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SUMMARY 
\ 

V 

Pour series of halopolymers were exposed to 
high-intensity thermal energy pulses in a carbon 
arc-image furnace. By means of a "closed-cell" technique, 
the thermal degradation products were collected and then 
analyzed by gas chromatographic procedures. Data were 
also obtained on the ignition and energy-dissipating 
characteristics of the halopolymers. 

The results indicate that: l) the ignition 
characteristics can be qualitatively predicted from the 
ratio of halogen to hydrogen atoms in the polymer; 2) the 
energy-dissipating characteristics do not depend entirely 
on the halogen content of the polymers and are not 
related to their halogen/hydrogen ratios; 3) copolymers 
can be synthesized to have low ignition frequencies and 
also good energy-dissipating characteristics; and, 4) as 
the time of exposure to the thermal energy pulse increases, 
the nature of the mixture of gaseous thermal degradation 
products changes and new products appear in the mixture. 
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DEGRADATION OP HALOPOLYMERS BY EXPOSURE 
TO HIGH-INTENSITY THERMAL PULSES 

I. Introduction 

The purpose of this research was to investigate the 
behavior of halopolymers when exposed to high-intensity 
thermal pulses. The research was directed toward the 
ultimate development of new organic polymeric materials 
which will withstand and dissipate the intense radiant 
thermal energy emitted during the detonation of nuclear 
weapons. Such materials should be capable of affording 
protection to personnel and materiel exposed to the threat 
of nuclear warfare. Also, such energy-dissipating materials 
might find use in other applications, such as in heat 
shields for nose cones of rockets and re-entry vehicles. 

Halopolymers were chosen for this study for the follow¬ 
ing reasons: a) some of the fluorinated polymers, e.g. 
Teflon, were well known to have high thermal resistance; 
b) a previous study!1) indicated that some of the halo- 
genated materials showed good thermal energy-dissipating 
characteristics; and c) series of polymers and copolymers 
could be readily obtained for investigation of the effects 
of halogen content and type of halogen on the thermal 
behavior of the polymers. 

Two characteristics of the polymers were evaluated: 
l) their energy-dissipating characteristics, and 2) their 
tendency to ignite and burn during exposure. 

Good thermal energy dissipators allow only minimal 
heat transfer through their mass. As a measure of this 
heat transfer, the maximum temperature rise (AT in °C) 
behind the mass was used. The value AT is composite and 
depends on factors such as radiation intensity, 
reradlation, nature of the irradiated substance, thickness 
of sample, exposure time, and on secondary processes that 
occur as a result of the thermolysis started by the 
exposure. 

Since flaming presents a hazard and a possible source 
of additional heat, non-flammability is an important 
requirement for a good heat-dissipating polymer. Research 
by Warner et al(2) of the Battelle Memorial Institute 



established a general rule that a compound can be expected 
to be non-flammable when the ratio of halogen to hydrogen 
atoms in the molecule is approximately as follows: 2P/1H, 
1C1/1H, lBr/7H, or 1I/7H. In other words, so far as 
flammability is concerned, the order of the halogens in 
decreasing effectiveness is iodine, bromine, chlorine and 
fluorine. This order is attributed to two facts: l) the 
Iodo- and bromo- compounds dissociate thermally more 
readily than the chloro- and fluoro- compounds,and 2) the 
bromine and iodine radicals are better chain-stoppers in 
the free-radical flame propagation process than fluorine 
and chlorine radicals. 

in. Background 

There is a voluminous literature dealing with the 
phenomena encountered in flame extinguishing and flame 
inhibiting by halogenated compounds. G. B. Skinner.,. 
(3*4), in a comprehensive literature survey that includes 
96 references, points out the necessity of a full under¬ 
standing of the nature of uninhibited flames, e.g. their 
reaction kinetics, heat transfer, diffusion, radiation, 
convection, and other processes, before the influence of 
flame inhibitors on these processes can be interpreted. 

For the sake of simplicity, many earlier flame 
theories were formulated mainly on the basis of a few 
special factors, such as heat transfer and chemical 
kinetics. This narrowed the field of application of these 
theories and prevented their use in interpreting the more 
complex flame systems. 

More recent work has attempted to take into 
account as many factors in flame propagation as possible, 
e.g. diathermancy, boundary conditions, and chemical 
degradation. This increased the mathematical complexity 
of the theories and led to a requirement for more back¬ 
ground information. Much of this background information 
is still not available, although the amount of data about 
flame propagation is increasing daily. Within the next 
few years it is probable that extremely complex flame 
theories and mathematical flame propagation models will be 
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developed for electronic computer solution and that it 
will be possible to calculate parameters for a number of 
important flame systems. 

