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Synopsis 
Flammability determinations have been made for epoxy resin formulations. The 

oxygen index, defined as the volume fraction of oxygen in an oxygen/nitrogen at.mo- 
sphere that is required just to sustain steady candlelike burning of a stick of the material, 
has been used as the measure of flammability. The formulations selected for study 
were those for which the chemical composition of the ingredients was known at least 
approximately and for which uniform cast slabs (I/'* in. thick) could be readily prepared. 
They covered a range of compositions of commercial interest. The results have been 
interpreted in terms of a proposed model for candlelike burning. Effects due to resin 
composition, cure conditions, fillers, and flame-retardant additives are discussed. 

Flammability determinations have been made for epoxy resin formula- 
tions. The oxygen index, defined as the volume fraction of oxygen in an 
oxygen/nitrogen atmosphere that is required just to sustain steady candle- 
like burning of a stick of the material, has been used as the measure of 
flammability. 

The formulations selected for study were those for which the chemical 
composition of the ingredients was known at least approximately and for 
which uniform cast slabs ('/8 in. thick) could be readily prepared. They 
covered a range of compositions of commercial interest. 

The results have been interpreted in terms of a proposed model for 
candlelike burning. Effects due t.0 resin composition, cure conditions, 
fillers, and flame-retardant additives are discussed. 

Selection and Preparation of Samples 

The samples for burning were approximately 6 X 3.2 X 80 nim. in 
size. 

The resin formulations for casting were mixed at elevated temperatures 
(60-90°C.) and de-aerated with stirring under a vacuum of 25-30 mm. Hg 
for a minimum of 15 min. Fillers were dried at  125°C. for 24 hr. and 
incorporated into the resin formulation immediately on removal from the 
drying oven. Precautions were taken to insure intimate wetting of the 
filler with the resin mixture. It was necessary to add the flame-retardant 
additives in the final stage of the de-aeration step because of their cure- 
accelerating properties. The completed mixture was cast into preheated 
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They were cut from cast slabs about 20 X 20 X 0.32 cm. 
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molds consisting of two flat aluminum plates with a U-shaped Tefloii 
spacer and cured for the required time in an air-circulated oven. On 
completion of the cure cycle the casting was removed from the mold and 
cleaned n-it,h acetone, to remove the silicone release agent employed. 

Experimental 

The technique for the determination of oxygen indices has been dis- 
cussed The sample was mounted vertically from the bottom 
end along the axis of a Pyrex glass chimney about 31/2 in. O.D. A uniforni 
mixture of oxygen and nitrogen passed upward through the chimney at a 
free-stream velocity of about 7 cm./sec. The sample was vigorously 
ignited at the top end with a hydrogen diffusion flame, which was then 
withdrawn. The volume fraction of 0, in an oxygen/nitrogen mixture 
that just sustained burning for the entire length of the stick was taken 
as the oxygen index, no% = [02]/([0,] + [N2]). It was reproducible to 
within +l%. A material with an oxygen index of 3 0.27 mould 
usually be considered self-extinguishing. 

The Combustion Model 

The model to be used for discussing our results has been presented 
According to this model, the molten or solid polymer 

enclosed by the candlelike diffusion flame does not react directly with the 
surrounding gas; it merely pyrolyzes in the heat from the flame. The 
pyrolysis products in general include solids and gases. The latter move 
outward and react with atmospheric gases to produce the visible flame 
some distance away from the polymer surface. The solids tend to accumu- 
late as a char or ash. This model has been supported by temperature and 
gas-composition measurements made inside flames a t  reduced pressure 
above several polymers.2 

In  steady burning, the rate of generation of fuel gases by pyrolysis must 
equal their rate of consumption in the flame. Following Fenimore and 
Jones, we say that the rate of generation of fuel gases is independent of the 
detailed nature of the gaseous flame reactions; it depends only on the heat 
flux from t.he flame. Then a material added to the polymer that inhibits 
burning by making the generation of pyrolysis gases more difficult (i.e., 
by affecting the condensed-phase reactions) should be effective regardless 
of the part,icular oxidant and flame reactions in the gas phase. For 
example, it has been shown that C1 incorporated into polyethylene makes 
the material more difficult to burn both in OZ/N2 and N20/K2 atmospheres. 
This witch other evidence' indicates that C1 affects the pyrolysis reactions. 

