide (Ce0,)     

These were all supplied by Hopkins & Williams. 
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TABLE XII 

THE MIXTURES USED IN THE EXPERIMENTS 

Weight Loss Experiments 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

Mixture Nos. Composition 

4 Cereclor 70 

2 Cereclor 70/Sbp05 

2 Dechlorene 1070 

uy Dechlorane 4.070/Sb,03 

5 Cereclor 70L/Sb0; 

6 Cereclor 651/Sb50% 

7 Cereclor $52/Sb50- 

8 Standard Resin 

9 Standard Resin containing 15 pph 

Cereclor 70 + 15 poh Sb50;. 

: 10 Standard Resin + 15 vph Cereclor 

70 + 15 pph Sb,0z. (Physical mixture) 

11 Flammex 5BT 

12 Flammex 5BI/Sbo05 

13 P.V.C. Corvic P65-50 

14, P.V.C. Corvie P65-50/Sb,03 

15 Flammex 5AB/SD50, 

16 . Flammex 4BS/Sb,0, 

17 NH,,C1/Sb,0, 

18 NH) B r/ Sb,0; 

29 10 parts mixture No. 18 + 1 part 

Dicumyl Peroxide (Dicup) 

20 Cereclor 70/A850 

21 Cereclor 70/Bi0, 
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Mixture Nos. Composition 

22 A1,0,/Cereclor 70 

23 Cereclor 70/8n0, 

2h Cereclor 70/Zn0O 

25 Cereclor 70/iMg0O 

26 Cereclor 70/Pb0O 

27 Cereclor 70/Pb30), 

28 Cereclor 70/Sn0 

29 Flammex LBS/AS,0, 

30 Cereclor 70/Fe,0; 

31 Dechlorane 4070/A1,05 

Se Dechlorane 4.070/Sn0,, 

Be te! 353 parts mixture No. 31 + part 

charcoal 

34 3 parts mixture No. 22 + 1 part 

charcoal 

355 Cereclor 70/Ti0, 

36 3 parts mixture No. 35 + 1 part 

CeQ, 

o/ 3 parts mixture No. 355 + part 

MnO, 

38 | 4 parts mixture No. 37 + 1 part 

charcoal 

49 l. parts mixture No. 36 + 1 part 

charcoal 
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Table XII continued.../ 

  

Mixture Nos. Composition 

  

4.0 2 parts Dechlorane 4070 + 2 parts 

Tid, + 1 part Ced, + 0.5 parts 

  

  

charcoal. 

1 4 parts mixture No. 33 + 1 part Ced, 

2 10 parts mixture No. 43 + 1 part 

Dicumyl Peroxide 
  

3 Bromoparaffin/Ssb       293 
  

b. Hydrogen chloride and Volatiie SbIII Determinations 

  

  

  

  

Mixture Nos. Composition 

1 Cereclor 70 

13 P.V.C. Corvic P65-50 

2 Cereclor 70/Sb50%         
4.2. Weight Loss Experiments 

Weighed specimens were heated under isothermal conditions 

and the percentage of the material which was volatile was 

followed with time. 

The experiments were conducted in a stream of air 

passing at approximately 6 lit./min. through the Setchkin 

furnace (Fig. 6). Samples in 'cut-off' ignition tubes 

were dropped into the silica crucible which was suspended 

in the preheated furnace. The temperature inside the 

crucible was measured with a Cr/Al thermocouple. On com- 

pletion of the required heating time the crucible and 

ignition tube were removed and a lid placed over the crucible 

to exclude air from the cooling sample, prior to weighing.
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Throughout the following V is defined as that 

percentage of the original mixture which was volatile 

at the temperature under consideration. 
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FIG, 24 

REACTIVITY OF Bi.O,, Sb,0, and AsO, WITH CERECLOR 70. 
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FIG, 22 

THE EFFECT OF HEATING TOGETHER AMMONIUM HALIDES 

AND ANTIMONY TRIOXIDE AT VARIOUS TEMPERATURES, 
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FIG. 23 

THE EFFECT OF HEATING TOG#THER FLAMMEX 5BT AND 
  

ANTIMONY TRIOXIDE AT VARIOUS THMPERATURES, 
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FIG. 2h 

THE EFFECT OF HEATING TOGETHER FLAMMEX YBS/ANTIMONY 

AT 500°C 
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RIG... 25 

THE EFFECT OF HEATING TOGETHER BROMOPARAFFIN/ANT IMONY 

TRIOXIDE AND ALSO BROMOPARAFFIN/ANTIMONY 

TRIOXIDE WITH DICUMYL PEROXIDE. 
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FIG. 25a 
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RANDOM WEIGHT LOSS EXPERIMENTS 

TABLE XIII 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Mixture No. Time Temperature V 

(mins. ) % 

+> 15 500 96.3 

44, 415 500 85.0 

22 30 4.60 39.7 

a a5 4.60 A565 

22 30 500 41.8 

22 15 500 4.0.0 

25 30 4.60 uh. 7 

23 45 4.60 Te 5) 

2h, 30 460 30.2 

2h 15 460 27.1 

Ops 50 500 4765 

25 $9 500 40.8 

26 50 500 34.9 

26 45 500 Dee 

ei 50 500 45.4 

27 15 500 38.8 

28 30 500 55. 

28 15 500 48.6 

29 30 500 69.5 

29 15 500 54.6 

30 50 500 30.6 

30 15 500 29.4 

51 30 500 5a.         
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Table XIII continued.../ 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Mixture No. Time Temperature | Vv 

(mins) “0 

31 15 500 49.2 

32 30 500 48.8 

ae 15 500 49.5 

35 30 500 41.2 

ae 15 _ 500 38.0 

34, 30 50? 55.8 

34 15 500 31.6 

ae 30 500 4o.1 

ae 15 500 39.5 

36 30 500 53.6 

36 15 500 28.9 

af 30 500 35.2 

of 15 500 33.5 

38 30 500 52 tt 

38 a0 500 28.4 

a0 30 500 29.9 

a 15 500 32.8 

4.0 50 500 42.7 

LO aa 500 58.3 

ui 30 500 gost 

4 15 500 51.4     

92.
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lu. 3. Thermal Stability of Cereclor 

A simple distillation experiment was carried out on 

the Cereclor range of additives. These materials were in- 

dividually heated in a glass still until only a char re- 

mained and the distillate was collected and weighed. It 

was apparent that heating under these conditions resulted 

in decomposition of at least part of the material, Infra 

Red Spectra were obtained on the original ae bead and the 

distillate, in an attempt to assess the degree of decomposi- 

tion. The chief differences were the appearance, in the 

spectrum of the distillate, of a weak to medium absorption 

bind e460 = 1660 on 
4 

and of a medium strength band at 

960 - 980 cm indicating the loss of some hydrogen chloride. 

Table XIV shows the weight percentage distillate obtained 

for each Cereclor and also the oxygen index of the corres- 

ponding resin mixture. 

TABLE XIV 

CERECLOR DISTILLATION AND RELATED DATA 

  

  

  

  

        

Additive Distillate Dist. Temp. Oxygen Index 

wt. % range °C 

Cereclor 70 - ~ 0.350 

70L 26.8 288 - 296 0.295 

, 65L 510 274 - 280 0.287 

. S52 S44 256 - 262 0.260       

and Volatile 

26. 

lk SbIiit Determination of Hydrogen chloride 

The apparatus used is shown in Fig. The furnace 

was brought to the required temperature before introduction
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of the sample and this temperature was maintained through- 

out the experiments. The sample in a 'cut-off' ignition 

tube was naied into the preheated apparatus, from the top. 

The materials which were volatile under test conditions 

were swept out of the heated part of the apparatus by a 

stream of air and passed through a liquid nitrogen trap and 

into a stirred solution of 0.1 N NaOH. Careful control of 

the air flow rate was necessary as too high a flow rate re- 

sulted in the volatile products of reaction between antimony 

trioxide and Cereclor 70 being carried into the alkali 

solution, resulting in hydrolysis saa the production of 

hydrogen chloride. Too low a flow rate resulted in hydrogen 

chloride freezing out in the trap. 

FIG. 26 

EQUIPMENT USED IN DETERMINING REACTION PRODUCTS OF 

CHLORINE COMPOUNDS AND ANTIMONY TRIOXIDE 
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Hydrogen chloride was estimated by passing into 0.1 N 

NaOH solution and back titrating the excess with standard 

hydrochloric acid solution using methyl red indicator. 

Three determinations were made and the mean reported. The 

trapped material was carefully washed from the apparatus 

with the minumum concentrated hydrochloric acid solution and 

SbIII determinations were carried out by titrating with 

standard iodine solution using starch indicator according 

to the method described in Vogel? Three determinations 

were made end the mean reported. 

Reaction products were analysed from samples which had 

been heated in air at 500°C for 15 mins. in each case. 

TABLE XV 

REACTION PRODUCTS. 

  

  

  

  

Mean Hydrogen Mean Hydrogen 
Volatile SbIII 

Mixture Chloride as chloride as wt. 
as % of Total 

No. wt. % of total|% of total halo- 
Sb 

Chlorine genated material 

1 O7.9 61.3 

2 9.2 6.4 fo 

13 97.9 55 ef             
The results of this work are generally in agreement 

with those obtained from the work described in the previous 

chapter. However, a few specific points appeared anomalous 

and it was concluded that a more severe test method would
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probably throw a light on this. The British Standard 76 

fire propagation test was selected as a suitable method 

and these experiments are described in the next chapter. 

0-0-0-0-0-0
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CHAPTER 

B.S. 4.76 PART 6 FIRE PROPAGATION TEST 

Results of work described in the previous two chapters 

have high-lighted the fact that the candle burning test and 

B.S.2782 Method 508A are useful in grading various flame 

retarded plastics materials under conditions of low thermal 

stress. However if a more complete picture is required it 

is probably necessary to examine materials under test con- 

ditions more closely resembling *shose found in a real fire. 

For this reason the B.S. 476 fire propagation test was 

chosen to examine selected resin formulations as a partial 

gatistackion of this need. 

5.1. Development of the Test 

Early experiments involving the study of the effect of 

room linings on the development of fire in rooms indicated 

that flash over time ws the time between the initial 

outbreak of fire and involvement of all of the combustible 

materials in the room depended upon the nature of the room 

lining but that once flash over had been reached the lining 

was relatively unimportant. The surface spread of flame 

test°® had been used for the general assessment of lining 

materials but it was noted that the top class materials 

according to this test gave a wide range of flash over 

times. This was thought to be due to the open nature of 

the test. However, since it was not possible to change 

the criteria of the surface spread of flame tests in order
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to make the grading agree with results of model fires it 

was necessary to develop a new test designed to grade 

linings according to flash over times. 

It was considered that a satisfactory test could be 

evolved by a suitable assessment of three factors:- 

a. Ease of ignition of the lining by a small flame. 

b. The ease of ignition of the lining by a larger 

source of heat. 

c. The rate of liberation of heat after ignition of 

the lining together with a measure of the total amount of 

heat liberated. 

The final test conditions and criteria which will be 

described in the next section were those which enabled a 

good correlation to be made between the performance of a 

range of materials on the test and their performance when 

used as liningsin the model room experiments. 

5.24.2 1ne Test 

5.2.1. Apparatus 

A very full description regarding the requirements of 

the apparatus is given in the British Standards specifica- 

tion?® and as it would be tedious to detail these here it 

is proposed only to give a very brief general description. 

Essentially the apparatus consists of a box, constructed 

from asbestos board, the box having internal dimensions of 

190 mm. x 190 mm. x 90 mm. with one vertical face open. 

This open face was completed by a detachable wall which had 

facility for housing the material under test. The box was 

fitted with a vent and also a chimney hole, into the latter
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was fitted a steel chimney and muffle. At particular 

positions inside the box were fitted two 1 kW electrical 

heating a rnin and a bank of gas jets which when ignited 

liberated 7560 cal./min. The apparatus was so arranged 

that when the specimen was in position no air leakages 

other than the ventand chimney were present, the specimen 

constituting one vertical wall of the box. The muffle 

cowling had facility for attaching two thermocouples which 

measured the flue gas temperature. 

5.2.2. Sample Preparation 

Preliminary experiments using cast sheets were unsuc- 

cessful due to the sheets collapsing during the test, pro- 

ducing false results. For this reason it was decided to 

carry out these experiments using glass mat reinforced 

sheets. The resin to glass ratio was 24 : 1 in every case. 

The glass mat used was supplied by Turner Bros. and was an 

E glass mat of 13 oz. per sq. ft. 

When flame retardant additives were used these were 

incorporated into the resin using the method described in 

Chapter 3. The sheets were prepared using a hand lay up 

technique. These were cold cured between cellophane film 

backed with plate glass using 13% MEK peroxide (as 40% 

solution in DuP) as initiator and 14% of a 6% Cobalt 

Naphthenate solution as accelerator. Sheets of % ins. 

thickness were readily reproduced using this method. When 

hard, the sheets were trimmed to the required dimensions 

(9: ins .°x9 ins.) by means of a circular saw, at the same 

time specimens suitable for candle burning tests were cut
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from the trimmings. At least three specimens were pre- 

pared of any one resin mixture. Before testing, the 

samples were allowed to equilibrate to normal laboratory 

conditions for at least 2) hours 

TABLE XVI 

RESIN MIXTURES TESTED 

  

  

  

  

  

  

  

Resin Mixture Formulation 

“No. Resin Additives 

4 100 ie 

2 100 15. Cereclor 70 + 15 Sb0; 

3 100 15 Dechlorane 070 + 

15 Sb0; 

uy 100 15 Flammex WBS + 15 Sb50; 

100 15 tris 2,3 dichloropropyl 

phosphate.         
  

Note: details of the chemical nature and supplier of 

. additives used may be found in Appendix I. 

522.3. Test Procedure 

Essentially the test consists of comparing the heat 

liberated through the chimney of the apparatus when a 

specimen is in. position with that of an inert asbestos 

board of the same thickness. 

The equipment was set up with the asbestos board in 

position and precautions were taken to see that the faces 

of the detachable wall were clean and air tight. The gas 

jets were ignited and the experiment timed from this point. 

After 2 minutes 45 seconds the electrical current was
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switched on to give an input of 1800 watts, this was reduced 

to 1500 watts after 5 minutes and remained constant at this 

for the remainder of the test. The temperature inside the 

muffle was recorded on a potentiometric recorder. The 

specification demands that a calibration curve falling with- 

in certain tolerances be obtained. The temperature rise 

above ambient was plotted against time over 20 minutes. 

Similar temperature records were obtained for three 

specimens of the same resin formulation and the mean tempera~ 

ture rise aiaky 6 ambient calculated and plotted against time 

on the same graph as the calibration curve. Temperature 

readings of both the calibration curve and the test material 

were Seren at 4 minute intervals up to 3 minutes and at 

4 minute intervals from 4 minutes to 10 minutes and at 

2 minutes intervals for 12 minutes to 20 minutes. From 

these readings the index of performance for the material was 

determined according to the specification. 

po es Re fe Seren 20,0, 
; = lot 42° 108 12 40€ 

where 

I = index of performance 

t = time in minutes from the origin at which 

the readings were taken. 

Qn, = temperatures in degrees C of the mean curve 

for the material at time t. 

Qe = temperature in degrees C of the calibration 

curve for the apparatus at time t. 

5.43, Candle Burning Test 

The apparatus and test procedure used was as described 

in Chapter 3.
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FIG.2/7 
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RIG: 728 
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FIG. 29 
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FLAMMEX UBS/ANTIMONY TRIOXIDE 
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FIG. 34 

TRIS 2,3 DICHLOROPROPYL PHOSPHATE 

T
E
M
P
O
’
 

A
B
O
V
E
 

A
M
B
r
i
e
n
T
 

yso 4 

Boo - 

aso J 

aeo J 

(50 

foo. 

. 
$6 «   

  

  Ly c XN ¥ v T v T 

1» 12 % 46 8 2e 
TIME (Hi) 

4 Cw Rn
 

X Calibration Curve 

O Resin Mixture (5) 

Performance Index 

Ox=— 5 ninss 15 

12 - 20 mins. One? 

TOTAL 19.3 
  

Candle Burning Test 
  

Cast Sheet Reinforced 
  

n vies 0.230          



CHAPTER 6 

THE EFFECT OF INHIBITORS ON MODEL FUEL 

DIFFUSION FLAMES 

The combustion of solid materials involves a number 

of complex events occurring simultaneously and in order 

to study, more conveniently those which occur in the 

vapour phase it was decided to eliminate pyrolysis pro- 

cesses and study model flame systems. As the pyrolysis 

products of cross-linked polyesters have not been identi- 

fied with any degree of certainty the choice of model 

fuels wes fairly open and those materials selected were 

fiedent to be representative of some of the expected 

types of flammable pyrolysis products. 

The burning of solid materials in real fires involve 

both diffusion and premixed flames. Diffusion 4 anes 

rely on mixing of fuel and oxidant at the periphery of 

the flame envelope while in the case of premixed flames 

mixing of fuel and oxidant occurs prior to the flame 

zone. The present chapter describes work carried out to 

study the effect of inhibitors on diffusion flames. 

6.1, kxperimental 

6.1.1. Apparatus 

Equipment modified from the candle burning test was 

used. The dimensions of the glass chimney were the same 

(8 cm. dia. x 60 cms. in length) and the atmosphere 

metering system was as described in Chapter 3. The main 

modification of the basic candle burning set up was the 

replacement of the polymer stick holder by a glass burner
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tube which was fitted with a sintered glass disc. 

Pia. 32 

THE DIFFUSION FLAME APPARATUS 
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Five holes were drilled in the disc for insertion of 

hypodermic needles which were secured inside a glass tube 

by means of an epoxy adhesive. This tube was concentrically 

fitted inside the burner tube and was used for injection of 

gaseous inhibitors directly into the flame. A detail of 

the burner tube with hypodermic needles is illustrated in 

Fig. 53. 

The burner tube was connected to a reservoir from 

which fuel was gravity fed through a flow restricting capi- 

llary. The rate of consumption of fuel was determined by
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allowing fuel to drain through thehypodermic needles and 

weighing the quantity collected over a time period. The 

rate of flow could be adjusted by insertion of a different 

capillary tube into theflow line. When not in use the 

inhibitor line was shut off at the inlet end. 

PIG. 39 
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6.1.2. Preliminary Experiments with Uninhibited Flames 

In order to best study the effect of inhibitors on 

model fuel flames it was considered necessary to obtain a 

'standard' flame i.e. a flame which could readily be re- 

produced. Preliminary experiments with toluene and styrene
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monomer (polymerisation inhibitor free) indicated that 

suitable flames could be obtained by fuel delivery rates 

of 0.24 - 0.28 g./min. of styrene and 0.22 - 0.26 g./min. 

toluene. These ranges were suitable for air flow rates 

of the order of 10 litre./min. Under these conditions 

fairly stable flames of approx. 23 ins. in height were 

obtained. 

Values of oxygen index for toluene and styrene monomer, 

under these conditions, were obtained in a similar manner 

to that used in determining n values of polymer sticks. 

The fuel flow rate was determined as previously described 

and adjusted by use of a different size capillary if neces- 

sary. Air was allowed to flow through the chimney at 1Q 

litres/min. and the fuel ignited by means of a coal gas 

flame. Nitrogen was allowed to flow into the common 

delivery line and its concentration was increased until 

the flame was extinguished. This occurred, in both cases, 

by the flame remaining quite large but lifting away from 

the burner tube. At oxygen concentrations just above the 

oxygen index it was oaetble to hold the flame 2 ins. - 1 

ins. above the burner tube. On increasing the nitrogen 

concentration the flame lifted further until feedback of 

heat was insufficient to vaporize more fuel. Values of 

oxygen index for 'Standard' toluene and styrene monomer 

flames are given in Table XVII.
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ee a ene went 

OXYGEN INDEX OF STANDARD TOLUENE AND 

STYRENE FLAMES 
ee a nent CR A ETE ee 

  

Toluene Styrene Monomer 
  

    n 4400 0.150       
In practice it was found that little variation of 

fuel delivery rate outside of the ranges quoted above 

could be tolerated. Too high id delivery rate resulted 

in fuel running down the side of the burner tube causing 

the flame initially to become unstable followed by the 

flame consuming this fuel and hence greatly increasing 

in size. Alternatively too athe a rate resulted in fuel 

starvation and ultimately extinction of the flame. 

Basically three techniques were used in adding inhi- 

bitors to the combust ion system. 

1. Incorporation of the inhibitor in the fuel supply. 

2. Injection of the inhibitor into (a) the fuel 

(b) the oxidant side of the flame. 

3. Introduction of solid material in pellet form into 

the flame zone. 

6.1.3. Incorvoration of the Inhibitor in the Fuel 

Supply 

In the following experiments the inhibitor was dis- 

solved in the fuel and fed through the fuel line in the 

normal way. This technique was found to be particularly 

suitable for those inhibitors which were of similar
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volatility to the fuel. When it was necessary to adjust 

the flow rate of the fuel/inhibitor mixture in order to 

maintain a flame of a fairly uniform size this was done 

but the flow rate was not determined in every case. The 

effect of fuel/inhibitor ratio on the oxygen index of a 

flame closely pele ier the size of the standard flame 

was determined for various volatile liquid inhibitors. 

The results obtained for toluene and styrene monomer are 

illustrated in Figs. 34 and 35. 

Other inhibitors were examined using this technique 

and in nany instances it was necessary to increase the 

size of the restricting capillary as the added inhibitors 

considerably increased the viscosity of the solution. 

Fig. 36 illustrates the effect of various inhibitors on 

the oxygen index of styrene monomer at concentrations of 

20 g. inhibitor dissolved in 100 g. styrene monomer. 

FIG. 36 
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FIG. 34 

THE EFFECT OF INHIBITORS ON THE OXYGEN INDEX 
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FIG. 55 

THE EFFECT OF INHIBITORS ON THE OXYGEN INDEX OF TOLUENE 
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6.1.4. Injection of the Inhibitor into the Fuel and 

also the Atmosphere, 

Calibrated rotameter type flow meters were used for 

metering anhydrous hydrogen chloride into the injection 

line. The technique involved obtaining a 'standard' 

toluene flame and metering hydrogen chloride at the re- 

quired flow rate directly into it. For those n valves of 

less than 0.210,nitrogen was adaea ghaduniay to the atmos~ 

phere until the flame was extinguished. The highest con- 

centration of nitrogen for which a flame was sustained wes 

used in calculation of the oxygen index. For those n 

values above 0.210 it was necessary to commence burning in 

an oxygen rich atmosphere and approach the critical concen- 

tration by reduction of oxygen. This procedure was carried 

out at various flow rates of hydrogen chloride over the 

range 0-250 cc./min. A similar experiment was carried out 

by injection of hydrogen chloride into the atmosphere gases. 

Those mixtures which required very high concentrations of 

oxygen for burning produced copious quantities of soot and 

char which tended to obstruct the flame on prolonged burning. 

‘The results of these experiments may be found in Fig. 37.
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FIG. 37 

THE EFFECT OF HYDROGEN CHLORIDE WHEN ADDED TO THE 

FUEL AND OXIDANT SIDES OF A 'STANDARD' TOLUENE 

FLAME 
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Mean fuel consumption 0.2h¢ toluene/min 

Constant atmosnhere flow 10.0 litre/min. 

Anhydrous hydrogen chloride 

flow ; O - 250 cc/min. 

Comparison of molar concentrations of anhydrous hydrogen 

chloride in the fuel and the atmosnhere: 

  

  

  

  

  

  

  

  

FLOW CONCENTRATION (HC1) OXYGEN INDEX 

HCl ec/min Mole % in Mole % in |HC1 in HCl in 
Toluene atmosnhere {Toluene | atmosvhere 

2650 76.6 2,03 0.260 04:240 

200 71.8 1.56 0.26 0.201 | 

450 65.4 et 0.245 0.193 

100 56.2 0.80 0.240 0.185 

50 39.5 0.39 0.186 0.4185 

0 0 O 0.185 0.185               

Direct comparisons of the effect of hydrogen chloride 

in the fuel and atmosphere can therefore be only made between 

oxygen index values of 0.185 and 0.210. 

Simmons and Wolfhara'| determined the concentrations of 

methyl Bromide reovwired to quench diffusion flames over a 

range of total fuel and atmosphere flows and found thet a 

peak concentration of inhibitor i.e. the concentration of 

inhibitor which would quench flames for all flow rates could 

be obtained. This has not been done in the present work 

only one set of conditions (as above) were used. However, 

ratios have been calculated for these conditions.
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CONCENTRATION (HC1) [uct] [Hor] 

OXYGEN INDEX Mole % in Mole % .in 

[:ornene} [tnoennerc] 

toluene atmosnhere 

O<21.0 56.2 2203 12282 0.0207 

0.201 Be 2 1.56 1.092 0.0158 

0.193 HOEY, Me 0.91.9 Os0722           
  

Simmons and Woicnera’' indicated that the concentration 

of inert fas recuired to quench fuel + oxygen diffusion flames 

gave a retio [inert ges]/ oxygen] : [inert gas] /[ruel] very close 

to the stoichiometric ratio for the given fuel. They showed 

that this ratio was not true for diffusion flames inhibited 

py methy? bromide. 

If sir is considered to contain 21% by volume oxygen the 

above concentrations have aan obtained for atmospheres con- 

“tainines 21° oxygen, 29.1°° oxyeén and 19.3° oxveen. 