At present there are two basic theories concerning 
flame propagation: one is the ionic flame propagation 
theory, and the other is the free radical theory. However, 
there are many phenomena in a number of flame systems which 
cannot be interpreted convincingly by these or any other 
theory established to date. 

In the ionic theory, E. C. Creitz(5) has postulated 
that ions are formed by electron capture from ionized 
hydroc&rbons during normal uninhibited combustion. Flame 
inhibition in halogen compounds is then caused by halogens 
removing the electrons, which are needed for oxygen 
activation. However, in a recent personal communication 
to one of the authors, Creitz states that this concept is 
now being revised and the results will be published later. 

In the free radical theory of flame propagation and 
flame inhibition by halogens, W. A.Rosser et al(b) explain 
the reaction mechanism as follows: hydrocarbon combustion 
is propagated mainly by active species, that is, free 
radicals such as H, OH, and 0. Therefore, removal of these 
radicals causes flame inhibition. At the high temperature 
of flaming, the halogen compounds dissociate with the 
formation of halogen atoms--bromine, for instance. These 
halogen atoms react with a hydrocarbon (RH) to form HBr: 

(Br + RH -> R + HBr) (l) 

Then HBr reacts with an active radical, such as OH: 

(HBr + OH -» H20 + Br) (ll) 

The bromine now reacts again as in equation (l), and so on. 
This results in the removal of the active radicals H, OH, 
and 0, and their replacement by less reactive alkyl 
radicals. However, this proposed mechanism is open to 
question because, according to Rosser(6), the reaction: 

(OH + RH -» H20 + R) (III) 

without any halogen present, is even more likely to occur. 
Thus, it becomes obvious that the mechanisms of the 
chemical reactions responsible for the behavior of 
halogenated compounds must be explored and better under¬ 
stood before an exact theory, encompassing many flame 
processes, can be established. 
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A new and interesting approach to the problem of 
obtaining information on flame and flame inhibition 
processes is outlined by Line and King(7). They suggest 
that concentrations of radicals formed in a flame be 
measured quantitatively by passing a flame zone across 
the entrance slit of a Bendix Time-of-Flight mass 
spectrometer. They further suggest that experiments 
with molecular beams, which intersect in the ionization 
chamber, be carried out in such a mass spectrometer. At 
the low pressure of the beams, most molecules involved 
would undergo no more than one collision. Thus, only 
the simplest kind of reaction products would be produced, 
which would exclude reactions chains. For instance, Hp 
and 0 would produce only products of the reaction 
H2 + 0 and not those of that reaction plus several 
subsequent reactions. Such experiments would contribute 
materially to the understanding of combustion and 
inhibition mechanisms. 

The approach presented in this report on the thermal 
degradation of halopolymers is not as sophisticated as 
that suggested by Line and King for the ultimate determin¬ 
ation of reaction mechanisms. Rather, this work is an 
attempt, by use of some special equipment and techniques 
(carbon arc furnace and gas chromatograph; infrared 
spectroscopy and mass spectrometry), to find answers to 
the following questions: 

1) Can halopolymers be designed to have low 
flammability or ignition characteristics and yet have 
good energy-dissipating characteristics? 

2) Is there a relation between the ignition 
frequency and the energy-dissipating characteristics of 
halopolymers? 

< 4 4.?) H8W cl?sely can one predict the flammability or 
ignition characteristics of a halopolymer from its ; 
halogen/hydrogen ratio? 

4) What are the characteristics which a halopolymer 
must possess to make it an effective energy dissipator? 

5) Does the time interval of exposure of a 
halopolymer to a high-intensity thermal pulse have a 

theSpolymer?ffeCt °n ^ thermal deSradation products of 
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141í is Pol^ted out that the results of this report are 
ir,eiLlminary ?nd Clualltatlve. This is because the analytical 
work was restricted to the separation and identification of 
as many as possible of the gaseous products of thermal 
degradation: no effort was made to analyze the solid. 

» axeSKai?? 11<luid Products of degradation. As 
a resült, any postulations of thermal degradation 
mechanisms are highly speculative. 

H also Pointed out that, while the terms 
ignition and flammability' are not identical, they are 
closely interrelated that they are often used inter- 

changeâbiy Ignition, as used in this report in reference 

íeSí-i lncludes all appearances of flaming, 
h?^ly dlscernlble flame to a large and substantial 

flame, without any reference to size or duration. 