On the other hand, an inhibitor that is effective in 0 2 / i V z  but not in 
N20/N2 is most likely to act by poisoning the gaseous flame reactions in 
02/N2. The use of Sb compounds in chlorinated polyethylene is such 
a case. 
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The nitrous oxide test has been used here for investigating the mode of 
The index is defined action of several inhibitors in epoxy formulations. 

as follows: 

~ N ~ O  = [Nz01/([Nz01 + “21) 

Data 

Oxygen index values for unfilled formulations containing no flame 
They are also plotted against the 

Indices for other polymers are also 
retardants are summarized in Table I. 
overall O/C atom ratio in Figure 1. 
shown. 

0 PVA 

0.15- 
I I 

0.2 0.4 0.6 
O/C ATOM RATIO 

Fig. 1. Numbered points refer to FRS epoxy samples in Table I. PE, polyethyleiie; 
PMMA, poly(methy1 methacrylate); PS, polystyrene; PVA, poly(viny1 alcohol); PPO, 
poly(2,6-xylenol); PEO, poly(ethy1ene oxide); PC, polycarbonate POM, polyoxy- 
methylene . 

Oxygen indices are given in Figure 2 for a particular resin-liardener 
Nitrous oxide indices for the 

Indices obtained upon addition of triphenyl antimony are summarized 
Corresponding indices for the addition of triphenyl phos- 

formulation with several filler materials. 
samples containing hydrated alumina are shown in Figure 3. 

in Table 11. 
phorus are given in Table 111. They are plotted in Figures 4 and 5. 

Effect of Resin Composition and Cure 

Samples A, B, C, and D of Table I were identical with 1, 2,  3, and 4, 
respectively, except for cure time and temperature. I t  is seen that the 
measured indices for each pair were nearly independent of the cure condi- 
tions. This seems consistent with previous work on polyethylene, in 
which it was found that the oxygen index was nearly independent of the 
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I PART DMP-30 

HYDRATED ALUMINA 
(ALCOA C-3331 
60-80 % < 44 p 

10 20 30 40 50 60 70 
WEIGHT PERCENT FILLER 

Figure 2. 

100 PARTS EFON 826 
75 PARTS HHPA 
I PART DMP-30 

30 - 

.60 - FILLER: A120,*3H20 
(ALCOA C-3331 

“4 
“Iol*“ll 

.so - 

40 - 
I 1 I 

20 40 60 
WEIGHT PERCENT FILLER 

Figure 3. 
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S b  

RESIN (NO HALOGEN) 
5 6 8 %  EPON 8 2 6  
4 2  6 % HHPA 

0 6 %  DMP-30 
CURED 16 HRS AT 125 C 

I I 
0 2 4 6 8 

ATOMS OF INDICATED ELEMENT PER 1000 C ATOMS 

Fig. 4. Elemcmts other than Sn added in the form of the triphenyl compound. Sn added 
as tributyltin acetate. 

.40r 

20b. 

125 C WITH HHPA 

I I I I I 

2 4 6 8 

ATOMS OF INDICATED ELEMENT PER loo0 C ATOMS 

Fig. 5. Dotted and dashed lines indicate data from Fig. 4 with no halogen in the 
P and Sb added as triphenyl compounds. 

resin. 
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CHEMICAL FORMULAS 

OH I c p  A BISPHENOL A RESINS: 

0 CHz-CH-CHz];Oo 7 0 0  CHz-CH-CHz 
\ /  

0 CH3 CH3 0 
ARALDITE 6 0 0 5  n n 0 . 1  MW ~ 3 7 0  
ARALDITE 6060 n r: 1.8 4' 851 
EPON 826 nn 0.1 3 7 0  

B CYCLOALIPHATIC RESINS 

CY-175 Oa;mO MW.266 
0 

ERLA-4221 O ~ C H z - o - e ~ O  MW.252 

C ClJRlNG AGENTS. 