¢. eMOLAR Stoichiometric Ratios:- 

21% oxygen:-1 toluene ‘: 112.9 atmosphere 

20.1% oxygen:-1 toluene : hl.8 atmosvhere 

19.3% oxygen:-1 toluene : 16.6 atmosphere 

Calculated values of [Ha1]/ [toluene] + {cq / atmosnhere] 

21% oxygen Aeises 62 

20.1% oxveen wie 69 

19.3% oxyrven foe 78
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Unsuccessful attempts were made at injecting antimony 

trichloride vapours into the flame. The apparatus shown 

in Fig. 38 was used. A hole of 0.060 ins. diameter was 

bored in the glass chimney at a point which corresponded 

with the top of the burner tube. 7 

FIG. 38. 
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The hypodermic needle shown in the diagram was in- 

serted until its tip just touched the base of the 'standarda' 

flame. A weighed sample of antimony trichloride in a 

Silica boat was inserted into the heated brass cylinder 

and the plug inserted. Hydrogen Chloride was metered into 

the cylinder. The objective was for antimony trichloride 

to be vaporized by the heat of the heating tape and for 

the stream of hydrogen chloride to pick the vapours up and 

transfer them through the hypodermic needle into the flame.
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Qualitatively this was successful, antimony trichloride 

was shown to be an effective flame inhibitor, however quan- 

titative information was much more difficult tomtain due 

to antimony trichloride gradually condensing out along the 

hypodermic needle and eventually blocking it. 

6.1.5. Introduction of Solid Material in Pellet Form 

into the Flame Zone 

As the attempt to inject antimony trichloride vapours 

into the flame zone was unsuccessful vaporization of solid 

antimony trichloride by feed-back of heat from the flame 

zone was attempted. 

Pellets of antimony trichloride weighing between 

0.5 - 1.0 g. were prepared in a pellet die. After weighing, 

these pellets were transferred to the top of the burner tube 

while a gh anaanet toluene flame was burning. The pellet 

was supported on top of the hypodermic needles. The obd- 

jective being that the feed-back of heat from the flame to. 

vaporize the pellet, unfortunately the antimony trichloride 

readily melted and tended to block the sintered glass pad 

preventing fuel passing through thus the flame was extin- 

guished by blockage of the fuel supply rather than inter- 

fering with flame reactions. 

Xx modification of this technique involved suspending 

a wire gauze in the flame zone on to which a pellet was 

placed, however melting and dripping of the antimony tri- 

chloride again occurred and the drips again tended to 

block the sintered disc. 

Attempts were made to prepare pellets of 50 : 50
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mixtures of halogenated compounds and antimony trioxide 

these were difficult to make due to the dry nature of the 

powders, however a few were successfully prepared and 

suspended in the flame. It was found, however, that it 

was extremely difficult to reach a critical value of the 

oxygen concentration while the pellet was in the flame, as 

the evolution of reaction products occurred very rapidly. 

It was concluded that it was necessary to have much higher 

concentration of inhibitor, than could be practically used 

in pellet form, in order to cbtain relevant information. 

0-0-0-0-0-0
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CHAPTER 

INVESTIGATION OF THES QUENCHING ACTION OF METAL 

HALIDES AND OTHER MATERIALS ON PREMIXED FLAMES 

The work on diffusion flames indicated that before 

any useful information regarding inhibition by solid 

materials could be obtained a great deal of modification 

to the basic apparatus was required with no guarantee of 

success. For this reason it was decided to study the effect 

of inhibitors on the 'simpler' premixed flame system. For 

the same reasons as given in Chapter 6 model fuel systems 

were studied, these were all volatile liquids. It was 

first necessary to establish a technique which was capable 

of producing controlled flames in premixed liquid fuel/air 

mixtures. A search of the literature indicated that a 

deveicpment of an apparatus designed by Zabetakis et ai?! 

would probably be suitable. 

7.1. Apparatus for Studying the Effect of Inhibitors on 

the Lower Flammability Limits of Model Fuels 

Fig. 39 illustrates the equipment which was ultimately 

developed. Basically it consists of devices for metering 

air and fuel into a common flow line connected to a combus- 

tion tube which was fitted with an ignition source. The 

combustion and inlet tubes were encased in a cabinet which 

had provision for heating.



FIG. 39 

APPARATUS FOR DETERMINING LOWER FLAMMABILITY 

LIMITS OF PREMIXED FLAMES 
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7.1.1. Air Metering Arrangement 
  

Total air flow over a given period was metered and 

recorded by means of a wet test meter. Steady flow was 

maintained by two precision regulators and a capillary 

tube flow meter (manometer type). The metered air was 

‘finally passed through a moisture trap before entering 

the apparatus. 

fe teoss FUG): Metering Device 

In all cases a volatile liquid fuel was used. This 

was delivered from a glass hypodermic syringe at a constant 

rate, by means of a screw, driven through a suitably housed 

worm and gear train, which operated the piston of the 

syringe. Details of the gear train are shown in Fig. 0. 

FIG. 40 
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Two reductions were effected in the train both of 

28 : 1. The gearing was driven by a laboratory ‘stirrer 

motor' which had a speed range of O - 600 rpm but was 

found to operate most satisfactorily above 300 rpm. A 

fitting was provided for determination of motor speed by 

a hand tachometer. Infinite variation of rates of fuel 

delivery was made possible by variation of the dimensions 

of the syringe in use and also the speed of the motor. 

{-1.3. Combustion Tube and Heating Cabinet 

The combustion tube was constructed of pyrex glass 

tubing 36 ins. in length and diameter 2 ins. That part of 

the inlet tube inside the cabinet was bent in a zig-zag 

fashion in order to help vaporization and mixing of the 

fuel and air. Platinum electrodes for ignition were fitted 

at the inlet end of the combustion tube through capillary 

inlets. 

The whole of the above was fitted inside a cabinet 

constructed from a 36 in. length of 7 in. diameter asbestos 

pipe. Two large openings were cut into the pipe one to 

accommodate the outlet part of a hot air blower, the other 

was fitted with shaped perspex doors to enable easy access 

to the combustion tube. 

The hot air blower was also constructed from 7 in. 

diameter asbestos pipe. Three heating elements of total 

power rating 800 watts were sited off centre inside the 

pipe. Temperature was regulated by means of a Sunvic 

controller. The furnace was fitted with a small air blower 

which directed air over the hot elements. The ends of the 

furnace were enclosed leaving an outlet port of 44 ins. x
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34 ins. which was let directly into the vertical cabinet. 

A temperature of 100°C (at the electrodes) was readily 

achieved by this system. 

7.1.4. Spark Ignition Source 

Fig. 41 shows details of the ignition source. This 

was adopted from the ignition system of an internal epiitub= 

tion engine. , 

pic. 41 
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The electrodes were 0.015 ins. platinum wire with 4 ins. 

spark gap. <A spark was produced at the electrodes when con- 

tact breaker points were opened by means of a lever type 

mechanical switch. 

7.2. Procedure for Determination of Lower Flammability Limits 

The lower flammability limit of a fuel is defined as 

the lowest concentration of fuel in air through which a



flame just propagates. The first series of experiments 

involved the determination of the effect of inhibitors on 

the lower flammability limits of model fuels. The general 

procedure adopted for the determination of lower flammabi- 

lity limits was as follows:- 

The hot air blower was regulated so that a temperature 

of 100°C was obtained at the electrodes - this was measured 

with a thermocouple which entered the combustion tube 

through the capillary inlets. Air flow adjusted to give a 

constant delivery of between 2 - 3 lit:/min. Preliminary 

experiments were carried out, adjusting the speed of the 

gear drive motor to give a constant slow delivery or: fuel 

into the line. After allowing this mixture to flush through 

the apparatus for about 10 mins. a satis was passed between 

the electrodes and the propagation of the flame (if pro- 

duced) was followed visually through the tube. Experience 

quickly indicated whether the flame was extremely fuel rich 

or only moderately so. By repeating this process, if a 

flame was produced, using a reduced motor speed, the approxi- 

mate settings for the lower flammability limit were reached. 

Using these settings a precise determination was carried 

out by weighing the syringe filled with fuel, replacing to 

its fitting and switching on the drive motor, synchronous 

with this the wet test meter reading was taken and a stop 

clock started. After 10 mins. a spark was passed between 

the electrodes and any resulting flame propagation noted. 

The drive motor was then stopped and at the same time the 

reading of the wet test meter noted. The syringe was
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carefully removed from its fitting and reweighed. If a 

flame had propagated the length of the combustion tube the 

speed of the drive motor was reduced and the process re- 

peated until a mixture was obtained for which a flame would 

not propagate the length of the tube. The lower flamma- 

bility limit, expressed as percentage fuel in air by 

volume at NTP was calculated from the following:- 

  

  

oe a : v. \ 
Per cent Fuel in air = Aw Ve aver VitVa 

by volume at N.T.P. mn Le 

where — AW = weight of sample delivered during 

the time of the experiment. | 

Vi = volume of liquid vapour (N.T.P.) 

corresponding to Aw 

Av = volume of air at temperature os 

fed into the system during the 

timed part of the experiment. 

Va = volume of air (N.T.P.).corres- 

ponding to Av 

Noe 99.4 Jitres 

ee 273K 
{ 

‘e = temperature of air passing through 

the wet test meter. 

is 760 mm of Hg 

te pressure of air passing through wet 

test meter.



1273 

Experiments were carried out using volatile liquid 

inhibitors. These were used as mixtures with the fuel 

under test and aos ened in the normal way used for fuel 

metering. In some instances when large quantities of 

inhibitor were used it was necessary to increase the size 

of the syringe used, normally to 5 ml. 

Usually it was found that when the quipment had not 

been used for several days it was necessary to thoroughly 

flush the system with fuel/air and ignite several times 

before reproducible results could be obtained. The model 

fuels used in these experiments were ethyl acetate, n-hexane 

and styrene monomer (polymerisation inhibitor free). The 

effectsof bromoform, carbon tetrachloride and perchloro 

ethylene were studied on these fuels, the results are 

presented in Figs. he, 43 and hh. 

This type of inhibitor was fairly readily studied, as 

in the diffusion flame, but a study of the effect of metal 

halides on the flame was required so a basic modification 

to this equipment was necessary.
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PIG. b3 
THE EFFECT OF INHIBITOR ON THE LOWER FLAMMABILTTY 
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FIG. bh 

THE EFFECT OF INHIBITOR ON THE LOWER FLAMMABILITY 
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7.3. Apvaratus used to study the effect of solid inhibitors 

in the flame 

Essentially the equipment was the same as that described 

in the last section. The chief modification was the intro- 

duction of a ground waives Bil, socket into the combustion 

tube, mid way along its length, used for housing a heating 

  

pad. 

HIEG: 5 

DETAIL OF HEATING PAD 
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hree Sheets 
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inner Tube 

To AC. Transformer 
Supplying 18 volts 

The heating pad primarily consisted of 5 turns of 

0.005 ins. diameter nichrome resistance wire around 0.010 

ins. thickness mica sheet. Mica sheet was bound to the 

top and bottom of this element for protection. The top of 

the pad was fitted with a clip of platinum foil for securing 

the sample boat. The boats were of aluminium and were .
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supplied by Hewlett & Packard for use witha F. & M. Model 

185 Analyser. 

A 'sensing' thermocouple, was fitted with its tip at 

the centre of the combustion tube diameter, 12 ins. above 

the heating pad. This was 0.040 ins. stainless steel 

sheathed cromel alumel thermocouple, connected to a poten- 

tiometric recorder, having a full scale deflection of 10 Mv. 

FIG. 46 
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The objective of these experiments was to volatilise 

metal halides and similar materials into the path of the 

propagating flame and observe the quenching action of the 

inhibitor, using the thermocouple as a guide to the 

quenching efficiency of each compound. 

to 3s be Ee POCeadure 

Experiments were again carried out at 1400°c. The air 

flow was adjusted so as to give a constant delivery of 

2.55 lit./min. At this rate one complete flushing of the 

apparatus with fuel/air mixture took approximately one 

minute. The motor driving the gear train was switched on 

and the apparatus allowed to be flushed with the mixture 

for about 10 mins. After this period a spark was passed 

between the electrodes and the flame progression through 

the combustion tube observed. The velocity and nature of 

the flame depended upon the concentration of fuel in air. 

The flame found to be most suitable for this work was a 

relatively slowly propagating blue flame which could be 

obtained just above the lower flammability limit of the 

fuel. 

When conditions for producing this type of flame had 

been found the stop clock was started and a spark struck 

across the electrodes at three minute intervals. Ifa 

flame was propagated through the length of the tube at 

each of six repeats then the concentration of fuel in air 

was carefully determined as described in section 7.2. 

At subsequent re-use of the equipment the same mixture 

was readily obtained by resetting the metering devices as
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for this experiment. It was not necessary to carry out 

this determination on every occasion. 

When a flame passed completely through the mixture it 

was detected by the thermocouple and recorded as a sharp 

increase in temperature at the recorder. The object of the 

experiment was to determine the minimum concentration of 

inhibitor which, when volatilised from the sample boat, 

would quench the propagating flame before it reached the 

thermocouple. 

A small quantity (1 - 10 mgs.) of inhibitor was weighed 

into the aluminium boat which was then transferred to the 

heating pad. The stop clock was reset and after 2 mins. 

45 secs. (approximately) current was supplied to the heating 

element. When all of the material had volatilised (time 

depended upon the material under investigation) a spark was 

struck across the electrodes and the progress of the flame 

observed. If sufficient inhibitor was present to quench 

the flame before it reached the thermocouple then the pro- 

cedure was repeated, reducing the amount of inhibitor used, 

by small quantities until a flame propagated completely 

through ‘the tube. 

The temperature attained by the heating pad was not 

accurately determined but it was estimated to be in the 

order of 700°C. At this temperature the ‘life’, of the 

element was approximately one hundred 'heatings'. Elements 

were relatively easy to construct and it was attempted to 

reproduce the dimensions as accurately as possible each 

time.
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7-4. Samples 

The fuel used for all of the experiments was labora- 

tory reagent grade toluene. 

TABLE XVIII 

INHIBITORS USED 
  

Inhibitor Supplier 
  

Antimony Trifluoride 
  

Antimony Trichloride 
  

Antimony Tribromide 
  

Antimony Tri-iodide 
  

Arsenic Tri-iodide 
  Hopkins & Williams 
Arsenic Trioxide 
  

Aluminium Chloride 
  

Bismuth Trioxide 
  

Ammonium Chloride 
  

Ammonium Bromide 
  

Antimony Trioxide Anchor Chemicals 
  

Mercuric Chloride 
  

Mercuric Bromide 
  

Merecuric Iodide Hopkins & Williams 
  

Phosphorus Pentachloride 
  

Hexamine 
  

tris 2,3 Dichloropropyl Phosphate] Kingsley & Keith 

(Hooker Chemicals) 
  

Polyvinyl Chloride : tL. Cel. sae. 
  

Cereclor 70 3 yu 
    Dechlorane 4.070 Kingsley & Keith 

(Hooker Chemicals)     
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Table XVIII continued.../ 

  

Inhibitor Supplier 
  

Flammex LBS 
  

  

        
* 5BT F. W. Berk & Co., 

wt 5AE 

Dicyandiamide Hopkins & Williams 
  

Some materials were used in the form of 50 : 50 by 

weight mixtures. The mixture components were hand mixed 

and intimately ground together with an agate pestle and 

mortar. Other materials were tested in the form of 

50 : 50 mixtures with an inert material (alumina), in 

order to assist the accuracy of weighing very small quanti- 

ties. The mixtures were prepared in a similar manner to 

those described before. In the case of these materials 

results are presented in: terms of only the active species. 

The results obtained from these experiments are pre- 

sented in Tables XIX, XX and XXI. Qax is the minimun 

quantity in grammes of inhibitor which quenched the flame 

pefore reaching the thermocouple.
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TABLE XIX 

Qny VALUES OF MIXTURES 

Inhibitors Qa 

4.pt. Cereclior 70 1 pt. Antimony Trioxide 0.0008 g. 

1.0t.. FVC a ‘pts . i“ 050015 a 

1 pt. Dechlorane 4070 1 pt. . _ 0.0045 g. 

1 pt. Flammex 4BS Ppt: . i: 0.0047 g. 

1 pt. Flammex 5BT . ot. r ¥ 0.0063 g. 

1 pt. Flammex 5AE 1 pu; 4 Md 0.0028 g. 

4 pt. Cereclor 70 1 pt. Arsenic Trioxide 0.0022 2. 

4 -pt. Cereclor 70 1 pt. Bismuth Trioxide 0.001 g. 

1. 06s eer 1 pt. Dicyandiamide 0.0026 g. 

TABLE XX 
Qax VALUES OF INORGANIC SINGLE SUBSTANCES 

Inhibitors Qay 

Antimony Trichloride 0.00065 g. 

Antimony Trifluoride 0.0014 g. 

Antimony Tribromide 0.0005 g. 

Antimony Tri-iodide 0.0005" 2. 

Arsenic Tri~iodide 0 0045..2. 

anaes Trioxide 0.0022 g. 

Aluminium Chloride 0.0022 g. 

Ammonium Chloride 0.0028 g. 

Ammonium Bromide 0.0032 g. 

Mercuric Chloride 0.0030 g. 

Mercuric Bromide 0.002 ¢48. 

Mercuric Iodide 050028 a. 

Phosphorus Pentachioride 0500558.     
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TABLE XXI 

Qry VALUES OF ORGANIC SINGLE SUBSTANCES 

  

  

  

  

  

  

  

      

Inhibitors Qax 

Cereclor 70 0.0028 g. 

Polyvinyl Chloride 0.0029 g. 

Dechlorane 1.070 0.0061 ¢g. 

Flammex 4BS 0.0025 ‘g. 

Flammex 5AE 0.0012 g. 

Flammex 5BT 0.0030 g. 

Hexamine foppeasea burning velocity.     

For clarity, histograms of the results presented in 

tabular form above, were drawn (Figs. 47, 48 and 49). It 

should be noted that the smalier the value of Qa the 

greater the efficiency of the inhibitor under these test 
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FIG. 8 

Qry VALUES OF INORGANIC SINGLE SUBSTANCES 
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CHAPTER 8 

THE EFFECT OF METAL HALIDES AND OTHER COMPOUNDS 

ON THE FLAMMABILITY OF RESIN SYSTEMS 

The study of the effect of inhibitors on model flames 

led to predictions regarding the requirements of efficient 

flame retardant systems. It was thought necessary, for 

the sake of completeness, to test some of these proposals 

in practical systems. A general purpose resin, from a 

different source to that used for previous work, was used. 

This wae based on maleic and phthalic anhydride and pro- 

pylene glycol cross linked with styrene, further details 

were not available but it was supposed that it was sub- 

stantially the same as that used in the previous work. 

The candle burning test was used for assessing the 

relative effectiveness of the systems. 

8.1. Experimental 

8.1.1. Sample Preparation 

TABLE XXII 

  

  

  

  

ADDITIVES USED 

Trade Name Chemical Nature Supplier 

- Antimony Trichloride 

- Antimony Tribromide 

- ; Mercuric Chloride 
  

= Mercuric Iodide 
  

- Ammonium Chloride Hopkins & Williams 
  

~ Ammonium Bromide 
  

i Dicyandiamide 
  

- Arsenic Trioxide 
        - Bismuth Trioxide 
   



Table XXII continued.../ 

nit; 

  

Trade Name Chemical Nature Supplier 

  

Antimony Trioxide Anchor Chemicels 
  

Firemaster T24P tris 2,3 (dibromopropyl) 

phosphate 

Kingsley & Keith 

(Hooker Chemicals) 
  

Cereclor 70 

Solid chlorinated 

paraffin 70% Chlorine 
a 

1.C.ts 

  

PVC P65-50 Polyvinyl Chloride ivC.1. 

  

Dechlorane 14,070 

Perchlorocyclodecane 

70% Chlorine 

Kingsley & Keith 

(Hooker Chemicals) 
          
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Bromoperaffin Brominated paraffin ¥50.1,° Dey.. Prod, 

TABLE XXIII 
FORMULATIONS TESTED 

Mixture 
Resin Additives 

No. 

4 100 - 

2 : 100 15 Antimony Trichloride 

= 100 15 Antimony Tribromide 

uu 100 15 Mercuric Chloride 

5 100 15 Mercuric Iodide 

6 100 15 Arsenic Trioxide 

7 100 15 Ammonium Bromide + 15 Antimony Trioxide 

8 100 15 Ammonium Chloride + 15 " se 

9 100 15 Cereclor 70 + 15 Arsenic Trioxide 

10 100 15 Cereclor .70 + 15 Bismuth Trioxide 

41 100 15 Dechlorane 4070 + 15 Bismuth Trioxide 

2 100 15 PVC P65-50 + 15 Antimony Trioxide 

45 100 25 *E25P + 15 Dicyandiamide          
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Table XXIII continued.../ 
  

  

  

  

  

  

  

  

  

  

  

  

  

          

Mixture 
Resin. Additives 

No. 

44, 4100 4.75 PVC P65-50 + 7.5 Antimony Trioxide 

15 100 7.5 PVC P65-50 +. 765 x ef 

16 100 11.25 PVC P65-50 + fe " " 

47 100 51> Cerecior (0 +. 75 : % 

18 100 $so a 70 +: 735 - “ 

19 100 ao 70 +e 2 : 

20 70: 45 : 70 + : ! 

24 100 aro 8 70 + 7.5 : : 

22 100 15 Bromoparaffin 

23 100 15 Bromoparaffin + 15 Antimony Trioxide 

2h; 100 10 Cereclor 70 + 5 Bromoparaffin + 

7.5 Antimony Trioxide 

25 100 7.5 Antimony Trioxide 
  

Small batches only, were prepared of each mixture, 

therefore the procedure described in Chapter 3 could not be 

used. The additives were mixed, by hand in paper cups with 

wooden spatulas, until they appeared to have dispersed 

uniformly. Benzoyl peroxide was used as polymerisation 

initiator and the curing cycle was as described in Chapter 

3. Antimony trichloride and also antimony tribromide tended 

to melt under these conditions and migrate to the surface 

of the cured sheet. This was removed by careful wiping. 

before the specimen was tested. As a result of this it was
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not possible to be certain of the exact concentration of 

these compounds which was incorporated. 

8.1.2. Test Procedure 

The candle burning test conditions were used in order 

to obtain einpenmeeec measurements inside the burning 

resin stick, at the critical oxygen concentration. Ini- 

tially the oxygen index of each resin formulation was 

determined using the procedure as described in Chapter 3. 

These conditions were then used for the temperature measure- 

ments. | 

Holes were drilled into the thinnest edge of the resin 

stick. These were 0.045 ins. diameter and were drilled to 

a depth of half the width of the stick, 2 cm. from the top 

edge of the stick. A 0.040 ins. stainless steel sheathed 

cromel-alumel thermocouple was inserted in the hole through 

an orifice of similar diameter which had been made in the 

glass chimney. A detail of this arrangement is mown in 

Fin. 50. 

The stick was ignited at the critical oxygen concentra- 

tion and the temperature detected by the thermocouple was 

recorded. The maximum temverature attained as the com- 

bustion front spread past the thermocouple was observed. 

Two sticks of each mixture were burnt and the mean maximum 

temperature recorded. In a Similar way flame temperatures 

for each sample was noted.
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FIG. 50 
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622. Results 

TABLE XXIV 
a em ee RE ce eee ee 

OXYGEN INDEX AND TEMPERATURE DATA FOR EACH 

  

  

  

  

  

  

    

Mixture n Max. Temp. Resin Flame Temp. 

No. co 6 

4 0.185 418 700 

2 0.247 253 794 

3 0.283 22h. Toe 

in 0.200 h22 705 

5 0.200 317 705 

6 07215 451 705         
 



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table XXIV _continued.../ 

Mixture Max, Temp. Resin Flame Temp. 

No. : ae se 

¢ 0.254 326 766 

8 0.289 288 714 

9 0.292 398 800 

10 0.265 351 771 

414 0.252 4.68 705 

12 0.269 2.8 foo 

13 0.263 278 700 

44 0.220 bb 705 

45 0.25, bL6 705 

16 0.260 —«L46 705 

17 0.220 34 705 

18 0.270 4.08 705 

19 0.292 379 705 

20 0.287 315 655 

21 0,283 4.67 66, 

22 0.220 .353 674, 

23 0.276 315 705 

2h 0.299 363 788 

25 0.204 204 687             

The results 

figures. 

15. 

above are illustrated in the following
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FIG. 54 

THE EFFECT OF INORGANIC ADDITIVES ON THE OXYGEN 

INDEX OF THE RESIN 
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FIG, 53 

THE EFFECT OF HALOGENATED COMPOUND/ANTIMONY 
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DISCUSSION 

The results presented in the experimental chapters 

are discussed and an attempt is made to interpret them. 

Each experiment is initially considered separately and 

the order in which the work was carried out is justified. 

9.1. The Effect of a Series of Commercial Flame Retardant 

Additives on the Flammability of a general purpose Polyester 

Resin | 
9.1.1. Chlorinated Additives - Effect on Oxygen Irdex 

The effect of chlorine in chlorinated paraffin, cyclic 

decane and chlorinated phosphate was examined. Addition 

of antimony trioxide greatly enhanced the effectiveness of 

the chlorinated paraffins and to a lesser extent the cyclic 

decane. Four chlorinated paraffins (Cereclors - see 

Appendex I) were studied, three of which were liquids and 

one solid. Probably the most significant result was the 

lower efficiency of the liquid’ Cereclor 70L compared with 

the solid Cereclor 70 both containing 70% by weight chlorine. 