HI. Experimental Details 

A. Materials 

ln thls Investigation approximately forty fluoro- 
polymers were screened by thermal exposure tests / Only 
the results which were obtained on nineteen of the 
materials and which were considered the most important arp 

arIeQSencehofehomoíoie °f th®. nJneteen sompoundsPrepresent 
® S f homopolymers that proceeds, stepwise, from a 

fully hydrogenated material t-CH2-CH2-)n to a fully 

six°hnmnnn?Jne A2Seo§ndVoup consists of 
six homopolymers which contain different halogens in the 
same molecule, such as (-CClF-CFBr-)n or f-CCIF rwo \e 
The eight remaining materials v.-are copolymer^that^rS* 
grouped so as to show the influence of wiations in 

possible variations in the subsequent AT values. 

Pennsalt Cheínní? bee^ synthesized in small batches by 
rennsâlt Chemical Corporation. Several batches were ^ 

lnl° a single shipment for testing Thereforp 
slight differences in the thermal behavior*of various ^ 
shipments of the same polymer were encountered. 
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B. Equipment and Techniques 

1. Closed-Cell Method

The closed-cell method of exposing polymer 
disks to thermal pulses In the carbon arc-image furnace 
Is an Improvement over the open-cell method described 
previously The closed-cell method makes It possible 
to collect pyrolyzates quantitatively, and therefore 
creates a basis for exact analytical determinations. The 
Closed Cell" used by the Natick Laboratories Is a 

modified version of a device which originated with the 
U.S. Naval Radiological Defense Laboratory, San Francisco, 
California (°). This modified cell Is of Pyrex glass and 
has a volume of 15 ml (see Figure 1). The disk carrier 
Is shown at the lower left of Figure 1. The hollow part 
of the carrier Is equipped with a male standard taper 
Joint which fits Into the other half of the cell, shown 
at the upper left. This latter half has two side arms for 
the passage of the helium carrier gas stream. The disk 
carrier Is Interchangeable with a correspondingly sized 
rubber septum carrier (lower center), which Is used when 
a gas sample Is to be Injected Into the cell. A disk of 
the test material, 60 mils thick and 5/8 Inch In diameter. 
Is supported Inside the cell by three tungsten needles on

' rl.i.i.d,..!,1.12|. 1,1,.1.1,

Figure 1. Closed cell (exploded view)



õell^s^oonneoted P°3ltl°n- The 

«lass8?»? tUí6 eqUlpped "lth an extra-eoarsrfriuâ glass inter to retain solid particles. Irl«ed 

lnsldehtheeõeliaraiíe?h»rr exP°sed fcy Placing them. 
Tho elli in the focal area of the QM Arcf^ 

glass will ofnthfyoiríeíndaadoontfeS thr°ugh the fontal 
sweeps through the ^Íb?ned sys°?e“ ô?UcSlosÍÍTelSír^ 
gas chromatograph. Air Is completely excluded 11 d 

carrlefe^tK'KlîSfgas'XiiuJ TnloT^^l &re graph. 6 ectiy into the gas chromato- 

on th^wlri l^reidi 0611 ' (at arrows) mounted 

Figure 3 gives a wider view of thp « ni 
mounted on the QM Arc also th* cJ0Sed ceü 
right. ^ Ci alS0 the gas chromatograph at the 

sample'exposure!'0”8 0l°Sed 0611 at the moment of 

2> gas Chromatographic Procedures 

^es1ieteÄnikr(F8Sd3et°8'ogh 

nr.-> * . ermal conductivity cell temperature—yo0^* 
column temperature—21°C; and gas flo£-60 S/miS. ' 

the slngliePomponentsnorldhe'gas°mlxturesen p283lSle- of 
thermal degradation were madeSbv uÍÍÍ^ f oPr°?u0ed by 
on the gas chromatograoh nn<.bLi 1 g 2-column system 
stationary phase? fSoãll,v^»^í mn.C??íained a 11(luid 
a solid stationary phaEealsíllcaPgeí'ain' ' i?nd the other 
The separations wLe c^rrlld ÍS? n 3 K™o-toe). H ° -- Ämn. 
the 3- gas mlxtu^fh^r'i^t^iS TAlTeVnll 
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onstitucnts, several methods were used. One consisted 
s^ndard single gases on the two columns. 

f?í^h2lng their Mention times, and then trying to 
corresponding retention times from the peaks of 

the unknown gas mixtures. Another consisted of 

frfezing out the single components of the 
separated gas mixtures after they emerged from the exit 
oí the gas chromatograph and then submitting them to 
infrared or mass spectrometry analysis. 