HHPA /@$ MW.154 
MNA 
MW: I79 

C"3 

TONOX 
MW=I98 H , N ~ , - Q - N H ,  

R CH, 
R:-cH,N<~~, 

D BROYINATED BISPHENOL A RESIN: 

O.E.R. 542 MOLECULAR WEIGHT m 750 

W I N E  CONTENT I 46 WT, % 

Fig. 6. Materials summary. 
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extent of crosslinking produced chemically (by dicumyl peroxide) or by 
radiation. 

The bisphenol resins (Araldite, Epon) cured with acid anhydrides 
(NINA, HHPA) had measured indices in the range 0.198-0.217. Formula- 
tions of the same Araldite resin cured with amines (TONOX, TETA) 
were harder to burn, produced more soot, and had indices of 0.271 and 
0.232, respectively. When cured with a small amount of tertiary amine 
(DMP-30) the index was 0.211, similar to the acid anhydrides. The 
BF3-MEA complex gave an index of 0.238. 

The cycloaliphatic resins CY-175 and ERLA 4221 cured with MKA 
had relatively high O/C ratios and low indices, 0.183 and 0.198, respec- 
tively. 

we shall not attempt to describe them 
in detail. However, in all formulations the expected product will be 
crosslinked, will contain ether and ester linkages in various ratios, and 
may have OH side groups. The observed indices have been plotted 
against the atomic ratio O/C in Figure 1. Despite the scatter there is a 
clear trend of decreasing index with increasing O/C. This suggests a 
decreasing thermal stability and increasing fuel gas formation, as the 
number of 0 atoms in the chain increases, a behavior observed for the 
slow pyrolysis of aliphatic pol yet her^.^ 

Indices for other polymers composed of C, H, N, and 0 have been 
added in Figure 1. The line has been sketched roughly through the indices 
for polymers containing oxygen atoms in the main chain. One must not 
infer, however, that the index is a simple function of the empirical O/C 
ratio; rather, it depends upon the detailed chemistry. For example, 
mixtures of polyethylene with either poly(ethy1ene oxide) or polyoxymeth- 
ylene have indices of about 0.165 while PPO with nearly the same O/C 
ratio has an index of 0.29. 

The cure reactions are 

Effect of Fillers 

When inert fillers were incorporated into polymer samples and the 
sample burned in a candlelike manner, the inert material accumulated as 
an ash at  the burning surface. With small filler particle sizes and high 
filler content (>40 wt.-%) the ash remained standing above the flame and 
retained the shape of the original stock. It glowed red in the flame zone 
and appeared to stabilize the flame (which could be quite small), so that 
very reproducible values of the oxygen index could be determined. 

On the other hand, with less filler content the inert material accumulated 
and formed a crust over the burning surface. This tended to extinguish 
the flame. For the flame to propagat,e down the whole length of the 
stick the oxygen content of the atmosphere had to be high enough to 
permit shedding of the accumulated crust a t  intervals, after which the 
flame would flare up until another crust developed. The oxygen index 
was, therefore, determined by the complex conditions leading to periodic 



154 F. J. MARTIN AND K. R. PRICE 

shedding of the crust. The maximum in the index for Norton 38900 
Alumina in Figure 2 is probably a reflection of this situation. 

As seen in Figure 2, the inert fillers A1203 and quartz gave significant 
increases in index when used in large concentrations. However, the 
increase was limited to about 40% for the optimum concentration of filler. 