The ihen two liquid Cereclors (65L and S52) were used at 

concentrations such as to give the same level of chlorine 

in each resin mixture, even so, oxygen indexes decreased 

with decreasing concentration of chlorine. Distillation 

experiments indicated that as the volatility of the Cereclor 

increased the flame retardant effectiveness decreased. It 

seemed likely therefore, that the flame retardant effective- 

“ ness depended upon the ability of the chlorinated compound 

to decompose whilst in the solid phase and that the parent
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molecular species was a relatively ineffective flame re- 

tardant. 

From these facts it was possible to postulate two 

inhibition mechanisms. 

1. Interference with solid phase degradation re- 

actions by the decomposition of the halogenated material. 

It is known that heating chlorinated paraffins results in 

splitting ovt of hydrogen chloride, producing a randomly 

distributed polyene structure, along the carbon chain. At 

a suitahle elevated temnerature cyclisation (inter or intra- 

molecuiar) may occur at these ethenic sites. 

2. Reaction between the halogenated decomposition 

species (hydrogen chloride) and antimony trioxide producing 

a flame poisoning species (X). 

43, Lh, 47 Other workers indicated that combinations of 

chlorinated additive with antimony trioxide were primarily 

active in the vavour phase, the above observations sub- 

stantially agree with this. 

In effect the action of three halogen species in the 

flame was observed (i) Hydrogen chloride (resin mixture 

No. 1) (ii) Chlorinated paraffin plus some (X) (resin 

mixture Nos. h, 5 and 6). (iii) (X) alone (resin mixture 

Nos. 3 and 7). Oxygen indexes showed that resin mixtures 

likely to release (x) into the flame were less flammable 

than the others. 

Doubling the concentration of antimony trioxide used 

for a given level of Cereclor 70 had little effect on the 

oxygen indexes (resin mixture Nos. 3 and 7). Probably in- 

dicating that an optimum ratio is around 1 : 2 antimony
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trioxide/Cereclor 70. 

The two Dechloranes were less effective than the 

Cereclors probably because they decompose only at high 

temperatures and tend to sublime below this. Obviously 

this does not favour reaction with antimony trioxide. 

Synergism between Cereclor 70 and a mixture of 

arsenic trioxide and bismuth trioxide was studied (resin 

mixture No. 23). A lower order of synergism was observed. 

The addition of tris 2,3 (dichloropropyl) phosphate had 

little effect on the oxygen index of the standard resin. 

Synergism was not observed when antimony trioxide was 

added to this system. 

9.1.2. Brominated Additives - Effect on Oxygen Index 

The effect of bromine, in different chemical environ- 

ments, on the oxygen index of the standard resin was studied. 

Pentabromotoluene (Flammex 58T - See Appendix I), tetra 

(pentabromo phenoxy) silane (Flammex 4BS), tribromophenyl 

allyl ether (Flammex 3AE), pentabromophenyl allyl ether 

(Flammex 5AE) and tris 2,3 (dibromopropyl) phosphate (T23P). 

The first conclusion reached, on studying the results, 

was that under the conditions used the chlorine compounds 

tested were, broadly speaking, more effective than the bro- 

mine. This is not to say that in every case chlorine was 

a more effective flame inhibitor than bromine, differences 

in chemical environment must be considered. 

It was established that the combinations of chlori- 

nated additive and antimony trioxide were primarily active 

due to decomposition of the chlorine compound in the solid 

phase, producing a species which reacted with antimony
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trioxide resulting in a volatile antimony species (X). 

It was assumed that a similar sequence of events occurred 

in the case of the brominated compounds. Oxygen indexes 

of the resin mixtures containing 5BT, 3AE and UBS with 

antimony trioxide (resin mixture Nos. 15, 16 and 17) could 

be explained with reference to the volatility of the bromine 

compound. J3AE and 5A were substituted for part of the 

styrene monomer (to give concentrations equivalent to 15 

pph resin). The mixture containing 5AE gelled on standing 

overnight and was discarded. 7 

Appendix III shows that 4BS has a decomposition tem-: 

perature of 380°C and is non volatile. 3AE decomposes at 

200°C but sublimes above 150°C. 5BT has a decomposition 

temperature of 360°C but sublimes well below this. The 

oxygen indexes for resin mixtures 15, 16 and 17 were 0.36, 

0.328 and 0.294 respectively. As 4BS and 5BT have about 

the same decomposition Miiserniure the differences in oxygen 

index could only be attributed to the volatility differences. 

Had 3AE not been chemically bonded, in the form of cross 

links, an anomalous situation would have arisen. 

9.1.4. Other Additives - Effect on Oxygen Index 

The addition of TXP and TTP (resin Nos. 18 and 19) had 

little effect on the oxygen index of the standard resin. 

Antimony trioxide showed no synergistic activity with TTP 

(resin mixture No. 20). 

Calcium and zinc metaborates were also investigated 

(resin mixture Nos. 21 and 22), these showed little effect. 

This was not particularly surprising as borates have
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previously been used in cellulosic materials which have 

agifferent degradation mechanisms to polyesters. It was 

felt reasonable, therefore, to conclude that borates were 

specific in inhibiting solid phase degradation of cellu- 

losic materials. 

9.1.4. The effect of Additives on the Flame 

The flame produced when the standard resin was burned 

tended to be small and stable. At the limiting oxygen con- 

centration the size of the flame decreased until it was the 

same width as the stick. nese the limiting oxygen concen- 

tratior the flame decreased still further in size until it 

was finally extinguished. This mode was common also for 

those mixtures which had low oxygen indexes, On the other 

hand, those materials with relatively high oxygen indexes, 

tended to burn with stable flames only in oxygen concentra-~ 

tions well above the limiting values. These were generally 

combinations of halogen compound with antimony trioxide, 

indicating that inhibition was mainly in the gas phase. 

This type of mixture burned with large flames and at the 

limiting concentration these were apt to flicker and some- 

times lift completely away from the material. Extinction 

in these cases was invariably preceded by violent flickering. 

9.1.5. The effect of Additives on After Glow Properties 

In general, resin mixtures containing halogenated com- 

pounds, continued glowing after burning had ceased; this was 

particularly so in the cases of the mixtures with antimony 

trioxide. The phenomenon is attributed to the solid phase 

oxidation of carbon in the highly exothermic reaction:- 

2c + Be ae ences eal
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Fig. 7 page 70 shows typical traces of temperatures 

recorded in ignition determinations on the standard resin, 

the resin containing halogenated organic compounds and 

ant imony trioxide and the resin containing halogenated 

phosphorus compounds, with and without antimony trioxide. 

After glow was not seen in the standard resin or those 

materials containing phosphorus, but iS a characteristic of 

those materials containing halogen compounds and antimony 

trioxide. Differential thermal analysis (d.t.a.) and 

thermogravimetric analysis (t.g.a.) would probably yielé 

relevant information on this problem. 

9.1.6. The Setchkin Ignition Test 

In every case except those of the borates and T23P 

alone, addition of retardants to the standard resin raised 

the ignition temperature. No general trend was apparent 

in the numerical values of these temperatures but there 

were Similarities in the mode of ignition of the various 

classes. Those materials containing halogenated compound/ 

antimony trioxide tended to igniteonly after a series of 

explosions. These did not occur in the cases of the phos- 

phorus containing additives, indicating that halogen com- 

pound/antimony trioxide mixtures were active in gas phase 

inhibition. It seemed that fuel gases and oxidant were 

present in concentrations favourable to burning and that 

ignition occurred but propagation of the flame was not pos- 

sible, probably due to the joint effects of blanketing and 

flame poisoning. Further evidence in support of gas phase 

inhibition was that with those resins containing halogen 

and antimony trioxide, evolution of white fumes prior to
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ignition was apparent. Only after the rate of issve of 

these fumes had considerably decreased did ignition occur. 

The traces (Fig. 7 page 70) show that although the 

shapes of the curves are different, for different additives, 

basically the same events occur. Initially a drop in tempera- 

ture, due to sample introduction, followed by a warm up 

period when the sample attains the temperature of its 

surroundings. The samvle temperature then increased above 

the initial temperature in the crucible, this is the self 

heating period and is due to exothermic decomposition re- 

actions. On reaching a certain rate of reaction ignitior: 

occurred and burning continued in the vapour phase, some- 

times followed by glow in the residue. After the flame 

was extinguished, or glow had ceased, a rapid reversion to 

the original temperature occurred. 

It was apparent that those materials classed as self 

extinguishing Sei ceM mario BS.2782 Method 508A were more 

precisely defined in terms of their oxygen indexes. The 

candle burning test was useful in preliminary assessment 

of flame retardant mixtures. 

The next stage of the work (Chapter 4) was concerned 

with elucidating the nature of (X) and also studying a 

number of analogous systems. 

Dae. Quantitetive Analysis of Reaction Products from 

Heating together Chlorinated Comeourals with Antimony 

Trioxide 

Total hydrogen chloride produced from the decomposition 

of Cereclor 70 and also PVC at 500° over 15 mins. was
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determined. On attempting to determine excess hydrogen 

chloride from mixtures of Cereclor 70 and antimony tri-~ 

oxide it was found that volatile antimony chlorides were 

“swept into the alkali solution and were hydrolysed, pro- 

Gucing hydrogen chloride. Erroneous results were thus at 

first obtained. These volatile antimony chlorides were 

trapped out with liquid nitrogen, after careful regulation 

of the air flow. Reaction stoichiometries were thus easily 

calculated, from weight loss data and hydrogen chloride 

determinations. In order to startin these quantities 

volati..e antimony was also determined. SbIII was determined 

by iodine titration on the trapped out material and it was 

found that, within experimental error, all of the volatile 

antimony was trivalent. 

Oye ots elicitation of Reaction Stoichiometries 

a, Cereclor 70/Antimony Trioxide 

All data was obtained at 500°C over 15 mins. 

From weight loss experiments:- weg 

a3 The degree of volatility V of Cereclor 70 was 

88.0%. 

ii. Cereclor 70/antimony trioxide V was 82.3%. 

Assuming the Cereclor in the mixture had the same 

percentage volatility as when alone. The percentage 

antimony trioxide which reacted with hydrogen chloride: 

= 2x (82.3 - lh) = 76.6% of the total antimony trioxide. 

Compare analytical determination of volatile SbIII: 

= 75.1% of total Sb. 

From hydrogen chloride determinations 87.5% of the
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total chlorine was evolved as hydrogen chloride. From 

hydrogen chloride determination on the mixture 9.2% of 

total chlorine was evolved as excess hydrogen chloride. 

Chlorine, as hydrogen chloride which reacted with 

87.5 e 9.2% 

78.3% of total chlorine 

antimony trioxide 

Giving reaction stoichiometries of:- 

Ue 83 2 
291.6 535.5 100 

0.262 : 1.54 , 

4 as 5,88 
  

Indicating:- 

Sbo03 + 6HO1 = 2Sb01, + 3H50 

This was confirmed by the evidence for all of the 

volatile Sb being trivalent. 

b. Pvc/antimony trioxide 

A similar conclusion to that for Cereclor 70/antimony 

trioxide was expected. 

In this case weight loss experimental data and hydrogen 

chloride determination on the PVC only, was obtained. All 

data was obtained at 500°C over 15 mins. 

From weight loss experiments:- 

i. The degree of volatility V of PVC alone was 96.3% 

145 PVC/antimony trioxide V was 88.0% 

Assuming that the PVC in the mixture had the same 

volatility as when heated alone then the percentage antimony 

trioxide which reacted with hydrogen chloride 

2 x (88.0 - 48.2)% 

73.6% of the total antimony trioxide
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From hydrogen chloride determination on PVC alone it 

was seen that 98.0% of the total chlorine was evolved as 

hydrogen chloride. The stoichiometry of the reaction cal- 

culated below does not take into account excess hydrogen 

chloride which did not react with antimony trioxide. 

Reaction stoichiometry 

ia $ ate xX 56.8 

291 6 yee) 4100 

Ocgoe <3 - 1.57 

1 so 6.4 e 

From this it seemed fair tc predict that the active 

species was again antimony trichloride. 

It must be emphasised, however, that these determina- 

tions were made on the additives alone and these results 

represent ideal condition for reaction which would not be 

achieved on incorporation into the resin. However, it is 

probably fair to assume that the predicted reaction would 

be predominant. 

It has therefore been shown that in the cases of 

antimony trioxide/Cereclor 70 and antimony trioxide/PVC 

the reaction product (X) was antimony trichloride. Further, 

production of this species is responsible for the so called 

synergistic effect between antimony trioxide and chlorine 

compounds. 

9.3. Weight Loss Experiments 
  

V was defined as that percentage of the original which 

was volatile at the temperature under consideration.
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It was shown that effective flame retardant systems 

produced metal halides on heating, ideally these would be 

volatile near the decomposition temperature of the resin. 

Weight loss experiments were used as simple methods of 

assessing relative reactivity of various mixtures. 

Fig. 9 illustrates that Cereclor 70 was relatively 

volatile at 310°C and that also at this temperature decon- 

position occurred, the resulting hydrogen chloride reacted 

with antimony trioxide producing antimony trichloride 

(antimony trioxide was shown to be 0.01% volatile at 500°C 

for 30 mins.) At this temperature (310° C) V for the 

mixture was higher than for the Cereclor alone, also, the 

curve for the mixture increased more steeply. This was 

probably important from a flame retarding point of view, as 

it seems likely to prevent initial ignition of the resin 

itis desirable that a reasonable quantity of volatile 

flame inhibitor be present early in the degradation mode 

ofthe resin. , 

Pigs. 10 and 11 at 410°C and 500°C follow much the 

same pattern with the mixture reaching maximum volatility 

more quickly than the Cereclor alone. 

Dechloranes were not considered to decompose appre- 

ciably below 400°C (see Appendix III). For this reason 

experiments were carried out at 410°, u60°c ana 500°C. 

At 410°C (Fig. 12) V for Dechlorane 4.070 alone increased 

linearly between 5 and 30 mins. reaching a value of 92% at 

30 mins. The shape of the curve of the mixture was com- 

pletely different rising sharply and reaching a maximum of 

approximately 85% after 4 mins., indicating reaction.
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NOTE: The times quoted should only be used for 

comparative purposes as they include a sample 

warm up period. 

At 360°C for 60 mins. the mixture achieved a V value 

of 51%, confirming decomposition to be negligible, although 

Dechliorane 4070 was volatile at this temperature. 

Fig. 13 and 14 at 460°C and 500°C follow much the same 

pattern, with Dechlorane 4070 reaching complete volatility. 

It has been shown that both Dechlorane 4070 and Cere- 

clor 70 react with antimony trioxide under the right con- 

ditions. The lower erues indexes of the Dechlorane 

mixture (resin mixture No. 8 page 58) was probably due to 

the higher decomposition temperature of the Dechlorane, 

i.e. Dechlorane 070 is capable of volatilising below its 

decomposition temperature. It is therefore absolutely 

important to be clear of the difference between volatility 

and decomposition. The results suggest that if the Dechlo- 

rane 070/antimony trioxide resin mixture was tested under 

more rigorous conditions then it may appear more effective. 

The candle burning test assesses the flammability of 

materials under conditions of low thermal stress but pos- 

sibly does not describe their performance under conditions 

more closely resembling those found in a real fire. 

Figs. 15, 16 and 17 compare values of V of the four 

Cereclors with antimony trioxide at 310°, 410° and 500°, 

It is clear that at each of the three temperatures the 

Cereclor 70/antimony trioxide mixtures are most volatile, 

confirming the previous observations that Cereclor 70
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decomposes predominantly in the solid phase. In every case 

the curves rise above a V value of 50%, indicating that 

reaction does occur. 

The V values are in agreement with the oxygen index 

values obtained for these mixtures in the standard resin. 

The relevant mixture Nos. are 3, 4, 5 and 6 page 58. Giving 

oxygen indexes of 0.350, 0.295, 0.287 and 0.260 respectively. 

Figs. 18, 19 and 20 compare the effect of incorporation 

of Cereclor 70/antimony trioxide mixtures on the volatility 

of the standard resin at various temperatures. At 310°C 

(Fig. 18) the rate of evolution of gaseous fuels from the 

standard resin was not great enough for ignition to occur. 

At this temperature appreciable reaction was observed between 

the Cereclor 70 and antimony trioxide which probably accounts 

for the increase in ignition temperature and the explosions 

which occurred prior to ignition. 

The physical mixture of standard resin/antimony tri- 

oxide/Cereclor 70 tended to have a higher value of V than in 

the case where antimony trioxide/Cereclor 70 was incorporated 

into the resin, this was as expected. At 460°C (Fig. 19) 

however, the standard resin alone had a higher degree of 

volatilization and it is reasonable to assume that between 

310°C ana 460°C the rate of evolution of fuels increased to 

a point where ignition was possible. Figs. 19 and 20 show 

that the Cereclor 70/antimony trioxide mixture was more 

readily volatile than the standard resin, supporting what 

was previously said in accounting for the effectiveness of 

this mixture in initially preventing ignition and also for 

its high oxygen index rating.
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Fig. 21 compares the reactivity of anbanene arsenic and 

bismuth trioxides with Cereclor 70. It.is clear that reaction 

occurs in each case. The boiling points of the three trihalides 

are in the order bismuth trichloride> antimony trichloride> 

arsenic trichloride (see Aprendix IIT) therefore the derrees 

of volatility are in the exnected order. It is interesting 

to note the free enercy changes for the corresnonding reactions. 

It is known that the algebraic sign of the free energy 

change for a given reaction indicates the ease of reaction. 

Cs AG = ~ve the reaction occurs snontaneously 

GG = O the system is at eauilibriun 

BG = 4vé the reaction is not svontaneonus. 

: : j Oo 
mhe followings reactions were’ considered at 500-C:- 

: ic Sbol | 3H G5, 22.7 Keals 

Bin03(¢) + 6HC1/ -_> -2BiC15(,) + 3H50/,) SbGI5, a5=9 mole 

a 5 } 4 t wer f ' A8503( 5) + 6 O19) —— eAs0ls(.) + PHZ0 66) BGs C56... ' 

: CG TIO ; H ”A " +4) C it 

Pete a ier (a) 2 ees 
01 Q is ‘Ou e a 4 hi 

ee na) 
Values of Aci; were calculated from thermochemical data 

presented in Ref. 99. 

Tt can therefore be nredicted that under these conditions 

the trihalides of antimony, bismuth and arsenic are readily 

formed. The tetrahalides of titanium and tin will, however, 

mot be expected Lo form-under- these conditions, this is in 

agreement with the weight loss exneriments. The differences 

in total volatility (fig. 21) can therefore be attributed to



the differences in boiling point of the resvective trihalides. 

Although the arsenic trioxide/Cereclor 70 had the highest 

total Wolebltty this was not necessarily due to reaction, as 

arsenic trioxide itself has a very low sublimation temnerature 

(below 400°C see Anoendix III) under these conditions it would 

therefore be expected that a considerable amount of arsenic 

trioxide would be volatilised. It has been shown that in 

order to get antimony into the vavour phase it is necessary 

to form the halide, in the case of arsenic this is not neces- 

sary, therefore it may be predicted that mixtures of arsenic 

trioxide/Gereclor 70, or alternatively arsenic trioxide alone 

would be effective flame retardants. 

Fig. 22 compares the effect of heating torether ammonium 

halides with antimony trioxide. Ammoniun bromide/antimony 

_trioxide mixtures are considerably less volatile than ammo- 

nium chloride/antimony trioxide mixtures, at 500°c, provably 

due to a combination of reasons. 

1. Ammonium chloride undergoes a considerably higher 

desree of dissociation than ammonium bromide. 

2. Antimony trichloride is more volatile than antimony 

tribromide. 

3. Although thermochemical data was not available it 

is likely that the tribromide is less ready to form than 

the trichloride. 

The. addition of 1 part dicumyl peroxide to 10 rarts
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mixture had a surprising effect on the volatility curve 

‘suggesting possibly that the presence of the peroxide en- 

hanced decomposition of ammonium bromide to hydrogen bromide. 

The effectiveness of ammonium chloride in producing 

antimony trichloride with antimony trioxide suggests that 

it would probably make an effective flame retardant system. 

Fig. 23 illustrates the effect of heaticas together 

Flammex 5BT (pentabromotoluene see Appendix I) with antimony 

trioxide, at various temperatures. Clearly no reaction 

occurred over the temperature rade 460 - 610°C. On heating 

Flammex 5BT alone at 500° for 15 mins. V was 98.h% its 

decomposition temperature is claimed to be 360°C but it 

tends to sublime well below this, suggesting that any de- 

composition occurs in the vapour phase. 

Heating together Flammex 4BS/antimony trioxide and also 

Flammex 5AE/antimony trioxide at 500°C (Fig. 2) showea 

that a limited reaction does occur but each producing a V 

value of only approximately 60% indicating that antimony 

tribromide is not readily formed. 

Fig. 25 compares the volatility of antimony trioxide/ 

bromoparaffin and antimony trioxide/bromoparaffin with 

dicumyl peroxide. Dicumyl peroxide appears to have little 

effect on the total volatility of the mixture and it cannot 

be concluded that it enhances decomposition. Comparing the 

curve of the bromoparaffin with those of the three liquid 

Cereclors (Fig. 17) shows that they are very Similar. 

The main point to come from the work discussed so 

far is that combinations of Cereclor 70/antimony trioxide 

were the most effective flame retardant systems of those
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tested under candle burning test conditions but not under 

fire propagation test conditions due to:- 

1. The decomposition of Cereclor 70 in the solid phase 

producing a high yield of hydrogen chloride (ammonium chloride 

and also PVC appeared to be effective chlorine donors). 

2. Thethermochemical ease of formation of antimony 

trichloride (bismuth and arsenic trichlorides have not been 

examined in sufficient detail in resin systems but it seemed 

possible that arsenic trioxide/Cereclor 70 or arsenic trioxide 

alone may produce effective flame retardant systems). 

5. The decomposition temperature of the Cereclor and the 

boiling point of the antimony trichloride closely match the 

decomposition temperature range of the particular resin used. 

It was shown that the volatility of halogen compound/metal 

oxide mixtures yield useful information regarding reactivity 

»between. the Suc types. In addition to those mixtures represented 

in figs. 9 - 25 other combinations were subjected to similar 

conditions, (Mixture Nos. 13 - 43 pages 77, 78 and 79). In 

general these did not show any reactivity or alternatively the 

reaction product wes non volatile under test conditions, V values 

are presented in tabular form on nerves 91 and °2, Consultation 

of thermochemical dats and also physical properties of predicted 

reaction products indicate that the results obtained are feasible. 

In some instances (Mixture Nos. 19, 33, 34, 36, 37, 38, 39, lO 

and 1) it was attemnted to induce reaction by the addition 

of 'catalysts' these, however, were ineffective at the tem- 

peratures under consideration. It is possible that at a higher
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temperature these catalysts would induce reaction but the 

decomposition temperature of the halogen compound is con- 

siderably lower en the boiling points of the predicted 

halides therefore it is likely that the halogen decomposi- 

tion product would be lost before reaction could occur. 

9.u, BS.476 Fire Propagation Test 

Selected resin formulations were tested under BS.476 

fire propagation test conditions. As explained in Chapter 

5 this test method was specifically designed to assess the 

relative fire hazard of room iining materials. It's use 

in the present research was essentially as a standard test 

method which provided gonditions of considerably higher 

thermal stress than the candle burning test, the results 

obtained should therefore only be considered in this context. 

The test procedure was not easy to carry out, difficulty 

mainly arising from achieving an air tight seal around the 

detachable wall. It was found that continual renewal of 

the asbestos paper gasket was necessary. Another source of 

difficulty was the siting of thermocouple tips inside the 

chimney cowling, slight differences in positioning resulted 

in significant differences in the temperature recorded. It 

was found, however, that once experience had been gained in 

using the equipment satisfactory results could be achieved. 

The performance index is an aggregate of the calculated 

rates of temperature rise at specified intervals. The lower 

the index the safer the material. The results presented 

in Chapter 5 give values for 0 - 3, 4 - 10 and 12 - 20 

minute intervals. The first section indicates the ease of
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ignition of the material by a small flame. The second the 

ease of ignition by a larger source of heat while the 

overall setainence index indicates the total heat liberated 

by a particular sample. Table XXVI lists the resin mixture 

in order of effectiveness. 

TABLE XXVI 

COMPARISON OF CANDLE BURNING TEST AND BS.U76 RESULTS 

  

  

  

  

  

  

    

Candle Burning Test BS.4.76 

E Standard Resin Stendard Resin 

3 tris 2,3 dichloropropyl tris 2,3 dichloropropyl 

8 phosphate phosvhate 

& Dechlorane 4.070/antimony Cereclor 70/antimony 

i trioxide trioxide 

eS Flammex 4BS/antimony Flammex LBS/antimony 

4 trioxide : trioxide 

© viCereclor 70/antimony Dechliorane 4070/antimony 

5 trioxide trioxide         
The BS.476 fire propagation test obviously rates 

Cereclor 70/antimony trioxide and Dechlorane ho70/antimony 

trioxide in reverse positions of effectiveness compared 

with the candle burning test. This result is in agreement 

with the results obtained in the weight loss experiments. 