IV. Results and Discussion 

A• Thermal Behavior of Homopolymers 

1. Effect of Fluorine 

The thermal behavior of the series of homo- 
polymers containing only one type of halogen (fluorine) 
is shown in Table I. There is no apparent relationship 

the fiuorine/hydrogen ratio of the polymers and 
i ene£gy-attenuating capabilities as measured by AT 

values. The completely fluorinated polymer (Teflon? and 
the polymer (polyethylene) containing no fluorine show 
onf hlSh®st AT values and thus appear to have the poorest 

caPabllities. However, there is a 
between the fluorine content of the polvmers 

ra?io ofri/fnl^n0?,?hara0terl8tlos • Wlth « fiuh0er?°^^ogen fo'o Ä Â-Sîf “ “ 
s,v; i;,Ä iss.ißi ¡fS's:,*"» 

et al of Battelle Memorial Institute^), i.e that a 
minimum ratio of fluorine to hydrogen atoms of 2/1 is 
required for nonflammability. ' 

2. Effect of Different 

halogensí'in0tS°DÍí^sS^a^ílngh°n®h°^rn^'°r®e^tfferent the 

lllul/eXÏT,Tr1VtlTlT hal°SenAÿdr^nraT?ï^ ^d^re 
haloglñ/h^roglí'raUo^/eA^ñS1^^^? ? low effective 
irradiance level of 23 ÍSnited at the 
which have an effective han an<^ ^be Pdyroers 
greater did not ignite. g /hydrogen ratio of 2/1 or 
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Table I 

EFFECT OF HIGH-INTENSITY THERMAL RADIATION 
ON HOMOPOLYMERS CONTAINING FLUORINE 

Irradiance Level - 23 cal cm"2 sec-1 
Ten specimens tested per polymer 
Exposure Time - 1 sec 

Homopolymer 

Polyethylene 
(-CH2-CH2-)n 

Polyvinyl Fluoride 
(-CH2-CHF-)n 

Polyvinylidene Fluoride 
(-CH2-CF2-)n 

Po^ytrlfluoroethylene 
(-CHF-CF2-)n 

Teflon 
(-CF2-CF2-)n 

Ratio 
Fluor/Hyd 

0.33/1 

1/1 

3/1 

4/0 

Avg Freq of 
AT(qC) Ign (^) 

19.2 100 

16.8 100 

10.8 50 

11.3 o 

36.3 0 

Tables III and IV recapitulate some of the data from 
Tables I and II in order that a comparison can be made of 
the effect of different halogen atoms in the polymer 
molecule. 

In Table III, both polymers are only partially 
naiogenated and both have a very low halogen/hvdrosen ratio 
Consequently, both materials ignited. The fluoropolymer 
has a lower AT value than the chloropolymer and thus 
appears to have a greater energy-dissipating capability. 

halógenatid^and^â^not^ïgnïteÎ^Howivir^ai1 fluorine la 
progressively replaced b? chlorine, the’AT values dlcrlase. 
This is not consistent with the results noted in Table III 
where the fluoropolymer has a lower AT value than the ' 
chloropolymer. It implies that the behavior of fluorine 
versus chlorine in a completely halogenated polymer is 
different from that in a polymer containing some hydrogen 
atoms. It is likely that the explanation lies in the 
relative ease of the degradation of the polymers and in 
the mechanisms by which the degradation takes place. 

12 



In Table IV, it will also be noted that a further 
decrease in AT occurs when an additional fluorine is 
replaced by bromine.' 

Table II 

EFFECT OF HIGH-INTENSITY THERMAL RADIATION 
ON HOMOPOLYMERS CONTAINING DIFFERENT 

HALOGENS 

Irradiance Level - 23 cal cm“2 sec-1 
Ten specimens tested per polymer 
Exposure Time - 1 sec 

Homopolymer 
Hal/Hyd Ratio 

Actual Effective* 

(-CH2-CHCl-)n 0.33/1 

(-CF2-CF=CF-CH2-)n 2/1 

(-CFCl-CF2-)n 4/0 

(-CCl2-CF2)n 4/q 

(-CH2-CH-)n 0.6/1 

OCH2-CF3 

(-CCl2-CFBr-)n 4/0 

Calculated on basis that 1 Br 

0.66/1 

2/1 

5/0 

6/0 

0.6/1 

19/0 

=c= 7 Cl 

Avg Freq of 
AT(qC) Ign (#) 