On the other hand, hydrated alumina Al2o3. 3Hz0 cannot be considered 
an inert filler. It undergoes strongly endothermic dehydration reactions 
at  temperatures above about 150°C. Thus, a t  concentrations greater 
than 40 wt.-%, hydrated alumina led to a sharp increase in the oxygen 
index. At 60 wt.-% filler, the index of 0.41 was twice that of the unfilled 
resin and the standing ash was white without soot. Except for Teflon 
(n = 0.95) we have not burned any other material that had so high an 
index without the formation of a carbonaceous char a t  the burning surface 
or soot above it. 

The formulations containing A1203. 3H20 were also burned in N20/N2 
atmospheres. As seen in Figure 3, the nitrous oxide index was sharply 
raised by high filler contents. Since A12o3.3H20 inhibited in both 02/Nz 
and N20/N2 atmospheres, we conclude that. it acts priniarily in the con- 
densed phase. 

Triphenyl Antimony and Triphenyl Phosphorus as Additives 
Sb and P compounds are coninionly employed as additives to impart 

flame retardance to polymers. It has been found that the triphenyl 
compounds of these (and other) elements can be incorporated into some 
epoxy formulations. Oxygen 
indices and approximate empirical compositions for resins containing 
triphenyl Sb are given in Table I1 and, for the same resins, containing 
triphenyl P, in Table 111. 

In  Figure 4 indices are given for a resin containing no halogen but having 
added triphenyl compounds. The usual oxygen index is plotted in the 
lower half of the figure. Antimony a t  an atom concentration as low as 
3 Sb atoms per 1000 C atoms raised the observed index from 0.196 to 
0.310, an increase of 58%, but higher Sb concentrations did not result in a 
further increase. Triphenyl phosphorus was an effective additive, but 
5.5 atoms of P per 1000 of C were required to equal the increase in index 
produced by only 3 atoms of Sb. However, it appears that higher P 
contents should raise the index above that for corresponding Sb addition. 
Compounds of As, Bi, and Sn a t  2.2 atoms per 1000 C atoms were slightly 
less effective than P. 

The same Sb and P formulations were burned in N2O/N2 mixtures; the 
indices so obtained are plotted in the top half of Figure 4. Despite the 
different gas-phase flame reactions expected for burning with NZO the P 
was nearly as effective in raising the index with N20 as with 0 2 .  If our 
model discussed above is valid, this means that P inhibited in this material 
mostly by retarding the generation by pyrolysis reactions in the condensed 
phase of the fuel gases required to sustain the flame (these pyrolysis 

The latter may or may not contain halogen. 
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reactions take only heat from the flaine gases, and the detailed nature of 
the reactions generating the heat is unimportant). Previous work has 
shown P (in tricresyl phosphate) to be an effective inhibitor in poly(ethy1ene 
oxide) but only slightly so in polyethylene, polyoxymethylene, or poly- 
(methyl methacrylate). This leads one to speculate that P may work by 
promoting dehydration reactions in polymers containing 0 atoms in the 
backbone. I n  poly(ethy1ene oxide) this would be competing with other 
pyrolysis reactions that yield fuel gases. In  polyoxyniethylene the 
dehydration may be slow relative to the unzipping reactions, which yield 
monomer. 

When the Sb formulations u-ere burned in N20/N2 (Fig. 4), the increase 
in index for small Sb concentrations was not as great as for the same 
material burned in 02/N2 nor for the same atom concentration of P burned 
in NzO. Thus, our model indicates that Sb inhibits mostly by retarding 
gas-phase flame reactions. 

Previous work has shown that triphenyl Sb added to polyethylene 
inhibits only slightly in the absence of C1; three atoms of Sb per 1000 of C 
increased the index only from 0.175 to 0.187. It is, therefore, surprising 
that triphenyl Sb proved so effective in the epoxy in the absence of halogen 
(residual halogen in the resin was found by analysis to be only 0.15% of 
Cl). It is commonly suggested that C1 enhances the effectiveness of Sb 
by formation of a volatile chloride, which transports Sb into the gas phase, 
where it poisons the flame reactions. If this is the only function of the C1, 
it would appear that Sb from triphenyl Sb in the epoxy must reach the 
flame zone without chloride formation, whereas Sb from triphenyl Sb in 
polyethylene does not, unless some halogen is present. Triphenyl Sb has 
a boiling point of >360°C. and may vaporize without appreciable decom- 
position, carrying Sb into the flame zone. The vapor pressure of the 
phenyl compound is considerably lower than that of SbC13 (b.p. = 210°C.). 