In some instances (figs. 29, 30 and 31) the curve for 

the material under test just crossed the calibration curve 

this was due to sooting up of the thermocouples during the 

test. On consultation with users of similar equipment it 

appeared that it was necessary to remove the thermocouvles
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and brush any soot away periodically during the test. This 

was not carried out due to the difficulty in replacing the 

thermocouple tips in exactly the same positions. | 

Detailed discussion of these results seemed unnecessary, 

the anomalous situation which arose from the weight loss 

experiments has been explained. It may therefore be con- 

cluded that while the candle-burning test is useful as a 

semi-quantitative small scale test, in order to obtain a 

more detailed picture of the effectiveness of a particular 

system it is necessary to test performance under conditions 

of higher thermal stress. 

As explained in previous chapters, a dual approach to 

the problem of flammability of plastics was adopted, this 

particular thesis being devoted to the study of inhibitors 

in the gas phase. The preliminary work using resin systems 

was carried out, initially to provide a bank of background 

information and also to attempt to identify those classes 

of additives which were effective by gas phase inhibition. 

In order to more easily study flame inhibition the pyrolysis 

stage of the combustion of plastics was dispensed with and 

model fuel diffusion and premixed flames studied. 

i 9.5. The Effect of Inhibitors on Diffusion Flames 

The oxygen index was used as a measure of inhibition 

effectiveness. The method proved satisfactory for assessing 

the relative effectiveness of gaseous and liquid inhibitors 

but practical difficulties arose on attempting to meter 

solid inhibitors quantitatively into the flame zone. 

Reproducible flames of model fuels were used to study 

the effect of liquid and solid inhibitors dissolved in the
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fuel. In many instances this seemed to increase the vis- 

cosity of the fuel considerably. Fig. 36 indicates that at 

a level of 20g inhibitor per 100g fuel all of those tested 

produced only negligible increases in oxygen index. It is 

clear that the volatilization of the additive relied on 

adequate feedback of heat from the flame zone and in the case 

of the less volatile materials feedback often was not great 

enough and a deposit of additive tended to form in the bowl 

of the burner, obstructing the passage of fuel, hence the 

flame extinguished through fuel starvation. The more vola- 

tile additives, however, did not suffer from this failing 

and were evaporated into the flame zone. While this method 

is unsuitable for incorporation of viscous liquids and 

solids it is satisfactory for the more volatile liquids. 

Figs. 34 and 35 illustrate the effect of inhibitors 

on the oxygen index of styrene monomer and toluene flames 

respectively. In each case a relatively shallow increase 

in oxygen index was observed for mixtures below 50 : 50 by 

weight. 

In the case of styrene flames it was not possible to 

burn mixtures containing greater than 75% by weight carbon 

tetrachloride or chloroform. However, trichloroethylene 

alone burned with an oxygen index of 0.450 and it seemed 

likely that it was behaving as a fuel and also inhibitor 

under these conditions. Carbon tetrachloride and chloro- 

form probably decompose under flame conditions and inhibit 

flame reactions by the mechanism proposed by Rosser et al 

in reactions such as:-



Oe ee + OR ee 

OH + HX ————s X + HAO .....0.-.... 2 

Reaction (1) representing hydroven abstraction from the 

fuel and (2) the destruction of the hichly active OH radical. 

X atoms are regenerated, thus the inhibition cycle is self 

perpetuating. 

Even for additives such as bromoform a high concentration 

is essential before significant inhibition occurs. While this 

may be practicable in the case of flame extinguishnent (halo- 

genated organic compounds, particularly fluorine containing 

materials, are freouently used as fire extinguishers), whe. 

considering flame vroofing the smallest possible concentration 

of retardant is desirable. Hence the use of synergists such 

antimony trioxide with halogenated compounds. 

Figure 5/7 illustrates the effect of introducing anhydrous 

-hydrogen chioride to both the fuel and aiidapheee sides of 

a toluene diffusion flame. The results have been calculated 

on a molar concentration basis and it is seen that hydrogen 

chloride introduced to the atmosphere side of the flame is a 

considerably more effective inhibitor than when introduced with 

the fuel. This is in agreement with the results of Creitz 

and Simmons and Wolfhard. 

As the minimum oxygen concentration in the atmosphere 

was taken as the criteria of effectiveness only those con- 

centrations of hydrogen chloride which quenched under similar 

oxygén concentrations may be compared i.e. oxygen index values
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w.405 = 0.210. 

The ratios [uca] / [so1ueng] : faci] / [atmosphere] were not 

the stoichiometric ratios for toluene indicating that hy- 

drogen chloride wes not acting purely as an inert diluent. 

Attempts to inject vaporized antimony trichloride in a 

stream of hydrogen chicride was quantitatively unsuccessful 

but it was shown that aualitatively antimony trichloride was 

an effective flame inhibitor. It was found necessary to aim 

the hypodermic needle at the base of the flame, this lead to 

large holes annearing in the flame until stability was conm-- 

pletely upset and the flame lifted end was extinsuished. In- 

jection at higher points in the flame caused holes to apnear 

but it was extremely difficult to get complete extinguishment. 

It seemed, therefore, that the stability of the leading edre 

‘of the flame was importent and quite smal] concentrations of 

antimony trichloride unset this stability. 

The pellet method of introducing metal halides into the 

flame was also unsuccessful. It was clear that considerable 

practical difficulties would have to be overcome before 

inhibitors could be successfully screened using the diffussion 

flame equinment. For this resson the modified Zabetekis 

equipment was built in order to use a vremixed fleme system 

as it was exnected that this wovld be more readily adantable 

to the aims of this work.
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9.6. The Kffect of Inhibitors on Premixed Flames. 

As previously explained the main objective in setting 

up this equipment was thet it should serve as a means of 

assessing the relative effectiveness of inhibitors. The 

types of inhibitor which were of primary importance were 

those which could be directly incorporated into, or could 

be developed, in plastics materials under conditions of 

comoustion. 

The experiments illustrated in figs. L2, 3 and hu 

were therefore only carried out in order to test the equip- 

ment and observe any ‘in use' peculiarities. 

It was expected that flames near the lower flammability 

limit woula be the most suitable for assessing the effective- 

ness of inhibitors as these would not be complicated by the 

presence of excess fuel, therefore figs. h2, 43 and ly present 

‘data obtained only near the lower flammability limit. The 

norma). procedure for presenting data on the effect of inhibi- 

tors on premixed flames is to consider fuel concentration in 

oxidant up to the upper flammability limit. Thus a curve may 

be obtained describing the limits of flammable mixtures for 

fuel/oxidant/inhibitor. 

Zabetakis (U.S. Bureau of Mines Bull. 627) quotes lower 

flammability limits of ethyl acetate, styrene and n-hexene in 

air as 2.2%, 1.1% and 1.2% at 25°C. This compares with 3.3%, 

1.8% and 1.95% obtained here at 100°C. ‘The reason for the 

ear cevense in values is the relatively low power of the ignition 

source used. This discrevancy was probably not important as 

fundamental information was not reauired. 

The experiments using solid inhibitors were considered 

separately in groups. A broad distinction was made between
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those which were thought to volatilize unchanged and those 

which decomposed and/or reacted to give volatile reaction 

products. : 

9.6.1. Comnounds thought to Volatilize Unchanged 

The four trihalides of antimony were studied, these 

showed a tendency toward increasing quenching efficiency 

with increasing atomic weight of the halogen. 

Under flame conditions it may be expected that all of 

these compounds would be more or less readily oxidised to 

the trioxide. Ease of oxidation is expected to be in the 

order iodide> bromide> chloride> fluoride. The other 

product of oxidation is the free halogen, which according 

to Rosser et al could be expected to readily abstract hy- 

drogen from the fuel. The inhibition mechanism described 

in section 9.5. may be represented by the general equations:- 

Hot x ——> HX + & 

Pie ee 

where HX is the fuel, X a halogen atom, HX the hydrogen 

halide and # such species as OH, H, 0, CH; ete. The sub- 

stitution of these active species, which are responsible 

for important exothermic chain branching and propagation 

reactions obviously results in reduced intensity in the 

flame zone. 

Assuming the above proposal to be correct the important 

point is the role of the antimony trioxide in the flame zone. 

Salooja°°, while investigating the anti-knock proper- 

ties of lead—tetraethyl in hydrocarbon fuels showed that 

combustion inhibition due to this compound was entirely at-— 

tributable to the lead monoxides formed. He showed that
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for the hydrocarbons hexane, 2 methyl pentane and 2,2 di- 

methyl butane the presence of either allotropic form of 

lead monoxide éaiftietos the formation of hydrogen peroxide 

and organic peroxide intermediates which in the absence of 

lead monoxide were formed in substantial quantities. He 

showed also that the presence of both forms of lead monoxide 

substantially reduced the formation of aldehyde and ketone 

intermediates but hydrocarbon intermediates were increased. 

Cheaney et a1? showed that the alkyls of bismuth, lead 

and thallium are all effective anti-knock agents whilst 

those «f mercury are not. This was explained by the lower 

decomposition temperature of mercuric oxide producing vola- 

tile mercury metal. Alkyls of each of the other metals 

were capable of producing solid oxide particles in the form 

of fogs. 

It would seem that an analogous situation occurred in 

the flame quenching properties of the halides of antimony. 

The higher efficiency of the iodide may be explained by its 

being more readily oxidised and that iodine is produced on 

oxidation, which in its own right is a more effective flame 

inhibitor than Pinerinic or chlorine. On the other hand, the 

lower efficiency of the other inorganic inhibitors may also 

be explained by the above argument. Of the materials stu- 

died, only the antimony halides were capable of producing 

solid or liquid particles in the flame. Arsenic trioxide, 

with a sublimation temperature of around 300°C obviously 

was not present as solid particles in the flame zone. Ar- 

senic triiodide would be readily oxidised to the trioxide
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under these conditions and the increased effectiveness may 

only be attributed to the release of free iodine. 

Aluminium chloride is unlikely to be oxidised to any 

large extent under flame conditions, hence it would be 

mainly present as the volatile halide, which is less effec- 

Poe than solid particles in the flame. Alternatively, the 

mercuric halides have readily decomposable oxides which 

yield volatile mercury. The ammonium halides obviously are 

not capable of yielding solid particles under these condi- 

tions, similarly with phosphorus pentachloride. 

Therefore, in order for a material to be an effective 

flame inhibitor it must readily undergo oxidation or some 

other reaction forming low energy solid or liquid particles 

in the flame zone. A flame retardant to be used in a plas- 

tics material must also be volatile at or near the adecompo- 

sition temperature of the plastics material. 

9.6.2. Mixtures and Materials which Decomposed_on 

Heating 
9.6.2.1. Chlorinated Compounds 

The effect of antimony trioxide in 50 : 50 mixtures 

with both Cereclor 70 and PVC was to reduce the total weight 

of mixture required to quench the flame, indicating that 

antimony trichloride was readily formed under these test 

conditions. A similar effect was observed with Dechlorane 

4070 but to a lesser degree. 

Dechlorane 4.070 alone, however, was considerably less 

effective than either PVC or Cereclor 70 alone. Dechlorane 

4070 would obviously be decomvosed under flame conditions
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but it seemed likely that under these conditions Dechlorane 

4070 was volatilised largely unchanged. Thus the propaga- 

ting flame front meets a cloud of Dechlorane 4.070. In the 

case of the Cereclor 70 and PVC the propagating flame front 

first meets hydrogen chloride. This therefore seems to be 

further evidence in support of the proposal that stability 

of the leading edge of the flame is critical and that hy- 

drogen chloride is far more effective in reducing this 

stability (probably by Rosser et al's mechanism), than the 

whole molecular species. 

Cereclor 70 with arsenic trioxide proved to be a less 

effective mixture than bathers bismuth trioxide/Cereclor 70 

or antimony trioxide/Cereclor 70. This supports the hypo- 

thesis of the solid particle in the flame being the active 

inhibitor. Bismuth trichloride would undergo oxidation to 

the solid oxychloride or trioxide whilst arsenic trichloride 

would be oxidised to the volatile trioxide and furnish no 

solid particles. 

9.6.2.2. Brominated Compounds 

Addition of antimony trioxide had no synergistic acti- 

vity on any of the compounds studied under these conditions. 

On the contrary, at least twice as much 50 : 50 mixture 

was required to produce the same effect as the bromine 

containing compound alone. This appeared to indicate that 

reaction did not occur between these materials, however, 

this is not in agreement with previous work where it was 

shown that a certain degree of reaction does occur between 

Flammex 4BS and antimony trioxide and also Flammex 5AB/ 

antimony trioxide at elevated temperatures. The probable
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explanation for this is that the hot plate did not provide 

sufficient heat to decompose the brominated compound in the 

Vicinity of the oxide, enabling reaction to occur. 

Although it seems that antimony tribromide was not 

formed under these conditions it is suggested that forma- 

tion of the tribromide is to be preferred due to its 

greater ease of oxidation. 

When producing volatile metal halides ‘in situ' it has 

been shown that a number of factors decide the ultimate 

flame retardant effectiveness when incorporated into plastics 

materials:- 

a. Decomposition temperature of the halogen compound 

relative to that of the plastics material. 

b. Decomposition products of the halogen compound. 

c. Lowest temperature of formation of the metal 

halide. 

d, Ease of oxidation of the metsl halide. 

e. The formation of solid particles on oxidation. 

Failure to match each of these conditions may result 

in a lower efficiency of the system as a whole. It has 

been demonstrated that antimony trioxide, while not being 

unique in its reaction with organic halides produced 

halides which fulfil most of the above requirements. 

9.7. Further Hxperiments Involving Resin Systems 

The proposals suggested by the results discussed above 

were tested in practical systems. The oxygen index was used 

in assessing the relative effectiveness of <i ck Byakena. In 

general the results support the proposals made from the 

model flame experiments. Appendix III gives tables of some 

physical properties of the additives used.
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The two antimony halides (resin mixture Nos. 2 and 3 

page 141) both migrated to the surface of the cast samples, 

it was therefore not possible to be sure of the concentra- 

tion incorporated, nominally 15 poh resin. Even so the 

oxygen indexes obtained were considerably higher than for 

the other inorganic additives (Fig. 51.) Arsenic trioxide, 

mercuricchloride and mercuric iodide (resin mixture Nos. 

h, 5 and 6 page 141) were considerably less effective than 

the antimony compounds, which supports the hypothesis of 

solid particles in the flame. 

Fig. 52 illustrates the eff2ct of various mixtures on 

the flame. Comparing mixtures of ammonium chloride/antimony 

trioxide and ammonium bromide/antimony trioxide (resin mix- 

ture Nos. 7 and 8 page 141) support the observation made 

from the weight loss experiments. Comparison of the oxygen 

indexes produced by arsenic trioxide/Cereclor 70 and bismuth 

trioxide/Cereclor 70 (resin mixture Nos. 9 and 10 page 1l1) 

showed that the arsenic trioxide vroduced the more effective 

system. This is not in agreement with the model flame ex- 

periments, but weight loss exneriments showed that mixtures 

of Cereclor 70/arsenic trioxide gave considerably higher 

total volatilization than bismuth trioxide/Cereclor 70. In 

this instance the much greater concentration of volatile 

inhibitor outweighed the effect of smaller concentrations 

of bismuth trichloride. It was thought that combinations 

of Dechlorane 4.070/bismuth trioxide would yield a higher 

concentration of bismuth trsowiers ces however it seems that 

under candle burning test conditions (i.e. low thermal 

stress) Dechlorane lLo7o probably tended to sublime out before
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decomposition, coupled with this the fact that thermo- 

chemical data has shown that bismuth trichloride is less 

readily formed ein antimony or arsenic trichlorides. 

Combination of PVC and antimony trioxide (resin 

mixture Nos. 12, 14, 15 and 16) gave surprisingly low 

results probably due to the low decomposition tempereture 

of PvC forming hydrogen chloride under less favourable 

reaction conditions. 

Resin mixture Nos. 22, 25 and 24. showed that syner- 

gism does occur between bromoparaffin and antimony tri- 

oxide. Weight loss experiments showed that at 500°C a 

total volatility of only approximately 60% was achieved, 

indicating that the relatively small amount of antimony 

tribromide formed is an effective flame inhibitor. The 

addition of Cereclor 70 to the Bromoparaffin/antimony 

trioxide mixture enhanced the effectiveness. 

Fig. 55 shows the effect of the halogen compound/ 

antimony trioxide ratio on the oxygen index of the stan- 

dard resin. The curves indicate that for a constant 

level of 7.5 pph resin of antimony trioxide an optimun 

level of Cereclor 70 is reached at around 12 pph resin 

of Cereclor 70, which to a certain extent agrees with the 

earlier work carried out on resin systems (Chapter 3). 

The results obtained for this work cannot be directly 

compared with the earlier experiments as a different resin 

and also a different incorporation technique was used. 

Oxygen indexes of the two standard resins were 0.192 for 

the resin used in the earlier work anda 0.185 for that used
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in these experiments. The latter resin was thus in- 

herently more flammable. Comparison of two equivalent 

formulations (ie resin mixture No. 3 page 58 and resin 

mixture No. 20 page 1h2)give oxygen indexes of 0.350 and 

0.287 respectively. It seems unlikely that this difference 

was entirely due to the difference in resins (as they were 

basically similar) but it is probable that the mixing 

technique is quite important, a much more efficient dis- 

persion being possible in the ball mill. 

The temperature measurements were carried out in order 

to investigate whether the proposed reactions were feasible. 

However, the temperatures obtained were not very meaning- 

ful, particularly those taken in the resin. In each case 

the thermocouple was under a slight tension when inserted 

im, the resin, as the flame front progressed down the stick 

the area around the thermocouple degraded until the thermo- 

couple broke out of the hole. Thus, the temperature 

measurement was more a Weacure of the physical strength of 

the compound than an accurate temperature. However, it 

was interesting to note that the stronger materials recorded 

temperatures up to 468°C inside the resin indicating that 

true temperatures were in excess of this. Flame temverature 

were more consistent, producing values of around 700°C in 

most cases, however sooting up of the thermocouple frequently 

occurred and true temperatures were probably in: excess: of 

those recorded. 

0-O-0-O0-O0-0
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CHAPTER 10 

CONCTUSTONS 

While one of the original aims of this work was modi- 

‘fied, i.e. the study of the mechanisms of flame inhibition, 

equipment was develoned which shonld prove useful in asses- 

sing the relative effectiveness of retardants which operate 

by flame inhibition. 

It would seem that the various techniques available for 

measuring the flammability of plastics materials are to a 

certain extent complementery oe derpreeée “of caution should 

be adopted in interpreting results from one individual method. 

Although numerical correlation between Setchkin ignition 

temperetures and oxygen index values was not possible it was 

possible to conclude that the most effective systems i.e. the 

halogenated compound/antimony trioxide mixtures were mainly 

active by gas vhase inhibition. It was also concluded that 

effective flame retardance devended wnon the volatility of 

the halorensted additive, it seemed necessary that the haloren 

compound should decompose in the solid vhase providing more 

favourable conditions for reaction with antimony trioxide. 

The chief reaction product on heating together antimony 

trioxide/Cereclor 70 and antimony trioxide/PVS was antimony 

trichloride. Although these represented near ideal conditions 

the same reaction was exvected to be predominant when incor- 

porated into the resin. Assuming, as in this case, the pro- 

duct of reaction was volatile under test conditions, the
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degree of reactivity could readily be followed by measuring 

the total volatility of mixtures over time veriods. Con- 

sultation of free energy data showed that antimony trichloride, 

bismuth trichloride and arsenic trichloride would all be 

expected to be readily formed under the experimental condi- 

tions. Many other metal oxide/halogenated compound mixtures were 

studied but the Group V halides were most readily formed and 

had boiling points near the degradeation range of the resin. 

Dechlorane LO70/antimony trioxide volatility curves indicated 

that the mixtures should have received a better rating according 

to the flammability tests. Results suggested that the candle 

burnings test assessed performance under conditions of low 

thermal stress and performance indexes of B.S.u4.76 fire pro- 

pagation test confirmed this. 

The apparatus devised for assessing the effect of inhibi- 

‘tors on model fuel diffusion flames was adecusate for studying 

volatile liquid or gaseous inhibitors but practical diffi- 

culties arose on attempting to study solid inhibitors. ‘Sua- 

litatively, it was shown that the stability of the leading 

edge of the flame was important. 

The techniaue develoved for studying the effect of vola- 

tilised’solid inhibitors on premixed model fuel/air flsmes 

was largely successful. The resuits of this work, considered 

in conjunction with other published work suggested that the 

effectiveness of the antimony trihelides was vossibly due to 

their ability to form solid oxide varticles in the flame zone.
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It may be predicted that high energy snecies such as OH, O 

and H radicals are absorbed at the surface of these particles 

which would result in an overall decrease in energy of the 

flame system. Again the leadinse edge of the flame was shown 

_to be important. Volatilization of whole halogensted orsanic 

molecules into the flame was relatively less effective than 

decomposition and liberation of hydrogen chloride prior to 

the flame zone. The hydrogen chloride was then probably 

effective by the mechanism provosed by Rosser et el. 

General conclusions made from these model exveriments 

were confirmed by the later work using practical resin systems. 

0-0-0-0-0-0
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SUPPLEMENTARY INFORMATION ON THE COMMERCIAL 

ADDITIVES Used 

  

Trade Name Nature of Additive Supplier 
  

Cereclor 70 

Solid chlorinated 

paraffin containing 

70% chlorine 

Imperial Chemicals 

Industries 

  

ON
 

1S
} tt
 

Cereclor 

Liquid chlorinated 

paraffin containing 

70% chlorine 

"% 

  

Cereclor S52 

Liquid chlorinated 

paraffin containing 

52% chlorine 

i 

  

Liquid brominated 

  

  

Bromoparaffin " 
paraffin 

Antimony Trioxide 
Timonox Anchor Chem. Ltd. 

Sb,0, 

Perchloropenta- 

Dechlorane 070 cyclodecane 78% 

chlorine 

Kingsley & Keith 

Chemicals Ltd. 

  

Dechlorane 

Plus 515 

Perchloroventa- 

cyclodecane 65% 

chlorine 

tt 

    Firemaster T23P   tris 2,3 dibromo- 

propyl vhosphate      
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Trade Name Nature of Additive - Suoplier 

  

tris 2,3 dichloro- 

propyl phosphate 

Albright & Wilson 

Ltd. 
  

-Le Tritolyl phosphate it 

  

aaF Tri Xylyl phosphate nN 

  

Flammex LBS 
Tetra (pentabromo- 

phenoxy) silane 
Fr. W. Berk Ltd. 

  

Flammex 5BT Pentabromotoluene Wl 

  

Flammex 5AE 
Pentabromopheny1- 

allyl ether 
  

Flammex JAE 
Tribromophenylallyl 

ether 
  

Zine Borate 9506 Zn (BO, ),2H,0 Joseph Storey Ltd. 

  

Calcium Borate 

9578 
Ca(BO,)52.5H0   " 
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APPENDIX IT 

CALIBRATION AND OTHER DATA FOR USE WITH ATMOSPHERE 

METERING SYSTEMS 

Oxygen and nitrogen, 0.0145 ins. diameter orifice No. 2 Meter 
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Oxygen and nitrogen, 0.0135 ins, diameter orifice No. 2 meter 
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Air, oxygen and nitrogen 0.021 ins. diameter orifices 

Nos. 

Pr
es
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re
 
25
°F
 

1 and 2 meters 
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MELTING AND BOILING TEMPERATURES OF MATERIALS USED 

OR PREDICTED REACTION PRODUCTS 

1. Commercial Additives 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Material Ms Pty Oe Bi Pt. °6 

Cereclor , 7/0 - 

Cereclor 70L 288 - 296 

Cereclor 65L 274. - 280 

Cereclor S52 256 - 262 - 

Bromoparaffin 

Dechlorane 4.070 4.85 sub. 360, d.410 

Dechlorane Plus 515 350 

Firemaster T23P 

tris, 2,3 dichloropropyl 
175 (0.1 mm Eg) 

phosphate 

rTP 4.20 

TXP 

Flammex 4BS 355 - 360 Non volatile 

< ad. 380 

Flammex 5BT 280 - 28) Sub. 200, d.360 

Flammex 5AE 160 - 165 Vol. 150, 4.200 

Flammex JAE 75 - 77 VOL. 450):. ds200 

Timonox 656 sub. 1550 
  

Calcium Borate © 
  

Zine Borate 
    Pvc P65-50       

 



2. General Purpose Reagents 
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Material . MeUPt, 6. Bele... °C. 

Bismuth Trioxide 820 1890 

Arsenic Trioxide sub. 300 

Magnesium Oxide 2800 3600 

Aluminium Oxide 2045 2980 

Stannic Oxide te7 sub. 18 - 1900 

Zine Oxide 1975 

Lead Monoxide 

Red Lead ad. 500 

Stannous oxide d. 1080 a 

Ferric Oxide 4565 

Titanium Dioxide 1830 - 1850 2500 - 3000 

Manganese Dioxide - Co] 555 

Ceric Oxide 

Antimony Trifluoride 292 sub. 319 

Antimony Trichloride AD a 284 

Antimony Tribromide 96.6 280 

Antimony Triiodide 170 401 

Arsenic Triiodide 14.6 403 

Aluminium Chloride 190 (2.5 atm) 182.7 

Ammoniun Chloride Sub. 440 520 

Ammonium Bromide sub. 452 232 (vac) 

Mercuric Chloride 276 302 

Mercuric Bromide 236 322 

Mercuric Iodide 259 554 

Phosphorus Pent.achloride dy 16678 sub. 162    
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Material CPt. o Se rt. 