22.3 100 

13.9 0 

13.0 0 

11.6 0 

10.7 80 

8.9 0 

=c= 14 F (2) 

Table III 

THERMAL BEHAVIOR OF PARTIALLY HALOGENATED 
HOMOPOLYMERS: COMPARISON OF EFFECT 

OF FLUORINE VERSUS CHLORINE 

Irradiance Level - 23 cal cm-2 sec"1 
Ten specimens tested per polymer 
Exposure Time - 1 sec 

Effective Ratio* 
Homopolymer Halogen/Hydrogen 

(-CH2-CHP-)n 0.33/1 

(-CH2-CHCl-)n 0.66/1 

*Oalculatea on the basis that 1 Cl 

Avg Frequency of 
AT(°C) Ignition (%) 

16.8 100 

22.3 100 

=0= 2 F (2) 
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Table IV 

THERMAL BEHAVIOR OP COMPLETELY HALOGENATED 
HOMOPOLYMERS: COMPARISON OP EFFECTS OP 

DIFFERENT HALOGENS 

Irradiance Level - 23 cal cm“^ sec"^ 
Ten specimens tested per polymer 
Exposure Time - 1 sec 

Homopolymer 

(-CP2-CP2-)n 

(-CPCl-CP2-)n 

(-CCl2-CP2-)n 

(-CCl2-CPBr-)n 

Effective Ratio* 
Halogen/Hydrogen 

4/0 

5/0 

6/0 

19/0 

Avg Frequency of 
AT(OC) Ignition (#) 

36.3 0 

13.0 0 

11.6 0 

8.9 0 

■^Calculated on the basis that: 1 Br =e= 7 Cl =o= 14 F (2) 

B. Thermal Behavior of Copolymers 

In an attempt to synthesize materials which would 
have high energy-attenuating capabilities (low AT values) 
and would not ignite under high-intensity thermal energy 
pulses, several series of compounds were made by 
copolymerizing vinylidene fluoride (CH2=CFp) in various 
percentages by weight with the following monomers: 
perfluoronropene (C3F6); chlorotrifluoroethylene 
(CFC1=CF2): symmetrical difluorodichloroethylene 
(CFC1=CFC1) ; trifluoroethÿlene (CHF=CFp); and 2,2, 
2-trifluoroethyl acrylate (CHP=CH 

I 
m COOCHpCFo). 
The results of exposure to thermal radiation are presented 
in Table V. 

It shows that when the halogen/hydrogen ratio is 
4.8/1 or greater, no ignition occursWhen this ratio 
is 2,3/1 or less, ignition occurs w in every case but 
one and the frequency of ignition vie. usually (but not 
always) greater with the lower ratio. This is in 
qualitative agreement with the work by Warner et al(2). 

The AT values for the copolymers are all low (under 
13 C), It is interesting that, as in the homopolymers. 
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there is no direct relationship between the AT value and 
the tendency of the copolymer to ignite. Of the two 
copolymers which have the lowest AT value (6.50c), one 
did not ignite and the other ignited 40 percent of the 
time. The one which did not ignite (CH2=CF2/C3F6: 4o/60) 
has a high halogen/hydrogen ratio (5.5/1); the other 
(CH=CF2/CFC1=CFC1: 70/30), which showed considerable 
ignition frequency, has a low halogen/hydrogen ratio 
(2.3/1). 

Table V 

EFFECT OF HIGH-INTENSITY THERMAL RADIATION ON COPOLYMERS 
OF P OLYVINYLIDENE FLUORIDE WITH OTHER HALOGENATED MONOMERS 

Irradiance Level - 23 cal cm-2 sec"1 
Ten specimens tested per polymer 
Exposure Time - 1 sec 

Copolymer Composition 
t>y weight of monomer) 

Ratio* Avg 
CHp-CFg C3F6 Hal/Hyd AT(QC) 