Now, according to the proposed model for candlelike flames, the stability 
of the leading edge of the flame is critical for sustained burning.2 The fuel 
gases that burn in this region are derived from the initial stages of the 
pyrolysis of the solid polymer, which has been rather gently heated by the 
approaching flame. It appears quite possible that in this situation the 
vapor pressure of triphenyl Sb is adequate for transporting Sb in the 
case of epoxy but not of polyethylene. In  the latter case the higher 
vapor pressure of SbCb formed early in the pyrolysis would be required. 
This proposed explanation appears reasonable, but more information is 
needed to substantiate it (note that Sb2O3 has a vapor pressure very much 
lower than triphenyl Sb; if the model described above is correct, i t  appears 
unlikely that Sb203 alone would ever be effective). 

Triphenyl Antimony and Triphenyl Phosphorus in Brominated Epoxy 
In  Figure 5 oxygen indices for triphenyl Sb and triphenyl P added to a 

Corresponding data from Figure 4 for 
The Br was incorporated 

brominated epoxy are plotted. 
halogen-free resin are shown by the dotted lines. 
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in the form of tetrabromobisphenol A in D.E.R. 542 to the extent of 
13.7 wt.-yo of the total formulation. This amounted to 35 atoms of Br 
per 1000 of C. 

With no added Sb or P compounds the incorporation of Br increased 
the index from 0.195 for no Br to 0.235 for 35 atoms per 1000 C, or about 
0.001 for each Br atom per 1000 C atoms. This increase in index per 
Br atom was only about 1/90 of the initial increase per Sb atom shown 
in Figure 4 and about 1/30 of the initial increase per P atom. Previous 
work on Br compounds incorporated into polyethylene has indicated that 
Br acts primarily by poisoning the gaseous flame reactions. 

In  the regions of 1 to 3 Sb atoms per 1000 C (which is of much practical 
interest) the indices with and without Br were nearly identical. This is 
consistent with the picture that the primary function of the Br is the 
transport of Sb into the gas phase. When such transport is already ade- 
quate, as appears to be the case of triphenyl antimony in the epoxy, the 
addition of Br does not further increase the index. At higher Sb concen- 
trations Br does appear to enhance the effectiveness of Sb, but the effect is 
limited. The large scatter of the experimental data in this region (>5 Sb 
per 1000 C) is not understood. 

In  the case of triphenyl phosphorus the indices in the brominated resin 
were consistently higher. However, the effects of Br and Y were not 
strictly additive. This is con- 
sistent uith the hypothesis that P acts by affecting the pyrolysis to make 
generation of fuel gases more difficult and that Br acts primarily by poison- 
ing the gaseous flame reactions. 

The effect of the P was always greater. 

Summary 
The flammabilities of selected epoxy formulations have been evaluated 

through determination of oxygen indices. These have been presented. 
The following general statements and conclusions apply. 

( 1 )  For a given formulation the oxygen index was nearly independent of 
cure conditions. 

(2)  There was a trend to lower indices (ie., easier burning) for increasing 
O/C ratio in the overall composition. Resins cured with amine hardeners 
had lower O/C values and were more difficult to burn than the same resins 
cured mith acid anhydrides. The cycloaliphatic resins had the highest 
O/C ratios and were the easiest to burn. 

(3) Although we had no objective measure of soot and char formation, 
it appeared that the amine-cured resins gave most soot and the anhydride- 
cured cycloaliphatic resins the least. 

(4) Inert fillers increased the oxygen index, but the maximum increase 
was 40%, and high filler contents between 20 and 50 wt.-% were required 
for maxiniuni effect. 