Hexamine sub. 285 -— 295 

Dicyandiamide 

Arsenic Tribromide 32.8 221 

Magnesium Chloride 708 44.12 

Stannic Chloride a5 Mie 

Stannous Chloride 2.6 652 

Zine Chloride 283 {52 

Lead Chloride 501 950 

Ferric Chtoride 306 @. 315 

Titanyl Chloride - 25 136.4 

Manganese Chloride 650 4190 
     



10. 

ee 

198. 

REFERENCES 

Levy A, Droege J.W., Tighe J. and Foster J.F. Eighth 

Symposium (International) on Combustion (1962)52h. 

- Friedman R. and Levy J.B. (January 1957) WADC Tech. 

Report No. 56-568. 

Rosser W.A. Jr., Inami S.H. and Wise H. Combustion and 

Flame 10 (1966) 287. 

Edmonson H. and Heap M.P. Combustion and Flame 13 

(1969)472. 

Rosser W.A. Jr., and Wise H. U.S. Dept. of Commerce 

Report PB131797 (1957). 

Burgoyne J.H. and Williams-Leir G. Proc. Roy. Soc. 

London A.193 (1948)525. 

Coward H.F. and Jones G.W. Bull U.S. Bur. Mines (1952)503. 

Burdon M; Burgoyne J.H. and Weinberg F.J. Fifth symposium 

(International) on Combustion. New York (1955)647. 

Simmons R.F. and Wolfhard H.G. Trans. Faraday Soc. 

51(1955)1211. 

Purdue University Foundation and Dept. of Chemistry 

July 1950. Final Report on Fire Extinguishing Agents 

for period ist Sept. 1947 to 30th June 1950. 

Simmons R.F. and Wolfhard H.G. Trans. Faraday Soc. 

51(1956)53 

142. van Tiggelen A. Rev. Inst. Franc. Petrole 4(1949)4439.



13. 

1h. 

15. 

16; 

tas 

18. 

19. 

20. 

21 

22. 

23. 

eh. 

25. 

26. 

2/7. 

28. 

29. 

30. 

199. 

Belles F. NACA Tech. Note 3565 Lewis Flight Propulsion 

Lab. Cleveland Ohio (September 1955). 

'Fryburg G. NACA Tech. Note 2102 Lewis Flight Propulsion > 

Lab. Cleveland Ohio (May 1950). 

Fenimore C.P. and Jones G.W. Combustion and Flame 

7(1963) 323. 
Rosser W.A. Jr. and Wise H. U.S. Dept. of Commerce 

Report PB151438(1958). 

Butlin R.N. and Simmons R.F. Combustion and Flame 

12(1968) 447. 

Creitz E.C., J. Research NBS 65A(1961)389. 

Mills R.M. Combustion and Flame 12(1968)513. 

Rosser W.A. Jr., Inami S.H. and Wise H. Combustion 

and Flame 7(1963)107. 

Dewitte M., Vrebosch Je and van Tiggelen A. Combustion 

and Flame 8(196),) 257. 

Friedman R, and Levy J.B. Combustion and Flame 7(1963)195. 

Semenov N.N. Some Problems of Chemical Kinetics and 

Reactivity 1(1958). 

Lask G. and Wagner H.G. Eighth Symposium (International) 

on Combustion (1962)432. 

Salooja K.C. Combustion and Flame 9(1965)211. 

Chamberlain G.H.N. and Walsh A.D. Proc. Roy. Soc. 

A215(1952)175. 

Dahms R.F. Petroleum Refiner 1(1962)132. 

Schmidt W.G. Trans. J. Plastics Inst. 53(1965)2h7. 

Robinson J.G. Rubber and Plastics Age (May 1968)22. 

Encyclopedia of Polym. Sci. and Tech. 7(1967)1.



at. 

pas 

33. 

3l. 

35. 

20. 

37. 

58: 

29. 

ho. 

ii. 

Res 

43. 

uh. 

45. 

6. 

47. 

8. 

49. 

50. 

200. 

Learmonth G.S., Nesbitt A. and Thwaite D.G. British 

Polym. J. 1(1969)1h9, 

Learmonth G.S. and Thwaite D.G. Brit. Polym. J. 

1(1969)15)4. 

Learmonth G.S, and Thwaite D.G. Brit. Polym. J. 

In press, 

Learmonth G.S. and Thwaite D.G. Brit. Polym J. 

In press. 

U.S.P. 2,158, 281(1939). 

U.S.P. 2,347, 103( 194K). 

U oP 2555355145 (19h35)s 

U.S.P. 2,469,107(1949). 

U.S.P. 2,680,691(1954). 

U.S.P. 2,178, 025(1939). 

U.S.P. 2,299,612(1942). 

Bell K.M. Trans. J. Plast. Inst. Conf. Supp. 2(1967)27. 

Fenimore C.P. and Jones G.W. Combustion and Flame 

10(1966)295. 

Fenimore C.P. and Martin F.J. Combustion and Flame 

10(1966)135. 

Tang W.K. and Neill W.K. J. Polym. Sci. 6(1964)65. 

Grundfest I.J. and Young #.M. Jr. Am, Chem. Soc. Div. 

Org. Coatings Plastics Chem. Preprints 21 (1) (1962)113. 

Learmonth G.S. and Nesbitt A. Brit. Polym. J. In press. 

Martin F.J. and Price K.R. J. App. Polym. Sci. 

12(1968) 143. 

Bell K.M., McAdam B.W. and Wallington H.T. Plastics 

(November 1966)1439. 

B.P. 1,047,482 BASF.



5u. 

55. 

56. 

57. 

58. 

59. 

60. 

6... 

65. 

66. 

67. 

68. 

69. 

70. 

PVs 

201 s 

Thrune R.I. Am. Chem. Soc. Div. Org. Coatings Plastics 

Chem. Preprints 23 (1) (1963)15. 

G.P. 1,046,315 BASF. 

Jolles Z.E. Trans. J. Plast. Inst. Conf. Supp. No. 

2(1967)3. 

Volans P. Trans. J. Plast. Inst. Conf. Supp. No. 2(1967)u7. 

Cullis C.F. and Smith D.J. Trans. J. Plast. Inst. Conf. 

Suppo. No. 2(1967)39. 

Fenimore C.P. Combustion and Flame 12(1968)155. 

Pumpelly C.T. Bromine and its compounds Ed. Jolles Lies 

(1966)657. 

Eichhorn J.J. App. Polym. Sei. 8(196)2497. 

Ingrem A.R. J. App. Polym. Sci. 8(196L)2u85. 

Hindersinn R.R. Polym. Conf. Series. Wayne State 

University Detroit. (June 1966). 

Boyer N.E. and Vejda A.E. SPE Trans. (January 1964)l5. 

Boyer N.E. Plastics Technology (November 1962) 33. 

Jacques J.K. Trans. J. Plast. Inst. Conf. Supp. No. 

2( 1967) 35. 

Smith A.L. Ind. Eng. Chem. 46 No. 8(1954)1613. 

Parkyn B. Brit. Plast. (January 1959)29.. 

Scott K.A. RAPRA Tech. Review 29(1966). 

Robert C. SPE Trans. (April 1963)111. 

Nametz R.C. Ind. Eng. Chem. 59 No. 5(1967)99., 

Connolly W.d. and Thornton A.M. Mod. Plast. 43(1965)15u. 

Bennett F.E., Chesner L. & Preston R. Fifth Int. Reinf. 

Plast. Conf. Paper 11(1966). 

Ritchie P.D. SCI Monograph No. 13. Society of Chem. Ind. 

(1961)106.



12+ 

Tos 

7h. 

15. 

a0: 

77. 

78. 

79. 

80. 

81. 

ae. 

83. 

8h. 

85. 

86. 

87. 

88. 

89. 

90. 

94; 

92. 

202% 

Madorsky S.L. Thermal Deg. of Organic Polymers. 

Wiley & Sons (196). 

Schmidt W.G. Scott Bader Bull. Compass (1969). 

Anderson D.A. and Freeman E.S. J. App. Poly. Sci. 

2(1959)192. 

Moore W.R., Shah N.B. and Sheldon R.P. App. Plast. 

9(November 1966)l1. 

Freeman &.S. and Carroll B. J. Phys. Chem. 62(1958)39h. 

Madorsky S.L. and Straus S. Mod. Plast. 38(1961)13l. 

Chibisova E.I., Kovarskaya B.M., Pshenitsyna V.P., 

Pazakova Z.A. and Kaganova E.L. Sov. Plast. 9(1967)4):. 

Scott K.A. RAPRA Tech. Review 27(December 1965). 

Sauber W.J. and Patten G.A. SPE Tech. Papers No. 

63.5(1959). 

Learmonth G.S. Conf. on Plastics in Building Structures 

Plast. Inst. Paper 8(14th June 1965). 

B.8.S. 476 part 1 Sect. 1(1953). 

ASTM D.1929 - 68. 

B.S.S. 2782 Part 5 Methods 508A-508E. 

B.S8.S. 737 Superseded by B.S.S. 3497 (1967) ana 

B.S.S. 3503(1967). 

ASTM D.635 - 63. 

ASTM D.757 - 65. 

B.Ss0. u76 Past 4, Sect.-.2 (1955), 

B.S.S. 476 Part 3.(1953). 

ASTM E.162. 

ASTM E.8h. 

Fenimore C.P. and Martin F.J. Mod. Plast. (November 

1966) 141.



93. 

9u.. 

95. 

96. 

97-6 

98. 

99. 

-B.S.S. 476 Part 1 Appendix (1953). 

Setchkin N.P. NBS Res. Paper 2052 (December 1949). 

Vogel Ari: A text book of Quantitative Inorganic 

Analysis 3rd edition Longmans (1961)365. 

B.S.S. 476 Part 6 (1968). 

Zabetakis M.G., Scott G.S. and Jones A.N. Ind. “& Eng. 

Chem. 43(September 1951)2120. 

Cheaney D.E., Davies D.A., Davis A, Hoare D.E., 

Protheroe J. and Walsh A.D. Seventh Int. Symp. on 

Combustion (1958)183. 

Handbook of Chemistry and Physics. Chemical Rubber 

Company (1969 - 1970). 

0-O-O-0-0-0



Learmonth, et al.: Flammability of Plastics. I 149 

FLAMMABILITY OF PLASTICS 

I. RELATION BETWEEN PYROLYSIS AND BURNING 
By G. S. LEARMONTH, A. NESBITT and D. G. THWAITE 

The fundamental basis of the burning of polymers is reviewed and the planning of the present investigations 

is justified. Preliminary results are given on the effect of chlorinated additives on the pyrolytic decomposition 

of polyesters. 

Introduction Po 

There is an increasing interest in the use of plastics for 

structural and decorative applications in the building and 

transport industries. Consequently, a good deal of work has 

been done to investigate the flammability of polymer-based 

materials. This topic has been previously reviewed’ and 

information is available from various government organisa- 

tions. However, as already pointed out, most of the work 

recorded has been confined to an empirical nature and there 

is scope for considering the matter more fundamentally. 

In general a solid or liquid plastics material will not burn, 

and the phenomenon which is recognised as burning is 

dependent on the presence over the surface, of vapour or 

other low molecular weight fragments derived from one or 

other of the ingredients of the plastics compound. Solid- 

phase burning is discussed later. Burning will in fact follow 

the sequence: (i) all or part of the material is heated from an 

external source, enough to produce a vapour or a concentra- 

tion of volatile fragments from polymer degradation; (ii) 

when sufficient concentration of fuel is in the vapour phase 

it can ignite and a flame results — this is a high-energy zone 

in which rapid free radical reactions occur, and is of the type 

known as ‘diffusion’ flame, controlled by the rate of diffusion 

of fuel gases into the flame zone; the net results of reaction 

in the flame are the oxidation of organic matter to oxides of 

carbon, and a certain amount of ‘cracking’ may occur, result- 

ing in the formation of carbonaceous smoke or soot; (iii) the 

flame heats the plastics material and more vapour is formed 

which perpetuates the cycle; and (iv) some polymers degrade 

to leave a residue of graphitic carbon in a more or less 

orientated state; if the temperature is high enough, the residue 

can burn in the solid phase, but the kinetics are different and 

the reaction rate is at least an order of magnitude less than 

gas reactions. 

Mechanism of pyrolysis 

In any plastics material, the course and results of pyrolysis 

are dependent on the polymer used. In the general case, 
pyrolysis occurs in three stages.*~> At moderate temperatures, 

below about 300° functional groups react or are eliminated 

from the main polymer skeleton. In some cases these are 
groups residual from condensation reactions, or such groups 

as catalyst residues. Otherwise, elimination is of a single 

species of low molecular weight such as HCl from polyvinyl 

chloride or HO from cellulose, and this may be accompanied 

by regular changes in the nature of the main polymer chain 

or network.® Between 250° and 550° thermal movement of 

the polymer chain or network segments is sufficiently energetic 

to give bond scission in the main structure. This may be 

located at random with the production of polymers of much 

lower molecular weight and some small amount of volatile 

fragments, or may be at chain ends giving ‘unzipping’ and 

the formation of monomer or very small polymer units, 
which are volatile and leave the original material only 
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slightly lowered in molecular weight. In cases such as PVC 

and cellulose, the reactions which have occurred in the first 

stage may be prerequisite to the fission stage.’ Some polymers 
always, and most polymers under some conditions, give some 

recombination of the fragments produced in this stage of 

pyrolysis, and it is usual for this to result in an aromatic or 

condensed ring structure irrespective of the nature of the 
original chain or network.® In such cases a third stage occurs; 

in this the structure is increasingly condensed, and all elements 

other than carbon are gradually eliminated, leaving a carbon 

‘char’ the exact composition of which depends mainly on the 

temperature reached. 

Relation between pyrolysis and burning 

At any time during the burning of a polymer there is a 

vapour phase in which the actual flame reactions are occur- 

ring and a solid phase, usually in the form of a surface, which 

may be partly carbonised, in which fuel for the gas reactions 
is being produced.® It seems that there are two ways in which 
flammability may be controlled namely, modification of the 

course of the reactions in the solid phase to produce less 
volatile matter, or alternatively to prevent burning in the gas 

phase. The latter may be simply a matter of diluting the 

mixture of fuel and air or oxygen with an inert gas, or cooling 

it by some endothermic reaction, or introduction of some 

alien species to inhibit the free radical reactions involved in 

the flame formation. 
In addition to the normal methods of control mentioned, 

it is also possible in some cases that an inert surface gaseous 

layer forms and has some specific effect on burning. This 

effect is often cited, but is difficult to verify in practice. 
The experiments described in this paper are intended to find 

out the effect of various common ‘flame-proofing’ agents on 
the solid-phase reactions and the flame as defined above. The 

polymers used are unsaturated polyesters dissolved in styrene, 

and cross-polymerised by free radicals from organic peroxides. 
In addition, both polystyrene and polypropylene are under 

investigation. 

Polymer degradation reactions 

Degradation of polystyrene has been described by several 

workers. The process is not simple, in that the main reaction 

is preceded by a random fission. However, the effect is that 
there is a steady formation of monomer with smaller amounts 

of dimer and trimer, with the degradation proceeding from 

an activated chain end in each case.!° 
Polypropylene gives very little monomer, and is apparently 

degraded almost entirely by a random scission process.’° 

Unsaturated polyesters give a complex pattern, and little 

clear information is available, though some work on model 
compounds and on saturated polyesters such as polyethylene 

terephthalate are relevant.!! The polyester network is com- 

posed of polyester chains of molecular weight about 1500 

crossed by styrene-fumaric acid copolymers of molecular
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weight, about 15,000. Usually the polyester chain is derived 

from fumaric and phthalic acid and a simple glycol such as 
1,2-propylene glycol, but sometimes other raw materials are 

used. The typical reaction of an ester in degradation is 
formation of an olefin and a carboxylic acid fragment, but 

there are many side reactions such as decarboxylation of the 

main chain fragments. In crosslinked polyesters this may be 

complicated by degradation of the styrene (or other monomer) 

crosspolymer, about which there seems to have been nothing 
published. 

The course of pyrolysis and thus of flammability can be 

greatly affected by additional materials in the plastics com- 

pound.!? As these are many and varied, the situation tends to 

be complicated. Usually inorganic additives, such as silica, 

asbestos or glass, mainly affect the thermodynamics of the 

system by increase or decrease in the thermal demand, but 

sometimes they may affect the pyrolysis. In some other cases 
the mechanism is fairly clear. For example, the addition of 

potential acids such as phosphates to cellulose results in the 
removal of water and this considerably alters the course of 

pyrolysis.*° Thus instead of production of many small frag- 

ments, most of the carbon present appears as char. Also in 

the case of PVC, where the first step in degradation is loss of 

HCl, not only is the original dehydrochlorination very 

sensitive to traces of some metals, but all technological 

materials contain stabilisers. These either prevent dehydro- 

chlorination or affect subsequent degradation of the polyene 

structure left when all the HCI is gone. In most other cases 

the mechanisms are not too clear. For example, when chlorine 

is added to polyesters it will reduce flammability, whether it 
is in an additive or part of the polymer structure, but it is 

not yet clear whether this is by modification of the pyrolysis 
or inhibition of the flame reactions. 

Pyrolysis in the solid state 

The reactions involved in degradation of the solid polymer 

have been described above in general terms. Where there are 

no complicating circumstances, the reactions in every case 

involve bond splitting, and are therefore endothermic. In the 

presence of air, however, oxidative reactions may either 

precede or follow the main scission, and sometimes the 

balance of heat changes may be exothermic. In a complete 

evaluation of these reactions, it is therefore necessary to 
follow both changes in weight due to loss of fragments, and 

the accompanying thermal changes. Such reactions in the 

condensed phase can be studied either by studying the com- 

position and thermal changes taking place in the solid state, 
by differential thermal analysis (d.t.a.), thermogravimetric 

analysis (t.g.a.)'® or related techniques, or alternatively by 

analysing the products of pyrolysis under different conditions. 

T.g.a. involves heating a few mg of the sample material in 
a recording balance, usually by raising the temperature by 
about 10 or 20°/min. Although there are techniques for 

extracting kinetic information from t.g.a. curves, it is truly 

a diagnostic technique, enabling the overall pattern of weight 
loss with temperature to be seen from a single experiment. 

The earlier techniques*~*:'4,'5 derived kinetic results from a 
single analysis. These methods yield rates averaged over a 

wide range of events, and Anderson,'® Friedman!:!7 and 

Reich'® have developed better expressions, using a series of 

t.g.a. curves at different heating rates. For accurate estima- 
tion of reaction rates it is necessary to work isothermally. 

By following the weight loss against time at a series of tem- 

peratures in separate experiments, it is usually possible to 

relate specific reaction rate with activation energy and a pre- 
exponential factor in the Arrhenius equation. The only dis- 
advantages of this procedure are the time involved in making 
the separate experiments, and the time required to heat the 
sample to operating temperature. An error is introduced by 
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this latter factor, because the sample is presumed to de- 

compose during the heating period, and an extrapolation is 

necessary to find the initial reaction rate. 
In d.t.a. the sample is heated so that the temperature rises 

steadily in a similar manner to t.g.a. but in this case its 

temperature is continuously compared with that of an inert 

reference material. Only the net result of the reactions occur- 

ring at any given time is measured; nevertheless this technique 

gives useful information about the successive stages of 

thermal degradation." 
The alternative process of analysing the volatile products of 

pyrolysis at constant temperature has been described!° and is 
usually achieved either by pyrolysis direct into a gas-liquid 

chromatography column, or in a vacuum rig from which 

several fractions are recovered and analysed by conventional 

means. 

Reactions in the flame 

Usually control of the flame in burning plastics compounds 

is achieved by the introduction of chlorine or bromine and 

sometimes antimony oxide. Knowledge of the way in which 

these operate is scanty and often speculative, and it may be 

of interest to review the possibilities.'® There is a synergistic 

effect when halogen and Sb,O, are present together but this 

is also not well understood. 

There is a possible ‘blanketing’ effect in which inert gas or 

some other pyrolytic species is present in high concentration 

immediately on the gas side of the interface. This could 
effectively lower the temperature of the solid side of the inter- 

face and slow down pyrolysis, though there seems little 

evidence for the effect. However, it must be that the species 

expelled from the surface will move into the flame zone by 
diffusion, upon which will be superimposed some movement 

related to the gas velocity (the gas stream may be turbulent, 
which would steepen the concentration gradient considerably; 

see Fig. 1 and Table I). 

The injection of volatile fragments from the surface into 

the gas side will cause some cooling, especially if the frag- 

ments can react endothermically thereafter. 

It is known that flame can be extinguished by injection, 

into the reaction zone, of finely divided particles which 

<300°K 
Mach \~2.9 

    

   
    

  

I Unchanged 

Pyrolysis 

¥ IV High temp. reactions ——_{¢"sio2 ae 
Y Gas boundary turbulent BOUMENEABY!. 

VI Hot gas stream turbulent 

Fig. 1. Effect of burning plastic compound in a flame 
Compound used contained 38% phenol resin and 62% glass 
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TABLE I 

Composition of plastic compound subjected to burning 
Compound used contained 38% phenol resin and 62% glass 

  

  

Zone (see Fig. 1) Cc H Oo N Mineral 

I 28-25 2°15 7:66 0-34 61-6 
I 2077 1-93 6°87 0-13 63-3 

27:04 1-59 D1) 0-17 65:5 
Til 23-32 O37 1-40 0:12 74:8 

26:96 0-16 0-93 0-10 71:9 
IV 33-30 0:09 - 0:20 66:6 
  

absorb the reactive species in the reactions. It is possible that 

antimony oxide acts in this way.”° 
It is probable that effective inhibition of flame is due to the 

removal of active free radicals by transfer reactions. Various 
assumptions have been made about the form in which chlorine, 

bromine and antimony appear in the gas phase. Rosser & 

Wise?!:22 have studied the inhibition of hydrocarbon flames 
and concluded that HBr is the active species. Volans'® 

further studied the effect of bromine on burning of poly- 

styrene and also believes that HBr is the active fragment. 

However he was working under non-oxidative conditions. 
In connexion with diffusion flames Creitz?*> found that 

organically combined halogen was active. 

Experimental techniques 
The ‘candle-burning test’, described by Fenimore & 

Martin?4 seems of special interest. A stick of plastics material 

is burned in an enclosed tube where the atmosphere can be 
controlled. The concentration of oxygen at which burning is 

just sustained is used as an index of flammability. Martin 

used various atmospheres and developed a theoretical model 

of the system in which stability of the leading edge of the 
flame is critical. He found that halogen was only really 

effective ‘f added to the plastics material, and the effect of 

adding it to the atmosphere was trivial. When the atmosphere 

was N,O instead of oxygen, bromine was much less effective. 
The only standard test which seems relative to the dual 

approach to flammability is the Setchkin test.2°-*’ This con- 

sists of heating a small sample of plastics compound in a 
special furnace with preheated air, and provision of dynamic 

temperature control. The temperature at which the emission 

of active species is rapid enough to burn is measured under 

one of a number of specified circumstances. 
Finally, it is probably relevant to study the burning of a 

model flame, i.e. one based on the species known to be emitted. 

from the solid surface, and equipment similar to that for the 
candle-burning test, or that from which it is adapted, is 

required.19.24,28 

Experimental 

Apparatus 

Simultaneous t.g.a. and d.t.a. measurements were made 

using the Linseis thermobalance Mk I. (Linseis Prufgeratebau 

A-G., Selb, Bavaria. 
The standard Setchkin equipment*®-”’ was used for ignition 

tests as described in A.S.T.M. standard D1929-62T. 
Equipment for the ‘candle-burning test’ (after Fenimore & 

Martin) was made in this laboratory and is described in 

detail in Part IT.*° 

Materials 

Solid-phase reactions 
I Standard resin + 10% Sb,0, + 10% Dechlorane + 

I ” ” “9 ” ” Cereclor 70 

Il n . ee , pentabromotoluene 

IV a 55 os ay ,, tetra (penta- 
bromophenoxy) 

silane 
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Gas-phase reactions 
V Standard resin 

VI 5 5. + 15g/100g Cereclor 70 
Vil 4 as 5, Timonox (antimony oxide) 

Vill Ss 5 ,. Cereclor 70 + 15g/100g 
Timonox 

Ix ” ” ” ” + 7-5g/100g 

Timonox 

x ip _ 5, Cereclor 70L + 7:5g/100g 
Timonox 

XI 5 »» + 16-2g/100g Cereclor 65L + 7:5g/100g 
Timonox 

XII . 5» + 20g/100g Cereclor S52 + 7-5g/100g 
Timonox 

Results and Discussion 

The d.t.a. and t.g.a. thermograms obtained during pyrolysis 
of a standard polyester resin system, and the same resin with 

various additives, are shown in Figs 2 and 3 and Table II. 
From Fig. 2 it can be seen that the thermogram has five 

separate zones, and the temperatures which appear to 

separate them are recorded in Table II. Firstly there is the 

normal loss of up to 20% by wt. up to about 300°, followed 

by the rapid loss in weight characteristic of the thermal 
reforming stage. At about 400° there is an apparent halt 

point up to about 450°, corresponding to a loss of under 5%. 