100 0 
70 30 
40 60 

ch2=cf2— 

1/1 10.8 
2.3/1 8.6 
5.5/1_6^5 

100 0 
0 10 
0 60 

20 80 
0 100 

CH2=CF2 Cfc1=CFCÏ 

1/1 10.8 
1.3/1 11.9 
^.8/1 9.5 
11/1 11.6 
5/0_13.0 

Freq of 

ImJËà 
50 
80 
0 

50 
100 

0 
0 
0 

100 0 1/1 
70 30_2.3/1 

cHg-cFgcïïf=cf2- 

100 0 
36 64 

^2=ÏÏP2- 

COOCH2CF3 

10.8 
6.5 

10.8 
9.6 

100 0 1/1 10.8 
_ 30_70_0.65/1_9^2 

^Calculated on the basis that 1 Cl =0= <?vP (2) 

50 
40 

50 
0 

50 
100 
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C. Effect of Polymer Disk Thickness on Energy Atten¬ 
uation 

The AT values reported in the previous tables 
were measured behind polymer disks having a uniform thick¬ 
ness of 60 mils. The effects of different disk thick¬ 
nesses on the AT values of the same series of polymers 
s:hown in Table I were measured and are given in Table VI. 
Three of the materials showed that, as the thickness of 
the polymer disk was increased, the AT values erratically 
decreased. This general trend might be expected. 
However, the two homopolymers at each end of the fluor- 
ination series behaved in an anomalous fashion: poly- 
tetrafluoroethylene (Teflon) showed no significant change 
in AT as the thickness increased; polyethylene showed an 
unexpected increase in AT values as thickness increased. 
No explanation for this behavior is obvious at the present 
time. 

Table VI 

EFFECT OF POLYMER DISK THICKNESS 
ON THERMAL ENERGY ATTENUATION 

.^Irradiance - 20 cal cm“^ sec“l 
Exposure Time - 1 sec 

Homopolymer 

Polyethylene 

Polyvinyl 
Fluoride 

Polyvinylidene 
Fluoride (KYNAR) 

Polytrifluoro- 
ethylene 

Teflon 

(-CH2-CH2-)n 

(-CH2-CHF-)n 

(-CH2-CF2-)n 

(-CHF-CF2-)n 

(-CF2-CF2-)n 

AT (oc) at 
Disk Thickness of 

32 SiT 5Ö-5ÏÏ 
^mils) 

15.2 18.8 

20.4 21.3 

16.4 12.5 

17.4 16.7 

37.6 33.7 

24.9 19.2 

14.0 16.8 

10.9 10.8 

17.7 12.3 

37.7 36.3 
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D. Gaseous Degradation Products Analyzed bv Gas 
dñromatography- -£¿- 

chromatograms of the gaseous degradation 
°£ P0lymers exposed to high intensity thermal 

radiation by the closed-cell technique are shown in 
Figure 5 (polyethylene) and Figure 6 (polytrifluoro- 
ethylene). The polyethylene gives a relatively simple 
chromatogram, the five gaseous products consisting of 
three saturated hydrocarbons (containing one, two, and 
three carbon atoms) and two unsaturated hydrocarbons 
(ethyiene the monomer, and propylene). The polytrifluoro- 
ethylene gives a much more complex chromatogram consisting 
°^el6ht peaks including two unidentified peaks (B and G) 
and a C02 peak. ' ' 

The presence of small amounts of COo in the chromatn- 
gram of polytrifluoroethylene (Figure 6) was definitely 
established. This is rather disturbing since the 
thermolysis of the polymers had been carried out, as 
mentioned before, in a helium atmosphere with complete 
exclusion of oxygen. However, other workers have also 
found c°2 when 02 was not expected to be present. White 
and Rice (10) stated that, at elevated temperatures, a 
reaction occurred between their fluoro compound, C9F6 

nïdrnheSlaSS veSSel and led to the formation 
S02m^C2P?+3SÍ°2 -* 2C0+2C02+3SiF4). On the other 

hand, Madorsky and his coworkers (11) assumed that poly¬ 
trifluoroethylene contains some oxygen as part of its 
structure and that CO2 can be formed by a reaction of 
this oxygen with the carbon in the polymer chain. 

Table VII summarizes the results of the chromato- 
graphic analysis of the gaseous thermal degradation 
products of four of these homopolymers. The following 
generalizations appear evident: 6 

1) In every case, the monomer was formed to an 
appreciable extent with saturated and unsaturated 2-carbon 
compounds. 

2) Compounds containing only one carbon atom were 
also formed. 