(5) Hydrated alumina, A1203 .3H20, at 40-60 wt.-% resulted in a sharp 
increase in index, up to twice that in the unfilled resin. At 60 wt.-% filler 
there was no soot or char formation. The effect was produced largely in the 
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condensed phase, presumably as a result of endothermic dehydration 
reactions. 

(6)  Triphenyl antimony in concentrations giving as few as 3 Sb atoms 
per 1000 C atoms was an effective inhibitor (index increased by 6OY0) 
without the presence of halogen. 

Addition of Br to the resin did not produce a further increase in index, 
until the concentration of Sb was raised above 3 atoms per 1000 C; then 
the effect was limited. The NzO test indicated that Sb mostly poisoned 
the flame reactions. It is proposed that the effectiveness of triphenyl 
antimony in the absence of halogen resulted from its relatively high vapor 
pressure and thermal stability. 

(7) Triphenyl phosphorus at  concentrations giving 5.5 atoms of P per 
1000 of C raised the index 60%. It was effective in both N20/N2 and 
O2/iSZ; hence, it is believed to inhibit by altering pyrolysis reactions in the 
condensed phase. Addition of Br to the resin resulted in a further increase 
in index, but the effects of Br and P were not fully additive. 

(8) Triphenyl arsenic, triphenyl bismuth, and tributyl tin acetate were 
solnewhat less effective inhibitors than triphenyl phosphorus. 

(9) Br incorporated into the resin structure in the form of tetrabromo- 
bisphenol A to the extent of 35 atoms per 1000 C atoms raised the index 
20%. Previous work had shown that Br inhibits in polyethylene mostly 
by poisoning the flame  reaction^.^ We suspect that it inhibited in t,he 
epoxies in a similar way. 
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Resume 

Des determinations d’inflammabilit6 ont 6t6 faites pour diff6rents types de &sines 
6poxy. L’indice d’oxygkne, d6fini comme la fraction en volume d’oxygbne, dans une 
atmosphbre oxygbne/azote, qui est requise pour maintenir line combustion stationnaire, 
comme celle d’une bougie, d’un bfttonnet de la substance a 6tB utilise comme mesure 
d’inflammabilit6. Les resines choisies pour cette etude sont celles pour lesquelles la 
composition chimique des ingredients est connue au moins approximativement et pour 
lesquellesuneplaquettecoul6euniforme( d’6praisseur) peut facilement &re pr6paree. 
Elles couvrent un domaine de composition d’intkrbt commercial. Les resnltats ont 6t6 
interpr6tes sur la base d’un modele propose pour la combustion semblable B celle d’une 
bougie. Des effets dus A la composition de la resine, aux conditions de traitement, a la 
charge et aux additifs retardateurs de flamme sont discut6s. 
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Zusammenfassung 
Entflammbarkeitsbestimmungen an Epoxyharz-Typen wurden durchgefuhrt. Der 

Sauerstoffindex, definiert als Volumsbruch des Sauerstoffs in einer Sauerstoff-Stickstoff- 
Atmosphare, die erforderlich ist, urn das stiindige kerzenahnliche Brennen eines Stabes 
ans dem LMaterial gerade anfrechtzuerhalten, wurde als Mass fur die Entflammbarkeit 
verwendet. Fur die Untersuchung wurden diejenigen Typen ausgewahlt, von denen man 
die chemische Zusammensetzung der Bestandteile wenigstens anniihernd kennte und 
aus denen man leicht einheitliche Gussplatten ( in. dick) herstellen konnte. Sie iiber- 
strichen einen komerziell interessanten Bereich an Zusammensetzungen Die Ergebnisse 
wurden auf der Grundlage eines fur das kerzenartige Brennen vorgeschlagenen Modells 
interpretiert Die Einflusse der Harz-Zusammensetzung, der Hartungsbedingungen, der 
Fcillstoffe und der flammhemmenden Zusiitze werden diskutiert. 
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