Between 450° and 550° a further loss of 15% appears. 

Finally the curve levels out. 
Fig. 4 (a) shows the thermograms normalised with reference 

to the second stage of pyrolysis and this shows not only the 

various stages designated, but also the effect of various 

chlorinated additives. Fig. 4 (b) contains curves which show 
the thermal changes. Because conditions were oxidative, all 

changes are exothermic and the large exotherm should be 
associated with the second loss in weight between 450-550° 

(Fig. 3). In it, the presence of halogen gives a slight increase in 
exotherm, and a slight lowering in peak temperatures. The 

smaller first exotherm on the other hand is distinctly decreased. 

In the initial part of the weight curves, there is not a great 

deal of difference between the various materials except that 

the brominated materials are losing weight faster. 
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Fig. 2. Thermograms obtained during pyrolysis of a standard 
polyester resin and with various additives 

(a) No additive; (b) with Dechlorane +; (c) with Cereclor 70; (d) 
with pentabromotoluene; (e) with tetra (pentabromophenoxy) silane
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Fig. 3. Differential thermogravimetric analyses ( ) and 
differential thermal analyses (— — —) for standard polyester resin 

and with various additives 
(a)-(e) as for Fig. 2 

  

  

TABLE II 

Thermogravimetric analyses 
(Apparent points of inflexion—Fig. 2) 

  

  

Temp. for 
Sample A Be ap 50% residue Residue, % 

I 260 370 425 525 310 10 
I 265 370 450 550 B25 5 

Ii 2S) 375 1470. 525 345 15 
IV 300 370 475 550 350 10 
Resin alone 265 370 450 540 330 2, 

  

The general shapes of these curves agree with those of 

Anderson & Freeman*® and of Moore ef al.*! It is suggested 
by Anderson & Freeman that the first stage of weight loss is 
due to hydroperoxidation of the styrene in the crosslinking 

chain, followed by rearrangement and cleavage to give 

benzaldehyde as one of the products of degradation. The 
second stage is thought to be due to bond rupture, with the 
formation of phthalic anhydride and decarboxylation to give 
CO, and propylene; the final weight loss is thought to be due 
to solid-phase oxidation of the residual carbon. Anderson & 
Freeman support these suggestions with calculations of 
energies of activation, reaction orders and frequency factors. 

Learmonth et al.: Flammability of Plastics. I 

  

lo
 

W
E
I
G
H
T
 

R
E
M
A
I
N
I
N
G
,
 

  

    1 1 | 1 

-100 0 100 200 

TEMPERATURE DIFFERENCE , °c 

  

Fig. 4. (a) Resin thermograms normalised with reference to second 
stage of pyrolysis 

(a)-(e) as for Fig. 2 
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Fig. 4 (b) Thermal change of plastic with increasing temperature 

(] No additive; @ with Dechlorane +; © with Cereclor 70; 
A with pentabromotoluene; x with tetra (pentabromophenoxy) 

silane 

Thermal volatization analysis thermograms obtained in this 

laboratory, which will be reported later, generally take the 
form of the differential thermograms without the final peak 

which has been assigned to oxidation of the carbon residue. 

This accords with the suggested mechanisms, if it is assumed 
that sufficient peroxide residues are present initially in the 

cured network for the hydroxyperoxidation of the styrene. 
It is not possible at this stage to explain the effects of the 

various halogenated additives on this general pattern of 

degradation, without extensive analysis of the products of 

pyrolysis, which are being continued. It is to be noted, how- 
ever (Fig. 2) that in every case, the use of an additive decreases 
the total loss in weight and that this difference has occurred 
by the end of the second stage of pyrolysis. The weight loss 
due to the final solid-phase reaction is approximately equal, 
whether or not an additive is present. The fact that the exo- 
therm associated with the second stage of weight loss is 

Br. Polym. J., 1969, Vol. 1, July
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TABLE IIT 

Oxygen index ys linear gas flow 
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TABLE IV 

Effects of Cereclor and antimony oxide 

  

Compound number Oxygen index 

  

Gas flow rate, cm/sec Oxygen index Ignition fee 

41 0-191 Vv 0-192 459 
4-4 0-192 VI 0-235 483 
5-6 0-192 VII 0:233 466 
79 0-192 VII 0-367 506 

9-6 0-192 IX 0-350 480 
T1*3 0-192 xX 0-295 479 
12:0 0-193 XI 0-287 483 
14:8 0-196 XII 0-260 472 
  

larger than for those with additives (Figs 3 and 4) also sug- 

gests that it is in this stage of the overall reaction that the 
flame retardants act. 

Table IIL shows the results of preliminary tests using the 

‘candle-burning test’ to find the range over which varying 

rates of flow in the chimney would give constant oxygen 

index figures. Above 12:5 cm/sec flow was too rapid and the 
flame tended to blow out. 

It can be seen how the addition of various materials has 
affected the burning of the standard resin (Table IV). Materials 

with an oxygen index above 0-260 would correspond to the 

qualitative description of self-extinguishing. The synergistic 

effect of using both halogen and antimony oxide can be seen 

(compounds VIT, VIII and IX for example). Furthermore, the 

differences between the various additives are shown. 
The differences between the several chlorinated materials 

(Cereclors) with antimony oxide are greater than might be 

expected, especially between compounds IX and X. These 
differences arise from the difference in physical state of the 

Cereclors, as the mixtures cited all have similar chlorine 

contents. Cereclor $52, 65L and 70L are all liquids, while 
No. 70 is a solid. It is thought that heating tends to decompose 

the solid Cereclor to a higher degree than the liquids, which 

partly distil undecomposed. There is therefore more HCl 

available from the solid material, for reaction with the Sb,O3. 
No definite relation is apparent between the ignition 

temperature and oxygen indices, but the addition of a flame- 

proofing material produces an increase in ignition temperature 

above that of the standard resin in every case. 

The resin mixture VII which contains the only additive not 
likely to be volatile below the ignition temperature of the 

standard resin gives only a slight increase in ignition tempera- 

ture. This is taken to confirm that the flame-retarding effect 
of the additives is largely due to inhibition of reactions in the 

vapour phase. This proposal agrees with observations that in 

all mixtures containing both halogen and antimony, ignition 

was preceded by a series of explosions, probably indicating 

that the ratio of fuel to oxygen was suitable for combustion 
and ignition did in fact occur, but the flame was snuffed out 

by the initial presence of volatile inhibitors in sufficient con- 

centration to prevent flame propagation. 

Conclusions 

From this preliminary report, it is clear that there are 

several techniques capable of estimating the effect of added 

materials on the flammability of a polyester resin, and in 
general giving a series of index figures which will enable 

quantitative results to be obtained. 

Chemistry Department, 

The University of Aston in Birmingham, 

Gosta Green, 
Birmingham 4. 
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FLAMMABILITY OF PLASTICS 
II.* EFFECT OF ADDITIVES ON THE FLAME 

By G. S. LEARMONTH and D. G. THWAITE 

Setchkin ignition tests and candle-burning tests have been shown to provide a numerical index of the effect 
of flame retardant agent on polyesters. Experimental details for a number of commercial halogenated retard- 
ants, which were tested, are given and some conclusions are made about the nature of their action. 

Introduction 

Burning of plastics materials involves two series of events: 

(i) the breakdown of the solid material under thermal stress 

resulting in gaseous and volatile liquid fragments; and (ii) 

at a suitable concentration and temperature, spontaneous 

reaction between these fuels and the oxidant, resulting in a 

flame. 
In an earlier paper’ the fundamental basis of the burning 

of polymers was reviewed and it was concluded that there was 
scope for a more basic approach to the problem of flam- 

mability. It was shown that a logical approach lay in a ‘two- 

pronged’ attack, i.e. investigating solid-phase thermal de- 
gradation pathways and means of altering them with a view 

to reducing the concentration of evolved flammable com- 
ponents, and interfering with flame reactions. 

The present paper reports the suitability of equipment and 

procedures for investigating the effect of reactions occurring 

in the vapour phase. The candle-burning test equipment was 

developed by Fenimore & Martin? for use with plastics. The 

, test consists essentially of burning a stick of polymer in a 
candle-like manner in an atmosphere which has a variable 
oxygen concentration. The limiting oxygen concentration 
which allows a test piece to completely burn is determined 
and is expressed in terms of the ratio: 

(oa 
[0 + (Na 

*Part I: Preceding paper. 

where [O,] and [N,] are the volume concentrations of oxygen 

and nitrogen in the atmosphere; for air 7 is taken to be 0-210. 

Work described here was carried out with an unsaturated 

polyester resin based on maleic and phthalic anhydrides and 
propylene glycol, cross-polymerised with styrene monomer 

[-CH.-CH(C,H;)]. Chemicals likely to be active in reduc- 

ing the flammability of this resin were added; these are listed 
in Table I. The object of the work was to obtain a correlation 

between the results of the proposed test methods with the 

well-known technological effects of certain materials. It is 

proposed to follow this work by studying the effect of these 

and other compounds on the burning of model flames. Thus 
by eliminating the solid phase and therefore the pyrolysis 

reactions a study of the action of these retardants on the flame 
will be made slightly less complex. 

Experimental 

Sample preparation 

The solid linear 1esin was dissolved in styrene monomer by 
rotation in a Pascall ball-mill for 48 h. 

Retardants in all but two cases were added to the resin 
solution and rotated on the Pascall ball-mill until good dis- 

persion was achieved, normally after about 30 min. The 

initiator was added to this mixture and rotated for 10 min. 

2% by wt. of benzoyl peroxide was used as a polymerisa- 
tion initiator. 

Samples of cured resin for testing were prepared using a 

cure cycle of 1 h at 70° followed by a post-cure of 24 h at 70°. 
These are listed in Table IT. 

Three types of test specimen were cast. 

TABLE I 

Additives used to reduce flammability of resins 

  

Additive Trade Name Chemical nature of additive Supplier 

  

Cereclor 70 
chlorine 

Solid chlorinated paraffin containing 70% LET, ftd: 

So Ob Liquid chlorinated paraffin containing 70% 
chlorine 

3 OOls Liquid chlorinated paraffin containing 65% 
chlorine 

DS Liquid chlorinated paraffin containing 52% 
chlorine 

Timonox Antimony trioxide (Sb,O3) 
Dechlorane 4070 Perchloropentacyclodecane (78 % chlorine) 

5 Plus 515 Perchloropentacyclodecane (65% chlorine) 
Firemaster T23P tris(2,3-dibromopropyl) phosphate 

— tris(2,3-dichloropropyl) phosphate 
TTP Tritolyl phosphate 
TXP Trixylyl phosphate 
Flammex 4BS Tetra(pentabromophenoxy) silane 

Se OBIE: Pentabromotoluene 
04 SAL Pentabromopheny] allyl ether 

ie 23 AE Tribromopheny] allyl ether 
Zinc borate 9506 Zn(BOs;)2.2H,O 
Calcium borate 9578 Ca(BO,)..24H,O 

Anchor Chemical Co. Ltd. 
Kingsley & Keith Chemicals Ltd. 

(Hooker Chemicals) 

” ” ” 

Albright & Wilson Ltd. 
Geigy (U.K.) Ltd. 
Industrial Chemicals Div. 
F. W. Berk Ltd. 

” 

” 

Joseph Storey & Sons Ltd. 
” 2” ” 2” 
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TABLE II 

Composition of resin mixtures used 

  

Bi,;O3, 7:5g/100g 

  

  

Additives Sb.O3, nil Sb.O3, 7-5g/100g Sb.Os, 15g/100g + 
As,03, 7:5g/100g 

Cereclor 70 1 5 TL 23 
a ONE 4 
S651 5 
saa O02, 6 

Dechlorane 4070 8 
Sy Plus 515 10 9 

Flammex 4BS 15 
2 ob 16 

2. oa 1 
Firemaster T23P 14 13 
tris(2,3-dichloropropyl) phosphate 12 11 
CP 18 20 
EXP 19 
Zinc borate 9506 21 
Calcium borate 9578 22 
None 2 

Ignition samples Table IV gives V.P.N. values for six batches of the standard 

These were blocks of dimensions ? in x 2 in x }in cast resin prepared at different times but under the same condi- 

into a pre-heated mould capable of producing six specimens. 

The mould was coated with a mould release agent, and the 

top face of the specimens was covered with a strip of cello- 
phane film. On completion of the curing cycle the specimens 

were trimmed to a regular weight on a linishing machine. 
A satisfactory weight range was found to be 4-9-5:5 g. 

Candle-burning sticks 

These were cast in the form of sheets in frame moulds 
8 cm? x 3 mm thick between cellophane film backed with 
plate glass. When heated the film became taut, which gave the 

resin casting a smooth finish. An initial attempt to cut test 
specimens from the fully cured sheet was abandoned owing 

to loss of material through shattering. A method of cutting 

the material with a sharp knife when gelled but not hard 

proved the most satisfactory. The time taken for a sample of 

the material to reach this state depended upon the additive 

present. 

Strips for B.S. 2782 Method 508A 

A similar technique to that just described was used. The 

test specimens required the dimensions 6 in x 0-5 in x 

0-060 in and were cut from sheets 6 in? x 0-060 in. 

Vickers Pyramid Hardness Numbers (V.P.N.) were used 

as a simple test to indicate the extent of cure which was 

aimed at being complete. Specimens prepared for ignition 

determinations were tested using a load of 24 kg applied for 

5 sec. Five impressions were taken, and the mean was reported. 
Table IIL shows hardness numbers of one batch of the 

standard resin cured for various times. 

TABLE III 

Vickers Pyramid Hardness Numbers (V.P.N.) of standard resin 
cured for various times at 70°C 

  

  

Cure time, 
min V.P.N. 

10 — 
15 26:9 
20 27:3 
25 27:3 
35 21:3 
45 25.5 
60 28-3 

120 2133 
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tions. 

It is apparent that a sufficiently high degree of cure may be 

achieved by heating for 1 h at 70° followed by a post-cure of 
24 h at 70°. 

The addition of flame retardant additives affected the 

curing properties of the resin as indicated in Table V which 

shows the optimum cutting time for B.S. 2782 Method 508A. 

These times were the period between the material entering 

the oven in a pre-heated mould and the time when they were 
most easily cut, i.e. between gelled and hard states. 

TABLE IV 

Vickers Pyramid Hardness Numbers (V.P.N.) of different batches of 
standard resin cured at 70°C 

  

  

  

  

V.P.N. 

Resin batch Post-cure 22h __ Post-cure 38 h 

1 29:9 29-8 
2, 29-9 29-6 
3 29:3 30:1 
4 30-2 29-0 
5 29-2 29-5 
6 29:8 30-4 

TABLE V 

Optimum cutting time for B.S. 2782 Method 508A for various resins 

  

  

Resin mixture Cutting time, Resin mixture Cutting time, 
No. min No. min. 

Standard resin 25-30 12 40-45 
1 35-40 13 55-60 
2 45-50 14 40-45 
3 45-50 15 40-45 
4 50-55 16 35-40 
5 50-55 1g 45-50 
6 50-55 18 50-55 

ih 40-45 19 60-65 
8 40-45 20 45-50 
2 40-45 21 35-40 

10 40-45 22 35-40 
11 40-45 23 40-45 
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Additives and in particular organic liquids increase the 

time before gelation. 
These followed the expected pattern, i.e. the addition of 

organic materials to the resin decreased the hardness in 

accordance with the viscosity of the added material. It was 

noted that the resin containing Flammex 3AE had a V.P.N. 

of less than 10, presumably because of the low crosslinking 

efficiency of 3AE compared with styrene. Addition of in- 
organic compounds had no effect on the ultimate hardness of 

the material although they did tend to delay the gel time. As 
expected those materials which most effected the gel time of 

the resin were the organic compounds, particularly the 

liquids. 

Apparatus and test procedures 

Candle-burning test 

Fig. 1 shows the apparatus, which consists of a vertical 

glass chimney 8 cm dia. * 60 cm high, into which mixtures of 

air with oxygen or air with nitrogen may be passed. The gas- 

flow metering devices (Fig. 2) are essentially orifices set in the 
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inlet gas stream with a Bourdon gauge on the high-pressure 

side of the orifice. In practice the orifices are bored in a brass 

disc. By rotating the disc the required size of orifice may be 

placed in the way of the gas stream. The pressure reading on 

the gauge will depend upon the size of the restricting orifice 

and the source pressure. When gas is allowed to flow into the 
barrel a Teflon seal seats itself against the disc and prevents 
leakage. The flow of gas into the barrel may be adjusted 
accurately by means of precision regulators. Vas 

On leaving the metering devices the gases are mixed in a 

common outlet line and fed into the base of the glass chimney 

where further mixing is effected by passing them through a 

layer of glass chips. Gas-flow calibration curves were obtained 

over a wide range of gauge pressures for each orifice. 
The resin strip was ignited from the top by means of a coal 

gas flame supported at the end of a glass tube 12 in long. It 

was found advisable to commence burning in an atmosphere 

rich in oxygen and reduce this when a steady flame had been 

attained. An average of 35 sticks of each material were burnt 

in order to obtain values of oxygen index. An Elliott 803 

computer was programmed to prepare a table of n values for 
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Fig. 1. Candle-burning apparatus 

A, High pressure air source; B, high pressure O,/N, source; C, reducing valves; D, precision regulators; 
E, metering devices; F, glass chips; 

Bourdon 

: gauge 

{ 

G, polymer stick; H, glass chimney 

Teflon seals 
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out 

  

Spring Orifice 

  

Brass disc       
Fig. 2. Detail of gas-flow metering equipment of candle-burning apparatus 
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mixtures of air—oxygen and air—nitrogen; by means of this 

table, equivalent oxygen indices for varying rates of gas flow 

through the chimney were readily available. In practice 

wherever possible the value of the oxygen index was tested 
for at least two different total gas-flow rates. Fenimore & 

Martin? maintained critical flow at all times but the present 

authors found this was not possible when the gas mixture 

approached a value of m = 0-210, i.e. when the diluent gas 

was at a very low concentration. In fact it was found impos- 
sible to accurately determine values between 0-205 and 0-210 

_and also values between 0-228 and 0-210, owing to the very 

low concentration of diluent gas required to obtain these 
values. It was found, however, that few materials fell into these 

categories. 

Setchkin ignition test 

Previous to the development of this test by Setchkin® 

methods of determining ignition temperatures of plastics 

have probably not, in fact, determined the lowest temperature 

at which ignition would occur. Techniques used include: 
bringing a heated porcelain rod into contact with the material 

and estimating the temperature of the rod at which spon- 

taneous ignition occurs; placing a specimen in a pre-heated 

furnace at a temperature known to be above the ignition 

temperature, recording temperatures at various points inside 

the sample at ignition and estimating from these the surface 

temperature at ignition;> and surrounding the sample under 

test with an electrical coil and determining the time lag be- 
tween the production of volatile materials and ignition by 

high-tension sparking plugs.® Results obtained using these 

techniques were not reproducible and their mean values 

differed numerically among themselves. 
The apparatus devised by Setchkin is shown in Fig. 3. 

Essentially it consists of a vertical tube furnace, in the centre 
of which a sample is sited in a crucible. Inside the furnace, a 
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coronite tube of dia. } in less than the bore of the furnace 

stands on a tripod. Metered air is passed down between the 

furnace and the tube, and then circulated up through the 
inner tube around the sample which is in its path. 

The test determines the minimum air temperature at which 

ignition occurs. Temperatures are recorded at the sample 

surface, immediately below the sample holder and at the 

furnace coils. Adjustment in temperature is made with refer- 

ence to the latter thermocouple. 
A slight modification of the procedure was adopted for 

the determination of spontaneous ignition temperatures of 

plastics. It required an approximate ignition temperature to 

be determined by raising the furnace temperature at a rate of 

500°/h for linear air flow rates of 5, 10 and 15 ft/min con- 

secutively, and observing which flow rate produced minimum 
ignition temperatures. It also required isothermal determina- 

tions to be made, near this ignition temperature at the air 

flow rate producing minimum ignition temperatures. These 
runs were carried out by decreasing the temperature at each 

run until ignition failed to occur. The temperature above this 

was taken to be the ignition temperature of the material. 

In practice it was found that a temperature rise of 500°/h 
was not sufficient, especially with resins containing flame 

retardants, as most of the combustible volatiles had been 

released before the ignition temperature had been reached. 
A temperature rise of 2,400°/h produced ignition in every case. 

Initial experiments on the standard resin to determine the 

air flow rate which produced the lowest ignition temperature, 

showed that a flow of 5 ft/min through the apparatus was 

appropriate, and this was adopted for all later experiments. 

Rate of burning (Test B.S. 2782 Method 508A) 

The equipment used in this test is shown schematically in 
Fig. 4. The tests were conducted according to the specifica- 
tion, which requires two pencil lines to be drawn on the 

  
Fig. 3. Ignition temperature determination equipment 

A, High pressure air source; B, reducing valve; C, precision regulator; D, flow meter; E, air flow through base of furnace; 
F, furnace containing sample holder; G, thermocouples 
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    a gauze 

| 22 Seo eee) 

Fig. 4. Rate of burning test equipment (B.S. 2782 Method 508A) 

specimen | in and 5 in from the same end and the strip to be 

held at an angle of 45° above a wire gauze. A coal gas flame, 
non-luminous and $ in. in height is held to the free end for 

10 sec and the time for the flame to spread between the two 

lines is observed. If the flame fails to spread to the first line 
the material is designated self-extinguishing according to this 

specification. The rate of burning is then easily calculated in 

in/min. Five specimens of each resin mixture were tested and 

the mean value was reported. 

Thermal stability of Cereclor 

A simple distillation experiment was carried out on the 

Cereclor range of additives. These materials were individually 

heated in a glass still until only a char remained, and the 

distillate was collected and weighed. It was apparent that 

heating under these conditions resulted in decomposition of 
part of the material. Infra-red spectra were obtained on the 
original material and the distillate in an attempt to assess 

the degree of decomposition. The chief differences were the 
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Results 

Table VII lists values of oxygen index, spontaneous ignition 

temperature, rate of burning (according to B.S. 2782 Method 
508A) and Vickers Pyramid Hardness Number for each of the 

materials listed earlier. 

Discussion 

Effect of additives on after-glow properties 

In general it was observed that materials which contain 

halogenated additives tended to glow after ignition had 

ceased. This was especially so in the cases of mixtures of 

Sb,O, and halogenated organic materials in the standard 
resin. After-glow was readily seen in the residues of burnt 

sticks of these materials in the candle burning test. The 

ignition test also clearly showed the occurrence of after-glow 
in these materials. 

After-glow is the name given to the phenomenon of quite 

intense glowing in the charred residue of a burnt plastic 

material after the flame has gone. This phenomenon is 
attributed to the solid phase oxidation of carbon in the highly 

exothermic reaction: 

> 260   2C + O3 

Fig. 5 shows typical traces of temperatures recorded in 

ignition determinations on the standard resin, the resin con- 

taining halogenated organic compounds and antimony 

trioxide, and the resin containing halogenated phosphorus 

compounds with and without antimony trioxide. 

TABLE VI 

Oxygen index and wt.-°% distillate of some Cereclor additives 

  

  

  

appearance, in the spectrum of the distillate, of a weak to Distillate, Dist. temp. 
medium absorption band at 1620-1660 cm~! and of a medium Additive wt.-% range, °C Oxygen index 

strength band at 960-980 cm~! indicating the loss of some 

HCl. Cereclor 70 — 0-350 
Table VI shows the wt.-% distillate obtained for each ¥ be as aS 3 

Cereclor compound and the oxygen index of the correspond- : S52 34-1 356-262 0-260 
ing resin mixture. 

TABLE VII 

Rate of burning and other data for resins tested 

  

  

Resin No. Oxygen index Ignition temp, °c VEINS Rate of burning, 
in/min 

Standard Resin 0-192 459 29-7 0-83 
1 0-235 483 26-2 0-72 
2 0-233 466 29-6 0-58 
3 0-350 480 29:8 s.e.* 
4 0-295 479 27-6 Sieie 
5 0-287 483 21-5 Sc: 
6 0-260 472 15-9 Sc: 
7 0-367 506 30-9 Se." 
8 0-282 495 30-7 s.e.* 
9 0-286 515 38-4 Sies 

10 0-252 492 33-8 Se. 
11 0-238 506 22:1 s.e.* 
12 0-232 459 18-0 Ses 
13 0-295 456 32:0 S:¢)* 
14 0-255 420 28-9 8.0.* 
15 0-346 481 27:5 Sc. 
16 0-293 461 26:3 sie.* 
U 0-328 463 <10 s.e.* 
18 0-210-0-228 482 14-2 0-74 
19 0-210-0-228 476 14-6 0-81 
20 0-210-0-228 486 22:3 0-67 
21 0-205-0:210 386 Sal 0-90 
22 0-205-0-210 397 29-9 0:76 
23 0-295 489 35-3: s.6,° 

  

*s.e. = self-extinguishing 
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Fig. 5. Time—temperature traces recorded in ignition determinations 
(a) Standard resin, (b) resin containing halogenated organic com- 
pounds +Sb,O;, (c) resin containing halogenated phosphorus 

compounds with and without Sb,O; 

It is clear that after-glow is not occurring in the standard 

resin or those materials containing phosphorus but is a 

characteristic of those materials containing halogen com- 

pounds and antimony trioxide. 

It is expected that differential thermal analysis (d.t.a.) and 
thermogravimeteric analysis (t.g.a.) will be useful in the study 

of after-glow. 