3) In polyethylene, saturated and unsaturated 
3-carbon compounds were formed; in the fluorinated 
polymers, no 3-carbon compounds were identified as such, 
however, they may be concealed among the unidentified 
peaks observed for polyvinylidene fluoride and polytri¬ 
fluoroethylene. t' j j- 
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POLYETHYLENE 

-CH, - CH, - 

COLUMN. SILICA GEL 

ÿ 
t 

_A. 
wvcimM Tint m WNirrt« 

Figure 5. Chromatogram oí gaseous fraction 
of polyethylene pyrolyzates 

Exposure Time - 1 sec 
Irradiance - 23 cal/cm2/sec 

POLYTRIFLUOROETHYLENE 
-CHF - CFj- 

COLUMN: SILICA GEL 

Figure 6. Chromatogram of gaseous fraction 
of polytrlfluoroethylene pyrolyzates 

Exposure Time - 1 sec 
Irradiance - 23 cal/cm2/sec 
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in the'"gas “chroma tograp^lnoiud^Qnlv ?hr°dUCtS ^lyzed 
of the degradation fraction. “ ly the gaseous Portion 

prevlouslyTpolnted VI1 indicate, as 

fluoride)"gave''the1?ewest^gaaeQ116 (^-^-PoÄllde'ne 
loanee. i3 n0t «heth- -t^gÃs^a^M^Í?: 

GASEOUS THERMAL DEGRADATION PRODUCTS OP HOMOPOLYMERS 

Polymer 

Polyethylene 

w No. of 
Monomer Peaks 

CH2-CH2 

Qaseous Degradation Products 

CH4 CH^-CH^ CH^-CHg-CH^ 

CH2-CH2 CH^-CH-CHg 

Polyvinyl 
Fluoride 

CHg-CHF 

Polyvlnylldene CHo-CF« 
Fluoride (JCYNAR) ^ 2 

Polytrlfluoro CHF-CF0 
Ethylene 2 

CH-CH 
3 3 

CH2-CF2 CHg-CHg 

CHg-CHF 

ch2-cf2 

2* 

CHF- 

CFj-CHgF 

CHg-CFg 

CHF-CF- 

2* 

co2** 

Avg 
AT(QC) 

19.2 

16.8 

10.8 

12.3 

2* - Two unidentified peaks 

See text for possible explanation of COg 

degradation^roducts1^? fiuorn81?0' lt; 18 evldent that the 
That the complexity of these mixtSIs8!^? complex mixtures, 
increased time of exposure of ? ls lncreased by 

energy pulse is demonstrated by th^f^^círomaLg^1 
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shown in Figure 7 and the results given in Table VIII 
In this experiment, four replicate disks of a copolymer 
(vinylidene fluoride/perfluoroprene: 70/30) were exposed 
for increasing periods of time, i.e., for 1/4, 1/2, 3/4 
and 1 second respectively. Samples of the gaseous ' 
decomposition products were analyzed. The four chromato¬ 
grams obtained are shown in Figure 7. It is evident that, 
as the exposure time increased, the composition of the 
mixture of gaseous products changed and became more 
complicated. During the first 1/4 second, only CFi, and 
CH2=CF2 were formed. During the next l/4-second,,interval, 
more of these products were formed plus five new compounds, 
three being identified as CHF3, CF2=CF2 and CF2=CF-CFq and 
the other two being yet unidentified. During the third 
1/4-second interval, trifluoroethylene (CHF=CF2) appeared 
along with two additional unidentified peaks, and at the 
same time the previous peaks were intensified. During the 
last 1/4-second interval, no new peaks appeared but the 
earlier ones increased in size. 

Table VIII 

EFFECT OF EXPOSURE TIME ON THE NATURE 
OF THE GASEOUS DEGRADATION PRODUCTS OF A COPOLYMER 

OF VINYLIDENE FLUORIDE AND PERFLUOROPROPENE 

Irradiance Level - 23 cal cm-2 sec-1 

Exposure 
Interval New Peaks Formed After Exposure_ 

l/2* sec. CF4 
ch2=cf2 

1/2 sec. CHF3 
-3 cf2=cf2 cf2=cf-cf3 

sec. CHF=CF2 

No new peaks appeared; old peaks 
intensified 

*Unidentiried -- 
^♦Additional unidentified peaks. 