Effect of additives on the flame 

The flame produced when the standard resin was burnt 
tended to be small and stable. At the limiting oxygen con- 

centration the size of the flame decreased until it was the 
same width as the stick. Below the limiting oxygen concentra- 

tion the flame decreased still further in size until it was finally 
extinguished. On the other hand those materials with rela- 

tively high n values tended to burn with a stable flame only 

in oxygen concentrations well above the limiting value. These 

flames were extremely large, and when the limiting oxygen 

concentration was approached the flames remained large and 

were apt to flicker and sometimes lift completely away from 

the solid material. Extinction in these cases was invariably 

preceded by violent flickering. 

A general trend was apparent in the way in which extinction 

occurred. Those materials with low n values, i.e. those which 

burn more readily in air, burned with a reasonably stable 

flame even near their limiting oxygen concentration and 

below this the flame decreased in size until it went out. As the 
n value increased, the size of the flame at the limiting oxygen 

concentration also increased but stability decreased. 
The experiments reported fall broadly into three separate 

groups which are concerned with (a) investigation of chlorine 
as a flame retardant, (b) investigation of bromine as a retard- 

ant and (c) investigation of the effect of various other flame- 

retarding species. 

Candle-burning test 

Chlorine as a flame retardant 
The effect of chlorine in chlorinated paraffins, cyclic decane, 

and chlorinated phosphates on the flammability of the 

standard resin was investigated. If the results obtained are 

compared against each other in groups it is clear that for 

Br. Polym. J., 1969, Vol. 1, July 

159 

15g/100g chlorinated paraffin (or equivalent, for lower chlorine 

contents) and 7:5g/100g antimony trioxide (resin mixture Nos 3, 
4, 5 and 6), the effectiveness of the solid Cereclor 70 is greater 
than that of the three liquids. It is also apparent that the 

effectiveness of the liquid Cereclors increases with chlorine 

content of the compound although the total chlorine con- 

centrations are equivalent. Comparison of oxygen indices of 
resin mixtures 3 and 7 show that increasing the concentration 
of Sb,O; from 7:5—-15g/100g has little effect. 

Probably the most significant result is the decreased oxygen 
index for resins containing the liquid chlorinated paraffins 

compared with those containing solid chlorinated paraffin 

both with 70% chlorine concentration. The distillation 
experiments showed that those materials which are more 

volatile were the least effective as flame retardants. It is there- 

fore suggested that the fire retardant effectiveness of the 
chlorinated paraffin depends upon the ability to decompose 

whilst in the resin rather than distil out as a whole species. 

The increase in fire retardant effect produced by the in- 

creased residence time of the solid Cereclor in the resin 
enables two mechanisms to be postulated. (1) Interference 
with solid-phase degradation reactions by the decomposition 

of the halogenated material—it is known that on heating, HCl 

splits out of these paraffins resulting in a randomly distributed 

polyene structure along the carbon chain; at a suitable 

elevated temperature cyclisation (inter- or intra-molecular) 
may occur at these ethenic sites. (2) Reaction between the 

halogenated decomposition species (HCl) and Sb,O, produc- 

ing flame-poisoning species (X) — this could be a combination 

of antimony trichloride and oxychlorides of antimony. 
Assuming the proposal that the liquid Cereclors largely 

distil out unchanged to be correct, then in effect the action of 

three halogen species in the flame has been investigated. 
These are (i) HCl (resin mixture No. 1), (i) chlorinated 
paraffin plus some X (resin mixture Nos 4, 5 and 6) and (iii) 
X alone (resin mixture Nos 3 and 7). 

The oxygen indices showed that the resin mixtures which 

are likely to release X into the flame are less flammable than 
the others. 

It has been shown that in order to observe synergism it is 

necessary for the chlorinated compound to decompose whilst 

in the resin. The two Dechloranes tested showed inferior 

effects to both the solid and the liquid Cereclors. This is 

probably due to part of the Dechlorane being sublimed out of 
the resin below its decomposition temperature. Comparing 

oxygen indices of the two resin mixtures Nos 9 and 10 it may 

be seen that a greater increase in oxygen index is obtained by 

doubling the Sb,O, concentration for the Dechlorane than 

for the Cereclor (resin mixtures Nos 3 and 7). This may be 

because the Dechlorane decomposes to a much smaller 

extent and thus an increase in Sb,O; in the solid phase will 

increase the chance of reaction occurring between the halo- 
genated decomposition species (probably Cl, in this case) 
and Sb,O3. 

Experiments with resin mixture No. 23 investigated the 

synergistic action between Cereclor 70 at 15 and 7-5g/100g 

Bi,O; + 7:5g/100g As,O; and showed that synergism 

occurred although of a lower order than for antimony. 

The addition of 15g/100g tris(2,3-dichloropropyl) phosphate 
to the standard resin has virtually no effect and when 15g/100g 
Sb,O, is added to this no synergistic effect is observed. 

Bromine as a flame retardant 

The effect of bromine in the form of pentabromotoluene, 

tetra(pentabromophenoxy) silane, tribromopheny] allyl ether, 

pentabromophenyl] allyl ether, and tris(2,3-dibromopropyl) 
phosphate has been investigated. 

At first sight it may appear that the chlorinated materials 

gave a superior performance to the brominated compounds 

—
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but on closer inspection it will be seen that only in the case 
of tris(2,3-dichloro)- and tris(2,3-dibromopropyl)-phosphates 
can a direct comparison be made, and here the bromo 

compound was superior. 
Flammex SBT and 4BS were added to the standard resin at 

levels of 15g/100g with 15g/100g Sb,O; (resin mixtures Nos 15 

and 16). Flammex 3AE and 5AE were substituted for a part of 

the styrene monomer and assumed the role of crosslinking 

agents. Sufficient was substituted to give an equivalent 

bromine concentration in the final resin to that used for 
5BT and 4BS (i.e. 15g/100g). The resin containing SAE gelled 

on standing over night and was discarded. 15g/100g Sb,O; was 
added to the resin containing 3AE (resin mixture No. 17). 

If the oxygen indices of these resin mixtures are considered 

in terms of the volatilities of the brominated compounds then 

the same arguments put forward for the chlorine compounds 
are valid: 4BS has a decomposition temperature of 380° and 

is non-volatile; 3AE has a decomposition temperature of 

200° and tends to sublime at temperatures greater than 150°; 

5BT has a decomposition temperature of 360° and tends to 

sublime well below its decomposition temperature. The 

oxygen indices of the resin mixtures from these compounds 

were 0:346, 0-328 and 0-293 respectively. As 4BS and 5BT 

have about the same decomposition temperatures, the differ- 

ences in oxygen indices can only be attributed to the volatility 

differences of the compounds. Had 3AE not been chemically 

bonded into the resin in the form of crosslinks then an 

anomalous situation would have arisen. However, the bond- 

ing prevents sublimation, and therefore when heated, the 

material loses HBr and/or Br, which is able to react with 

Sb,O3. 

Fire retardants other than chlorine and bromine 

Resin mixtures Nos 18, 19 and 20 respectively show the 

effect of 15g/100g TTP, 15g/100g TXP and 15g/100g TTP + 

15g/100g Sb,O, on the standard resin. Only a slight increase 

in oxygen index over the value for the standard resin was ob- 

tained, and the addition of Sb,O; had no synergistic effect. 
The insensitivity of the pressure gauges noted earlier made 

it possible to assign only a range of oxygen index values to 

these materials, and all fell between 0-210 and 0-228. 

Calcium metaborate, Ca(BO,)..2$H,O, and zinc metabo- 

rate, Zn(BO,)».2H,O, at concentrations of 15g/100g were also 

investigated. Each produced only a slight increase in oxygen 

index over the standard resin, both falling in the range 0-205 

to 0-210. These observations are not surprising as borates 

are primarily used in fire-retardant preparations in textiles 

and cellulosics, for which degradation pathways are different 

from those of polyesters. It may therefore be concluded that 

borates are probably specific, in that their fire-retarding action 

occurs in the solid phase of cellulosic materials and possibly 

in materials which thermally degrade in a similar manner. 

Ignition temperature determinations 

In every case except those of the borates and of T23 P 

: Flammability of Plastics. II 

alone, addition of retardants to the standard resin raised the 

ignition temperature. 

No general trend is apparent in the numerical values of 

these temperatures but there are similarities in the mode of 
ignition of the various classes. Those materials containing 

halogenated compounds, and antimony trioxide tended to 

ignite only after a series of explosions had occurred. This 

phenonemon was not characteristic of the phosphorus- 
containing additives. This observation suggests that gas-phase 
inhibition is occurring with these materials. It seems that fuel 

gases and oxidant are present in concentrations favourable 

to burning and that ignition occurs, but propagation of the | 
flame is not possible, probably owing to the joint effects of 
blanketing and flame poisoning. 

With those resins containing halogen and antimony 

trioxide, evolution of white fumes prior to ignition was 

apparent, and only after the rate of issue of these fumes had 

considerably decreased did ignition occur. 

The presence of phosphorus in the additive effectively 
removes the after-glow, which appears to be induced by the 

halogen species. 
It is predicted from the low ignition temperatures obtained 

for borates that interference with degradation reactions 

causes the evolution of fuels to occur at a lower temperature. 
The traces show that although the shapes of the curves are 

different for different additives, basically the same events are 

occurring. Initially a drop in temperature is observed due to 
the introduction of the sample. This is followed by a warming 

up period when the sample attains the temperature of its 

surroundings. The sample then increases above the initial 

temperature in the crucible; this is the self-heating period 

and is due to exothermic decomposition reactions. On reach- 

ing a certain rate of reaction, ignition occurs and burning 

continues, in the vapour phase; sometimes this may be 
followed by glowing in the solid residue. After the flame is 

extinguished or glow has ceased, a rapid reversion to the 

original temperature takes place. 
Those materials classed as self-extinguishing according to 

B.S. 2782 Method 508A are more precisely defined in terms 

of their oxygen indices. 
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INTRODUCTION 

An earlier paper (1) peewee on the performance of a number 

of commercial flame retardants incorporated into an unsaturated 

cross-linked polyester resin under test wauen td onc suitable for 

investigating reactions in the vapour phase. A general conclu- 

sion drawn from this work was that combinations of halogenated 

organic compounds and Sb0, produced species which inhibited 

flame propagation. More specifically it was found that equal 

concentrations of Cereclor 70 and Sb,0, proved the most success- 

ful retardant, of those tested, by the oxygen index rating. It 

was pointed out that the effectiveness of this system was pro- 

bably due to decomposition of the Cereclor 70 in the solid 

phase evolving hydrogen chloride which reacted with $b0, pro- 

ducing one or a number of species active in limiting flame 

propagation. This paper reports on work undertaken in an 

attempt to elucidate the nature of the species evolved on 

heating together organic halogenated materials and Sb,0;.



EXPERIMENTAL 

1, Materials Tested 

TABLE I 

Chemical Nature of 
Additive Trade Name Supplier 

Additive 

  

  

Solid chlorinated paraf- 
Imperial Chemical 

Cereclor 70 fin containing 70% 
Industries 

chlorine 
  

Cereclor 70L Liquid chlorinated paraf- 

fin containing 70% tt " 

chlorine 
  

Liquid chlorinated paraf- 

Cereclor 65L fin containing 65% . " 

chlorine 
  

Liquid chlorinated paraf- 

Cereclor S52 fin containing 52% " " 

chiorine     

Timonox Antimony Trioxide Sb50, ‘Anchor Chem. Co. Ltd 
  

Perchloropentacyclode- Kingsley & Keith Ltd 

Dechlorane 4.070 : 
cane 78% Chlorine (Hooker Chemicals) 
  

Tetra (pentabromophenoxy 

  

  

Flammex LBS F. W. Berk Ltd. 
silane) 

Flammex 5BT Pentabromotoluene r 

Corvic P65-50 Polyvinyl Chloride Imperial Chemical 

Industries         
  

 



3. 

2, Sample Preparation 

The powdered samples were accurately weighed and intimately 

ground with an agate pestle and mortar. The resin samples were 

ground with a bronze pestle and mortar with dry ice to produce 

a powder which passed through a 36 mesh and collected on a 100 

mesh sieve. A sample weight of between 0.2 and 0.4 em. was 

tested in all experiments. All Sb,03/halogenated orgenic com- 

pound mixtures were 50 : 50 by weight. 

The techniques employed were very simple and the experiments 

took two distinct forms:- 

2.i. Weight Loss Experiments 

Specimens were heated under isothermal conditions and the 

percentage of the material which was volatile was followed with 

time. 

The experiments were conducted in a stream of air passing 

at approximately 6 lit./min., through the Setchkin furnace. 

Samples in ‘cut-off' ignition tubes were dropped into the silica 

erucible which was suspended in the preheated furnace. The 

temperature inside the crucible was measured with a Cr/Al thermo- 

couple. On completion of the required heating time the crucible 

and ignition tube were removed and a lid placed over the crucible 

to exclude air from the cooling sample, prior to weighing. 

2.ii. Determination of Hydrogen Chloride and Volatile SbIII 

The apparatus used is shown in Fig. (1). 

The apparatus was brought to the required temperature before 

introduction of the sample and this temperature was maintained



h. 

throughout the experiment. The sample in a 'cut-off' ignition 

tube was dropped into the preheated apparatus, from the top. 

The materials which were volatile under test conditions were 

swept out of the heated part of the apparatus by a stream of 

air and passed through a liquid nitrogen trap and into a stirred 

solution of 0.1 N NaOH. Careful control of the air flow rate 

was necessary as too high a flow rate resulted in the volatile 

products of reaction between Sb,0; and Cereclor 70 being carried 

into the alkali solution, resulting in hydrolysis and the pro- 

duction of hydrogen chloride. Too low a flow rate resulted in 

hydrogen chloride freezing out in the trap. 

Hydrogen chloride was estimated by passing into 0.1 N NaOH 

solution and back titrating the excess with standard hydrochloric 

acid solution using methyl red indicator. Three determinations 

were made and the mean reported. 

The trapped material was carefully washed from the apparatus 

with the minimum concentrated hydrochloric acid solution and 

SbIII determinations were carried out by titrating with standard 

iodine solution using starch indicator. Three determinations were 

made and the mean reported. 

3. Samples TABLE II 

a. Weight Loss Experiments 
  

Experiment I (i) Cereclor 70 
  

C11) 1 pt. Cereclor 70 + 1 pt. Sb50z 
  

  
Experiment II (i) Dechlorane 070 
  

(43) 1 pt. Dechlorane 4070 + 1 pt. Sb,0,     
 



TABLE II continued 
  

  

  

  

Experiment III | (i) 1 pt. Cereclor 70 + 1 pt. Sb,0, 

(ii) 1 pt. Cereclor 70L + 1 pt. Sb,0, 

(iii) 1 pt. Cereclor 65L + 1 pt. Sb,0, 

(iv) 1 pt. Cereclor ‘S852 + 1 pt. Sb50, 
  

Experiment IV (i) Polyester Resin 
  

(ii) Physical mixture of polyester resin + 

15 pvph Sb.0z + 15 poh Cereclor 70. 
  

  

  

  

  

  

    
(iii) Polyester resin with 15 pph Sb,0, + 

15 pph Cereclor 70 incorporated prior 

to curing. 

(iv) 1 pt. Cereclor 70 + 1 pt. Sb,0, 

Experiment V (i) 1 pt. Cereclor 70 + 1 pt. Sb50; 

(ii) Flammex 5BT 

(iii) 1 pt. Flammex 5BT + 1 pt. Sb50z 

(iv) Corvie PVC P65-50. 

(v) 1 pt. Corvic PVC P65-50 + 1 pt. Sb,0 
23 

  

b, Determinations of Hydrogen Chloride and Volatile SbIII 

  

Hydrogen Chloride det. (i) Cereclor 70 
  

(ii) Corvic PVC P65-50 
  

(iii) 1 pt. Cereclor 70 + 1 pt. Sb50z 
  

Volatile SbIII det.     (i) 4 pt. Cereclor 70 +1 pt. Sb50z 
   



RESULTS 

Throughout the following let V be defined as that per- 

centage of the original mixture which was volatile at the 

temperature under consideration. 

2. 

(I) 

(II) 

(IIT) 

(Iv) 

(Vv) 

Weight Loss Experiments 

These fall into five separate sections:- 

Experiments comparing the degrees of volatilization of the 

Cereclor LO/Sbo0;, mixture and Cereclor 70 alone at 310°C, 

440°C ana 500°C 

Curves of V vs. time are plotted in Figs. (2), (3) ana (hk). 

Experiments comparing the degrees of volatilization of the 

Dechlorane 4.070/Sb,0; mixture and Dechlorane 1070 alone at 

410°, 460°C ana 500°C 

Curves of V vs. time are plotted in Pigs. (5), (6) and (7). 

Experiments comparing the degrees of volatilization of 

mixtures of Cereclor 70, 70L, 65L and $52 with Sbo0,_at 

310°C, 410°C and 500°C 

Curves of V vs. time are plotted in Figs. (8), (9) ana (10). 

Experiments showing the effect of 15 pph Sbo0z + 15 pph 

Cereclor 70 on the degree of volatilization of the standard 

resin at 310°C, 460°C ana 500° 

Curves of V vs. time are plotted in Figs. (11), (12) ana (13). 

Random experiments observing the reactivity between Sbo03 7 

and various halogenated organic materials at various 

temperatures, 

  

A list of V values are shown in Table III.



  

  

  

  

  

  

  

  

  

                      

TABLE IIT 
Temp. | Time Sb50;, Flammex | Flammex | Flammex PYC/Sb,0% PVC Alone 

°¢ |mins.| Alone| 5BT/ 5Br LBS/ 

Sb503 Sb50; 

500 120 50.5 

500 30 | 0.01 

500 15 48,2 98.4 63.6 85.0 96.3 

450 15 48.2 28.3 

410 15 10 

380 30 10 

380 15 6.9 

360 30 48.9 

360 15 8.4 

b. Quantitative Determination of Hydrogen Chloride and 
  

Volatile SbIIt 

  

All decompositions were carried out in air at 500° for 

15 mins. 

TABLE IV 

The results are listed in Table IV. 

  

Mean Hvdrogen 

chloride as wt 

   
Mean Hydrogen 

chloride as wt. 

Volatile SbIII 

   

   

as % of total 

  

  

    

% of total % of total hal Sb 

Chlorine genated material 

Cereclor 70 87.5 G15 

1 pt. Cerecior../0 + 

4. pt. Sb50, 9.2 6.4 7541 

Corvie PVC P65-50 97.9 ers I         
 



DISCUSSION 
It is convenient to discuss independently results obtained 

from the separate experiments listed in the previous section. 

a. Weight Loss Experiments 

Experiment I 

It is clear from Fig. (2) that Cereclor 70 is relatively 

volatile at 310°C and that also at this temperature decomposition 

must occur with evolution of hydrogen chloride which reacts with 

Sb50; producing volatile antimony species (Sb,0, has been shown 

to be 0.01% volatile in air at 500°c for 30 mins.). 

At this temperature V for the mixture is higher than for the 

Cereclor alone. While the Cereclor alone is gradually volatile 

over 15 mins. to a maximum of approx. 68% it is interesting to 

note that the curve of the mixture rises much more steeply and 

reaches a maximum of approx. 74% after only 5 mins. 

N.B. These times to reach maximum volatilization should be used 

only for comparative purposes as they include a sample warm up 

period. 

The effect of mixing Sb,0, and Cereclor 70 at 310°C is 

therefore to increase the total V and also, probably more im- 

portant from a flame retarding point of view, volatilization 

occurs more readily than for the Cereclor alone. It is suggested 

that it is important for prevention of initial ignition that 

volatile flame inhibiting species be present early in the de- 

composition of the resin.



9. 

Figure (3) shows that at 410°C V for the Cereclor alone 

is greater than that of the mixture, reaching approx. 86% and 

79% respectively. It is important to note that the curve of 

the mixture again risés more steeply than the Cereclor alone 

and that total V for the mixture is achieved after approx. 

13 mins. whilst the curve of the Cereclor alone begins to flatten 

out after six minutes. 

Figure (4) follows much the same pattern as figure (3) but 

with an increase in total V of both the Cereclor alone and the 

mixture, at this temperature. Maximum values of V are also 

reached more quickly. 

Experiment IIL 

  

Dechloranes are not considered to decompose appreciably 

below 400°C. For this reason experiments were carried out at 

410°C, 460°C ana 500°C. 

Figure (5) shows that at 410°C the V for Dechlorane 4070 

alone increases linearly between 5 and 30 mins. reaching a value 

of 92% at 30 mins. The shape of the curve of the wistane is 

completely different rising sharply and reaching a maximum of 

approx. 85% after 4 mins. 

At 360°C for 60 mins. the mixture achieved a V value Of 51% 

confirming decomposition to be negligible, although the Dechlorane 

alone is volatile at this temperature. 

At i0°c, however, it is clear that the Dechlorane does 

decompose, evolving species which react with Sb50; producing 

volatile antimony compounds.



10. 

Figure (6) gives the V vs. time curves at 460°C. At 

this temperature the Dechlorane alone is 100% volatile after 

15 mins. The value of V for the mixture reaches a maximum of 

84% after 24 mins. At 410°C ana 460°C it has been shown that 

reactivity does occur between Sb50, and Dechlorane decomposition 

products resulting in volatile species. 

At 500°C (figure 7) the Dechlorane alone has been com- 

pletely volatilized after 7 mins. The V vs. time curves of both 

the Dechlorane alone and the mixture follow the same line - the 

mixture attaining a total V of 85%. 

Comparing the Dechlorane 4.070/Sb50, and Cereclor 70/80 

curves it is apparent that both Dechlorane and Cereclor react 

with Sb,0, to a comparable extent. The reason for the lower 

oxygen index of the resins containing Dechlorane is probably due 

to the higher decomposition temperatures of the Dechlorane. 

From this it may be concluded that under conditions of higher 

thermal stress as encountered in a fire these materials and also 

the brominated additives, which have higher decomposition tempera- 

tures will be comparable if not superior to the Cereclor 70/ 

8b.0; mixture. 

It should be pointed out that the candle-burning test by its 

very nature, assesses the flammability of the material only under 

conditions of low thermal stress. It is likely, therefore, that 

whilst this test is excellent for assessing the performance of 

a material with regards to its being a fire initiator the oxygen
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index rating probably does not describe its performance under 

conditions of greater thermal stress as may be encountered in 

actual fire conditions, 

For this reason it will be interesting to compare the per- 

formance of these additives under BS.476 part 6 - fire propaga- 

tion test conditions. 

Experiment III 

At 310°C the highest value of V is attained by the Cereclor 

70/8b0;, mixture reaching approx. 73% after 5 minsi Cereclor 

S52 and 70L follow much the same pattern but reach only 55% and 

59% respectively. The curve of Cereclor 65L piesa much less 

steeply and flatten out at approx. 60% after 5 mins. At this 

temperature it is clear that decomposition of all four cereclors 

does occur (all mixtures achieve total values of V greater than 

50%). The higher valued? V for the solid Cereclor 70 mixture 

than with the liquid Cereclor 7OL mixture may be due to a lower 

degree of decomposition in the liquid producing less hydrogen 

chloride, or alternatively the liquid probably decomposes to a 

certain extent whilst in the vapour phase resulting in the hy- 

drogen chloride not being in position favourable for reaction 

with Sb,0,. 

Figure (9) shows the curves obtained at 410°C, at this 

temperature the solid Cereclor mixture pepehes a markedly higher 

total: Vv. 2A trena in time for maximum V to be reached emerges 

i.e. the primarary slope of the curve is increased with increasing
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Cl, content of the Cereclor. 

Figure (10) provides further evidence for the higher re- 

activity between the solid Cereclor and Sb50;; whilst a direct 

comparison of V vs. time curves of the Cereclor 70OL mixture 

and Cereclor 70 mixture may be made it must be remembered that 

both Cereclor 65L and S52 have lower Cl, contents and will . 

therefore not be expected to react to the same extent. 

The V values for the Cereclor/Sb,0; mixtures are in agree- 

ment with the oxygen index values obtained for these materials 

in the standard Seen: The relevant values of oxygen index were 

0.350, 0.295, 0.287 and 0.260 for Cereclor 70, 70OL, 65 and $52 

respectively at concentration of 15 pph, or equivalent for lower 

Chlorine content paraffins, with 7.5 poh Sb,0;. 

Experiment V 

Four materials were studied at three temperatures i.e. 310°C, 

460°C and 500%. 

At 310° (fig. 11) the rate of evolution of gaseous fuels 

from the standard resin is not great enough for ignition to occur. 

At this temperature appreciable reaction was observed between the 

Cereclor 70 and Sb50; probably accounting for the increase in 

ignition temperature and explosions occurring prior to ignition. 

The physical mixture of standard resin/Sb,0,/Cereclor 70 

tended to have a higher value of V than in the case where Sb,0;/ 

Cereclor 70 was incorporated into the resin, this was as expected.
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At 460°C (figs? 12): however, the standard resin alone has 

a higher degree of volatilization and it is reasonable to assume 

that between 310°C and 460°C the rate of evolution of fuels 

increases to a point where ignition is possible. If the con- 

centration of flame inhibiting species are not high enough at 

this temperature than ignition will occur. 

It is clear from figs. (12) and (13) that the Cereclor 70/ 

Sb503 mixture is more readily volatile than the standard resin 

this therefore supports what was previously said in accounting 

for the effectiveness of this mixture as rated by its oxygen 

index. 

Experiment _V 
Experiments were carried out on various halogenated organic 

compounds alone and in mixtures with antimony trioxide under 

various conditions, These were not carried out over specified 

time periods as in the previous experiments but under random 

conditions to see if any pattern could be obtained between 

reactivity and oxygen index. 

Flammex 4BS 

Tetra pentabromophenoxy silane has a decomposition tempera- 

ture of 380°C and is non volatile. V for a 4BS/Sb,0,.mixture at 

500° for 15 mins. is only 28.43%. It would therefore seem that 

decomposition of 4BS occurs ‘at a temperature too high for the 

full effect to be found in the standard resin. However, the 

oxygen index of 0.346 is relatively high taking this into con- 

sideration and although the antimony bromine compound is not



14. 

being evolved at the ideal time relative to the decomposition 

of the resin a comparatively ‘good’ material is produced. From 

this it is possible to deduce that bromine has a greater effi- 

ciency than chlorine and if a brominated compound initially 

decomposing around 320°C were used then a marked decrease in 

flammability may be expected. 

Fliammex 5BT 

On heating the pentabromotoluene with Sb50; at 500°c over 

2 hours, the total V was only 50.5% other experiments on the 

mixture and lower temperatures and over shorter periods resulted 

in percentage volatilities of approx. 50%. While heating 5BT 

alone for 15 mins. at 500°C was 98.4%. It may be assumed from 

this that negligible reaction occurs on heating pentabromotoluene 

and Sb,0, together. 

The oxygen index of the standard resin containing 15 pph 

Sb,0, and 15 pph 5BT was 0.293, from the above it appears that 

synergism does not occur between 5BT and Sb50;, therefore it 

may be expected that the removal of Sb50, from the resin mixture 

would not result in a marked reduction in oxygen index in fact 

a value of 0.256 was obtained. This is perhaps a little lower 

than may have been expected but it does indicate that synergism 

does not occur to any great extent between Sb50, and penta- 

bromotoluene. 

It would seem that the increase in oxygen index on addition 

of 15 pph Sb,0, to the resin mixture results from the Sb50; in- 
> 

terfering to a certain extent with propagation of flame across
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the polymer surface - rather than being due to the presence 

of volatile antimony as flame poisoning species. 

PVC 

A sample of Corvic P65-50 was heated alone and with Sb50z 

at 500°C for 15 mins. in order to investigate any similarities 

between this and heating Cereclor 70 and Sb50; together under 

the same conditions. The stoichiometries of these reactions 

are later calculated. 

b.__ Hydrogen Chioride and Volatile SbIII Determinations 

Total hydrogen chloride produced from the decomposition of 

Cereclor 70 and PVC at 500°C over 15 mins. was estimated by the 

method described earlier. On attempting to determine excess 

hydrogen chloride from reaction of a mixture of Cereclor 70 and 

Sb50, it was found that volatile antimony chlorides were swept 

into the alkali solution where they were hydrolysed, producing 

hydrogen chloride. Erroneous results were thus at first ob- 

tained. These volatile antimony chlorides were trapped out with 

liquid nitrogen after carefully regulating the air flow. 

Reaction stoichiometries were thus easily calculated from 

the weight loss data and hydrogen chloride determinations. In 

order to confirm these quantities volatile Sb was also determined. 

SbIII was determined by iodine titration on the trapped out 

material and it was found that within experimental error all of 

the volatile Sb was present as SbIII.
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Calculation of Reaction Stoichiometries 

i) Gereclor 70/Sb,0, 
All data was obtained at 500°C over 15 mins. From weight 

loss experiments. 

1. The degree of volatility of Cereclor 70 alone is 88.0%, 

2. Cereclor 70/8b50 50 : 50 mixture V is 82.3%. 

Assuming that the Cereclor in the mixture has the same 

percentage of volatility as when heated alone. Then the per- 

centage of Sb50z which reacts with hydrogen chloride: 

= 2 x (82.3 - li) = 76.6% of the total Sb,0,, 

Compare analytical determination of volatile SbIII 

= 75.1% of total Sb is volatile. 

From hydrogen chloride determination we have 87.5% of the 

total Cly is evolved as hydrogen chloride. From hydrogen 

chloride determinations on the mixture we have 9.2% of total 

chlorine is evolved. as excess hydrogen chloride, 

.. Chlorine as HCl reacting with Sb,0, 

87.5 = se 

78.3% of total chlorine. 

.. We have reaction stoichiometry of 

76.6 . 18.3 X3° 70 

291.6 55e5 100 

0.262 : 1.54 

4 $ 5.88 

Indicating a reaction stoichiometry of 

Sb50z + 6 HO] —<—— 28bC1, + 3H50
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This is confirmed by the evidence for all of the volatile 

Sb being SbIII. 

ii) PVC/Sb50;, 

A similar conclusion to that for Cereclor 70/8650 may be 

expected. 

In this case weight loss experiment data and hydrogen 

chloride determination on the PVC only were obtained. All data 

was obtained at 500°C over 15 mins. 

From weight loss experiments:- 

1, The degree of volatility of PVC alone ie 96.3% 

2. PVC/Sb,0, 50 : 50 mixture V is 88.0%, 

Assuming that the Cereclor in the mixture has the same 

percentage volatility as when heated alone then the percentage 

volatile Sb,0, i.e. the percentage Sb,0, which reacts with 

hydrogen chloride 

= 2 x (85.0 & 48.2) = 73.6% of the total 8b50;. 

From hydrogen chloride determinations on PVC alone it is 

seen that 98.0% of the total Cl, is evolved as hydrogen chloride. 

The stoichiometry of the reaction calculated below does not take 

into account excess hydrogen chloride which did not react with 

-. We have reaction stoichiometry of: 

ies : 98 - 56.8 

291.0 ane) 100 

0.254 : 1.5OF 

4 : 647
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From this it seems fair to predict that the active species 

is again SbCl,. 

It must be emphasised that these determinations have been 

made on the additives alone and these results represent maximum 

efficiency of reaction which is not expected to be achieved on 

incorporation in the resin. However, it is probably fair to 

assume that the predicted reaction is predominant. 

CONCLUSIONS 

It has been demonstrated that synergism between Sb0, and 

the halogenated additives arises out of reaction between these 

materials at elevated temperatures producing flame poisoning 

species. 

In the case of Cereclor 70/Sb,0, mixtures and also for 

PVC/Sb 505 mixture this flame poisoning species has been shown 

to be predominantly SbC1,. 

0-0-0-0-0-0
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FLAMMABILITY OF PLASTICS IV 

An Apparatus for Investigating the Quenching Action of 

Metal Halides and other Materials on Premixed Flames 
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To be published in British Polymer Journal 1970. 

SUMMARY 

A technique is described for assessment of the relative 

quenching effects upon 'premixed' flames, of volatile materials 

such as metal halides. The effect of a number of compounds has 

been investigated and semiquantitative results are reported. 

Some suggestions as to the nature of the quenching mechanism are 

discussed. 

INTRODUCTION 

Earlier work carried out in this laboratory demonstrated 

the efficiency of mixtures of antimony trioxide and various 

halogen donors in controlling the burning of cross linked 

polyester resins.(1) In subsequent work, concerned with heating 

  

together various halogenated materials with antimony trioxide, 

it was shown that where mixtures of equal weight of polyvinyl 

chloride and antimony trioxide or of 'Cereclor' 70 and antimony 

trioxide were used, the chief product of reaction was the relative- 

ly volatile antimony trichloride. (2) It was concluded that 

the reduced flammability of polyester resins containing these 

materials, and the so called ‘synergistic’ effect of antimony



trioxide could be attributed to the formation of antimony 

trichloride. 

Burning of a plastics material involves its thermal break- 

down within the temperature range 250 ~ 550°, providing volatile 

fuels. ts presence of air or oxygen the fuel vapours are oxi- 

dised, exothermically in the gas phase, to yield a mixture of 

oxides of carbon and some other products. It was thought that 

the antimony trichloride was effective in inhibiting the complex 

of gas phase reactions involved in the phenomenum of flame. 

Thereforeit seemed necessary to study in some detail the effects 

of antimony trichloride and related materials on the propagation 

of flame. 

The present investigation is concerned with the study of 

polyester resins which decompose in the solid state. As this 

process is very difficult to control and its elimination would 

simplify the study of flame quenching, it was proposed to study 

the reactions of the solid and gas phases separately. Accor- 

dingly, this investigation is concerned with the burning of 

toluene as a model fuel of a type similar to that expected from 

the pyrolysis of a styrene cross linked unsaturated polyester. 

When precise information is available regarding the nature of 

the products of pyrolysis, the investigation will be extended 

to include then. 

In order to obtain a highly reproducible system, fuel and 

air were premixed and the propagation of the flames resulting
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from their combustion was followed visually in a metre long 

glass tube. A means was provided for introducing vaporised 

metal halides or other material halfway up the tube, and the 

relative efficiency of various materials in quenching the flame 

was studied. 

EXPERIMENTAL 

1. Apparatus 

The apparatus fig. (1) is a development of that developed 

by Zabetakis et al (3) for determining the lower flammability 

limits of hydrocarbon gases and liquids at elevated temperatures. 

It consists essentially of devices for metering air and fuel 

into a common flow line connected to a combustion tube. The com- 

bustion and inlet tubes are encased in a cabinet which may be 

heated. A spark ignition source, a hot pad for volatilising 

materials into the flame path and also a 'sensing' thermocouple 

are fitted. 

1.1. Air Metering Arrangement 

Total air flow over a given period was metered and recorded 

by means of a wet test motenk Steady flow was maintained by two 

precision regulators, and a capillary tube flow meter (manometer 

type). The metered air was finally passed through a moisture 

trap before entering the apparatus. 

1,2. Fuel Metering Device | 

In all cases a volatile liquid fuel (toluene) was used. This 

was delivered from a 2 ml glass hypodermic syringe at a constent
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rate by means of a screw, driven through a suitably housed worm 

and gear train, which operated the piston of the syringe. Details 

of the gear trein are shown in Fig. (2). Two reductions were 

effected in the train, both of 28 : 1. The gearing was driven 

by a laboratory ‘stirrer motor' which had a speed range of 

0 - 600 r.p.m. but was found to operate most satisfactorily 

above 500 r.p.m. Infinite variation of rates of fuel delivery 

was made possible by varying the dimension of the syringe in 

use and also the sneed of the motor. 

1.43. Combustion Tube and Heating Cabinet 

The combustion tube was constructed of pyrex glass tubing 

36 ins. in length and diameter 2 ins. That part of the inlet 

tube inside the cabinet was bent in a zig-zag fashion in order 

to help vaporization and mixing of the fuel and air. 

Platinum electrodes for ignition were fitted at the inlet 

end of the combustion tube through capillary inlets. Mid-way 

along the length of the combustion tube a ground glass socket 

was positioned for insertion of the hot pad. 

The whole of the above was fitted inside a cabinet con- 

structed from a 46 ins. length of 7 ins. diameter asbestos pipe. 

Two large openings were cut into the tube, one to accommodate 

the outlet port of a hot air blower, fitted with shaped perspex 

doors, to enable easy access to the combustion tube. 

The hot air blower was constructed from 7 ins. diameter 

asbestos pipe. Three heating elements of total power rating
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800 watts were sited off centre inside the tube. Temperature 

was regulated by means of a Sunviec controller. The furnace was 

fitted with a small air blower which directed air over the hot 

elements. The ends of the furnace were enclosed leaving an 

outlet tube of 43 ins. x 34 ins. which was let directly into the 

vertical cabinet. A temperature of 100°C (at the electrodes) 

was readily achieved by this system. 

1.4. Spark Ignition Source, Hot Pad and Sensing Thermocouple 

Fig. (4) shows details of the ignition source. This was 

adopted from the ignition system of an internal combustion 

engine. The electrodes were 0.015 ins. platinum wire with % ins. 

spark gap. A spark was produced at the electrodes when the 

contact breaker points were opened by a lever type mechanical 

switch. 

A heating pad was constructed as shown in fig. (5). This 

primarily consists of five turns of 0.005 ins. diameter nichrome 

resistance wire around 0.010 ins. thickness mica sheet. Mica 

sheet was bound to the top and bottom of this element for pro- 

tection. The top of the pad was fitted with a clip of platinum 

foil for securing the sample boat. The boats were of aluminium 

and were supplied by Hewlett and Packard for use with a F. & M. 

Model 185 analyser. 

The ‘sensing’ thermocouple, situated with its tip 12 ins. 

above the hot pad was a 0.040 ins. stainless steel sheathed 

Cromel-Alumel thermocouple. This was connected to a potentio- 

metric recorder having a full scale deflection of 10 Mv.



2. Procedure 

The hot air blower was regulated so that a temperature of 

400°C was obtained at the electrodes. Air flow was adjusted so 

as to give a constant delivery of 2.55 lit./min. At this rate 

one complete flushing of the apparatus with fuel air mixture 

takes approximately one minute. The motor diiviic the gear train 

was switched on and the apparatus allowed to be flushed with the 

mixture for about 10 mins. After this period a Spark was passed 

between the elctrodes and the flame progression through ue com- 

bustion tube observed. The velocity and nature of the flame 

depends apae the concentration of fuel in air. The flame which 

was found to be most suitable for this work was a relatively 

slowly propagating blue flame which could be obtained just above 

the lower flammability limit of the fuel. 

When conditions for producing this type of flame had been 

found the stop clock was started and a spark struck across the 

electrodes at three minute intervals. If a flame was propagated 

through the length of the tube at each of six repeats then the 

concentration of fuel in air was carefully determined as follows: 

2.1. Determination of Fuel _ in Air 

The syringe plus fuel was accurately weighed and set into 

position. A stop clock was started synchronous with starting 

the drive motor and noting the reading on the wet test meter. 

At the end of 15 mins. the motor was stopped, the wet test meter 

reading noted and the syringe plus fuel reweighed.
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The volume concentration of fuel in air (at normal tempera- 

ture and pressure) was calculated from the expression:- 

% Fuel in air 

by volume at N.T.P. 

where Aw 

Ni 

Av 

Va 

CRE) 

! VM ) 

= Yaa ise 

weight of sample delivered during time 

OeV 4 AvP 
M PT! 

of the experiment 

volume of liquid vapour (N.T.P.) Corres- 

ponding to Aw 

volume of air at temperature q fed into 

the system in the time interval of the 

experiment. 

volume of air (N.T.P.) corresponding to AV 

22.4 litres. 

273K, 

Temperature of air passing through the wet 

test meter. 

760 mm of mercury. 

pressure of air passing through the wet test 

meter. 

At subsequent re-uses of the equipment the same mixture was 

readily obtained by resetting the metering devices as for this 

experiment. It was not necessary to carry out the determination 

on every occasion. 

When a flame passed completely through the mixture it was
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detected by the thermocouple and recorded as a sharp increase 

in temperature at the recorder. The object of the experiment 

was to determine the minimum concentration of inhibitor which 

when volatilised from the sample boat would quench the propa- 

gating flame before it reached the thermocouple. 

A small quantity (mgs) of inhibitor was weighed into the 

aluminium boat which was then transferred to the heating pad. 

The stop clock was reset and after 2 mins. h5 secs. (approx. ) 

current was supplied to the heating element. When all of the 

material had volatilised (time depends upon the material under 

investigation) a spark was struck across the electrodes and the 

progress of the flame observed. If sufficient inhibitor was 

present to quench the flame before it reached the thermocouple 

then the procedure was repeated, reducing the amount of inhibitor 

used by small quantities until a flame propagates completely 

through the tube. 

The temperature attained by the heating pad has not been 

accurately determined but it was estimated to be in the order of 

700°C. At this temperature the 'life' of the element is approxi- 

mately one hundred ‘heatings'. Elements were relatively easy 

to construct and it was attempted to reproduce the dimensions 

as accurately as possible each time. 

5. Samples 

The fuel used for all of the experiments was laboratory 

reagent grade toluene,
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faterials Used ee 

  

Material Supplier 
  

Antimony trifluoride 
  

Antimony trichloride 

  

  

  

Antimony triiodide General Purpose Hopkins & Williams 

Arsenic triiodide Laboratory Reagent 

Aluminium Chloride Grade 
  

Arsenic trioxide 
  

Bismuth trioxide   
  

Antimony trioxide Anchor Chemicals 
  

Cereclor..790 Imperial Chemical Inds, 
  

t t Polyvinyl Chloride " 
  

Dechlorane lh070 Hooker Chemicals 
  

Flammex LBS 
  

Flammex 5BT BP. OW, Berk: & Co.,Ltd: 
    Flammex 5AE     
  

‘Some materials were used in the form of 50 : 50 by weight 

mixtures. The mixture components were hand mixed and intimately 

ground together with an agate pestle and mortar. Other materials 

were tested in the form of 50 : 50 mixtures with an inert material 

(alumina) in order to assist the accuracy of weighing very small 

quantities. The mixtures were prepared in a similar manner to 

those described before. In the case of these materials results 

are presented in terms of only the active species.
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Results 

In the following tables eax is the minimum quantity in 

grammes of inhibitor which will quench the flame before reaching 

the. thermocouple. 

Qpy—Values of Mixtures 
  

  

  

  

  

  

  

  

        
  

Materials | Qex 

1 vt. Cereclor 70 1 pt. Antimony Trioxide | 0.0008 g. 

1 pt,y-Pve T pL. y: . 0.0013 eZ 

1 pt. Dechlorane 070 1 pt. . " 0.0045 g. 

: 4 pt. Flammex 4BS 4. -pt.. x e 0.00L:7 g. 

1 pt. Flammex 5BT AS Dts . a 0.0063 g. 

1 pot. Flammex 5AE Ab: " r 0.0028 g. 

1 pt.*Cereclor 70 1 pt. Arsenic Trioxide OOO022* a. 

+ pt, Cereeclor 70 1 pt. Bismuth Trioxide 0.0014 g.] _ 

TABLE IT Ia 
Qay—Values of Inorganic Single Substances 
  

  

  

  

  

  

  

' Materials Ox 

Antimony Trichloride 0.00065 

Antimony Trifluoride 0.001 

Antimony Triiodide 0.0005 

Arsenic Triiodide 0.0015 

Arsenic Trioxide 0.0022 

Aluminium Chloride 0.0022        
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TABLE IIIb 
Qny Values of Organic Single Substances 
  

  

  

  

  

  

        

Materials Qax 

Cereclor 70 0.0028 g. 

Polyvinyl Chloride 0.0029 g. 

Dechlorane 1070 0.0061 g. 

Flammex LBS 0.0025 g. 

Flammex 5AE | 0.0012 g. 

Flammex SBT 0.0030 g. 
  

DISCUSSION 
For interpretation of the results the materials are 

classified into groups. A broad distinction was made between 

those which were thought to volatilise unchanged and those which 

decomposed and/or reacted to give volatile reaction products. 

Further sub-divisions were made within the two classes. 

This work was carried out specifically to study the 

effect of materials of flame reactions. For this reason care 

should be taken not to apply the results obtained out of context. 

Compounds thought to volatilise unchanged 

Three trihalides of antimony were studied i.e. the 

fluoride, chloride and iodide these showed increasing quenching 

efficiency with increasing atomic weight of the halogen. 

Under flame conditions it may be expected that all of 

these compounds would be at least partially oxidised giving the 

trioxide. Ease of oxidation would be expected to be in the order 

iodide 7 chloride > fluoride. The other product of oxidation is
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the free halogen which according to Rosser et al (l:) could be 

expected to readily abstract hydrogen from the fuel. They pro- 

pose a general inhibition mechanism where the active species is 

the hydrogen halide. The mechanism may be represented by the 

general expressions:- 

Hoe . xX —__—_—-» HX + & 

fh a Wee a 

where: HA is the fuel, X a halogen atom, HX the hydrogen 

halide and £ such species as OH, H, 0, cH, ete. The substitution 

of these active species which are responsible for important 

exothermic chain branching and propagation reactions will ob- 

viously reduce the intensity of the flame reactions. 

The important point, however, is the action of the antimony 

trioxide formed in the flame zone, 

Salooja (5) while investigating the anti-knock properties 

of lead tetra ethyl in hydrocarbon fuels showed that combustion 

inhibition due to this compound was entirely attributable to the 

lead monoxides formed. He showed that for the hydrocarbons 

hexane, 2 methyl pentane and 2,2 dimethyl butane the presence of 

either allotropic form of lead monoxide eliminated the formation 

of hydrogen peroxide and organic peroxide intermediates which in 

the absence of lead monoxide were formed in substantial quanti- 

ties. He showed also that the presence of both forms of lead 

monoxide substantially reduced the formation of aldehyde and 

ketone intermediates but hydrocarbon intermediates were increased.
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Cheaney et al (6) showed that the alkyls of brswete, lead 

and thallium are all effective anti-knock agents whilst those 

of mercury are not. This is explained by the lower decomposition 

temperature of mercuric oxide producing volatile mercury metal. 

Alkyls of each of the other metals are capable of producing 

solid oxide particles in the form of a fog. 

It would seem that an analogous situation occurs in the 

flame quenching properties of the halides of antimony. The 

higher efficiency of the iodide may be explained by its being 

more readily oxidised and that iodine is produced on oxidation 

which in its own right is a more efficient flame inhibitor than 

fluorine or chlorine. 

On the other hand the lower efficiency of arsenic trioxide 

is also readily explained by this idea, with a volatilization 

temperature of only 350°C no solid particles, are present in 

the flame zone and hence the highly reactive intermediate species 

are less readily eliminated. Arsenic triiodide will be readily 

oxidised to the trioxide under these conditions and the increased 

effectiveness may only be attributed to release of the free iodine 

Aluminium chloride was shown to be less effective than the 

antimony halides, this may also be explained on the same grounds. 

The relative stability of aluminium chloride to oxidation means 

that solid particles of aluminium oxide are not readily formed 

in the flame and the volatile chloride is less efficient in 

destroying intermediates.
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From this it may be assumed that in order for a material 

to be an efficient flame inhibitor it must readily undergo oxi- 

dation or some other reaction forming low energy solid or liquid 

particles in the flame zone. A flame retardant to be used in a 

plastic material must also be volatile at or near the decomposi- 

‘tion temperature of the plastics materials. 

Mixtures and Materials which Decompose on Heating 

Chiorinated Compounds 

The effect of antimony trioxide in 50 : 50 mixtures with 

both Cereclor 70 and PVC was to reduce the total weight of 

mixture required to quench the flame, indicating that antimony 

trichloride is readily formed under these beat conditions. A 

similar effect was observed with Dechlorane 070 but to a lesser 

degree. 

Dechlorane 4.070 alone, however, was considerably less 

effective than either PVC or Cereclor 70 alone. The inhibition 

mechanism proposed by Rosser et al (4) would seem to be appli- 

cable here, i.e. the ready formation of hydrogen chloride from 

PVC and Cereclor 70 while Dechlorane 070 appears to volatilise 

mostly unchanged under these conditions. This supports the idea 

that the hydrogen halide and not the whole halogenated molecule 

is the active flame inhibitor. 

Cereclor 70 with arsenic trioxide proved to be a far less 

effective mixture than either bismuth trioxide/Cereclor 70
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or antimony trioxide/Cereclor 70. This supports the hypothesis 

of the solid particle in the flame being the active inhibitor. 

Bismuth trichloride would undergo oxidation to the solid 

oxychloride or trioxide whilst arsenic trichloride would be 

oxidised to the volatile trioxide thus furnishing no solid 

particles in the flame. 

Brominated Compounds 

Addition of antimony trioxide had no synergistic activity 

on any of the compounds studied under these conditions. On the 

contrary, at least twice as much 50 : 50 mixture was required to 

produce the same effect as the bromine containing compound alone. 

This appears to indicate that reaction does not occur between 

these materials, however, this is not in agreement with previous 

work carried out in this laboratory where it has been shown that 

reaction does occur between Flammex LBS and sattmory trioxide at 

elevated temperatures (2). A possible explanation is that the 

hot plate did not provide enough heat for the formation of 

antimony tribromide. 

Although it seems that ant imony tribromide was not formed 

under these conditions it is suggested that formation of the 

tribromide is to be preferred due to its greater ease of oxidation 

When producing volatile metal halides ‘in situ’ therefore it 

is clear that a number of factors will decide the ultimate flame 

retarding efficiency in the plastics material.
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a. Decomposition temperature of the halogen compound 

relative to that of the plastics material. 

b. Decomposition products of the halogen compound. 

c. Lowest temperature of formation of the metal halide. 

d. Hase of oxidation of the metal halide. 

e. The formation of solid particles on oxidation. 

Failure to match each of these conditions will result in 

a lower efficiency of the system as. a whole. 

It has been shown that antimony trioxide while not being 

unique in its reaction with organic halides produces halides 

which fulfill most of the above reduivenents. 

CONCLUSIONS 

The test apparatus and procedure is adequate for assessing 

the relative flame quenching efficiencies of systems involving 

solid materials which are volatile at moderate temperatures. 

It has been demonstrated that the synergism observed between 

organic halogenated compounds and antimony trioxide is due to the 

formation of volatile antimony trihalides which under flame 

conditions are more or less readily oxidised, yielding solid 

particles of antimony trioxide in the flame. These particles 

are active in destroying energetic chain propagating and branching 

intermediates. 

0-0-0-0-0-0
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