2* 

2*# 
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E. Some Possible Thermal Degradation Mechanisms 

On the basis of this preliminary work, it is not 
possible to formulate an overall reaction mechanism for 
the thermal degradation of this copolymer. However, one 
can tentatively postulate as to the mechanisms that 
account for the formation of many of the individual products 
and perhaps indicate to some extent the sequence in which 
the reactions might occur. These are as follows for the 
copolymer of vinylidene fluoride and perfluoropropene: 

1) CF4 is formed immediately and continues to 
be formed in increasing amounts. This could be accounted 
for by the following mechanism: 

HFFF HFFF 
-C-C-C-C - -» - C - C - C = C -- + CFzi 

H F HF 

2) CHFo is formed after the CF4 and continues 
to be formed in increasing amounts, although apparently 
not to the same extent as CF4. CHFq could be formed as 
follows: J 

fhfffhfffh 

fhfffhfffh 
-C=C-C-C-C=C-C-C-C=C- +3 CHFo 

FF FF ^ 

3) The monomers CHg = CF2 and CFo = CF - CF^ 
could be formed by simple depolymerization, i.e. by 
unzipping the copolymer chain. However, this would not 

explain why CH2 = CF2 appears before CF2 = CF - CF^ and 
in smaller amounts. Obviously, simple depolymerization 
is not the explanation. 

It is difficult to visualize the formation 
of CHF=CFp directly from the original copolymer. 
Undoubtedly, a number of intermediate reactions and/or 
rearrangements take place,which would explain why this 
compound shows up relatively late in the sequence. 
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The foregoing simple mechanistic pictures may be 
complicated by the fact that fluoropolymers often assume 
coiled-chain configurations. A -CP3 group may be much 
closer to a hydrogen or fluorine atom farther along the 
polymer chain than is indicated by the conventional graphic 
organic-chemistry formulae. Thu?, geometric configuration 
may play a considerable role in thermal degradation 
processes. A study of molecular models of fluoropolymers 
would undoubtedly be valuable in gaining further under¬ 
standing of the degradation mechanisms. 

It is obvious that considerably more Information than 
is now available will be required in order to formulate 
degradation mechanisms for such a complex copolymer as the 
the one discussed above. The unknown degradation products 
must be identified, especially%those whose peaks are 
labelled in Figure 7 as C, F and K, since these occur in 
relatively large amounts. It would also be desirable to 
identify B, although this product is apparently formed in 
considerably smaller amounts. 

Y. Conclusions 

Although the experimental results presented are 
highly preliminary, they point toward the following 
conclusions: 

1) Halopolymers can be designed or tailored to have 
very low ignition frequencies and yet good 
energy-dissipating characteristics (low AT values). 

2) There is no close relationship evident between 
the ignition frequency and energy-dissipating character¬ 
istics of a polymer. 

3) The rule of Warner et aí^on the effect of the 
halogen/hydrogen content of polymers on their ignition 
characteristics holds true qualitatively, i.e., the 
higher the ratio, the less the tendency toward ignition. 
Halogen/hydrogen ratios of 4/1 or above definitely allow 
no ignition; ratios below 1/1 always produce ignition; 
ratios in the range of l/l to 4/1 may or may not produce 
ignition. In these cases, the structure of the polymer 
molecule appears to be the determining factor. 

4) The energy-dissipating characteristics of a 
polymer are not a function of its halogen content alone. 
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Too high a halogen content in a polymer produces poor 
energy-dissipating characteristics, e.g. Teflon. It 
would appear that such a polymer is too stable, thermally. 
On the other hand, unhalogenated polymers, e.g. poly¬ 
ethylene, which are not stable thermally, are ineffective 
energy dissipators. This implies that an effective energy 
dissipator must be a polymer which degrades by such 
mechanisms as to either absorb much thermal energy or else 
to generate materials such as smoke to act as a barrier 
to prevent much of the thermal energy from impinging on 
the polymer. Insufficient data are available as yet to 
prove which set of mechanisms is the more effective. 

5) The time interval of exposure of a polymer to 
high-intensity thermal radiation materially affects the 
nature of the degradation products. As the exposure time 
is increased, not only are the first-formed products 
increased in amount but also new products are formed. A 
more detailed study of this phenomenon would undoubtedly 
throw more light on the mechanisms of the thermal 
degradation of halopolymers exposed to intense thermal 
energy. 

6) It is obvious that considerable further research 
is required in order to formulate reaction mechanisms 
for the thermal degradation of halopolymers. A knowledge 
of such mechanisms is essential to the development of 
ideal "tailor-made" halopolymers which will afford high 
levels of protection against high-intensity thermal pulses 
from nuclear weapon detonations. 

7) Consideration should be given to the possibility 
that pyrolyses that proceed in an inert atmosphere such as 
helium may differ substantially from thermal degradation 
in air. Consequently, controlled atmospheric conditions 
may become necessary for the comparison of test results. 
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