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ABSTRACT 

Male Sprague/Dawley rats, 350-425 grams, were exposed to the 

thermal decomposition products of GM32 (a rigid polyurethane foam with 

fire retardant) and GM42 (a rigid polyisocyanurate foam without fire 

retardant). LC^QS were obtained in the semi-dynamic, whole body chamber 

type using the nonflaming mode and in the semi-static, head-only chamber 

type using both the nonflaming and flaming modes. A post-exposure 

examination was conducted to determine the following: exploratory 

activity, cornea reflex, righting reflex, respiratory irregularities, 

chromorhinorrhea, and lachrymation. Necropsies were performed on all 

rats. 

There was no incidence of lung nodules in healthy rats as 

previous experiments had stated. Granular material, inflammation, 

hemorrhaging and congestion in the lung were noted after 14 days. 

Particulate analysis in the semi-dynamic chamber revealed approximately 

30% of total particulate weight was less than 0,4 microns in size. 

viii 



INTRODUCTION 

The toxic effect of fires to firefighters and victims has 

stimulated much interest and concern in recent years. In the United 

States today, fire causes some 8000 to 9000 deaths yearly and property 

losses amounting to $4 billion (Gunther, 1978). To reduce this fire 

fatality rate, it is necessary to assess the potential life hazard from 

dwelling fires and fires in general. The factors leading to fire 

toxicity must be examined. This knowledge must then be applied toward 

developing reliable test procedures that will make it possible to 

evaluate the potential of a combustible material to become an extraor

dinary toxic gas hazard in a fire. 

A few decades ago, the main lethal factors in a fire were 

frequently identified as burns and smoke asphyxiation. Today, it is 

known the leading cause of fire deaths is anoxia due to oxygen consump

tion by the fire and to the effects of carbon monoxide (CO). Zikria, 

Ferrer, and Flock (1972) found that CO poisoning was noted in 70 percent 

of all victims with a primary diagnosis of smoke poisoning or asphyxia. 

CO, produced in all fires especially during the smouldering phase, 

reacts 200-300 times faster with hemoglobin than oxygen and results in 

carboxyhemoglobin saturation in the blood. This causes a deprivation of 

an adequate supply of oxygen to vital body tissues. 

The effect of anoxia can incapacitate a person in a fire, and •. 

may impair his judgement to the point where the basic instincts to flee 

1 
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are inhibited. Incapacitation, or loss of the ability to respond 

appropriately, may subsequently result in death from other causes in a 

fire. This is an important concept in studying the effects of the 

inhalation of toxicants: the exposure required to incapacitate as 

well as the exposure required to kill. 

Fire Toxicants 

In addition to the hazards described above there are a 

multitude of other factors that contribute to fire toxicity. Table 1 

describes a few of these. 

Carbon dioxide (CX^), although not a toxicant unless under 

extreme concentrations, stimulates the rate of respiration and increases 

the rate at which toxicants are inhaled. The respiration rate is 

doubled in the presence of about 2.5 percent CO^ (Hartzell, Packham, 

and Hileman, 1976). 

The generation of acids and aldehydes in a fire are common. 

Hydrogen cyanide (HCN) is almost always given off during the burning of 

nitrogen containing materials. Cyanide inhibits the enzyme cytochrome 

oxidase in the mitochondrial electron transport system, thus" preventing 

cellular respiration. This is of particular concern when polyurethane 

foamed insulation materials are burned. HCN concentrations will 

proportionately increase as the temperature of the fire increases 

(Woolley, 1972). Hydrogen fluoride is heated to approximately 600°C 

and above. Aldehydes such as formaldehyde and acrolein are extremely 

irritating to the respiratory tract. These compounds are commonly used 

in pathology laboratories as tissue fixatives. It is thought that some 
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Table 1. Sources of physiologic effects of selected thermodecomposition 
gasses other than CO and C0„ — (Montgomery, Reinhardt, 
Terrill, 1975). 

Sources of 
thermodecomposition gasses 

Physiological 
effects 

10 minute 
lethal 

concentration 
* (ppm) 

HYDROGEN CYANIDE (HCN) 

From combustion of various 
products such as wool, Bilk 
polyacrylnitrile, polyurethane, 
and paper; flammable; jifficult 
to analyze 

Rapid fatal 
asphyxiant 

350 

Produced from fabrics, 
cellulose nitrate 

NITROGEN DIOXIDE (N02> 

Strong pulmonary 
irritant capable of 
causing immeidate 
death 

>200 

Produced in combustion of 
wool, silk and nylon 

AMMONIA (NH3) 

From pyrolysis of wire 
insulation materials such as 
polyvinyl chloride (PVC) 

From urethane isocyanate 
polymers; toluene-2,4,diiso-
cyanate (TDI) has been 
reported in laboratory studies 

Pungent, unbearable 
odor; irritant to 
eyes and nose 

HYDROGEN CHLORIDE (HC1) 

Respiratory irritant 

>1000 

>500 

ISOCYANATES 

Potent respiratory 
irritants 

M.00 (TDI) 

From pyrolysis of polyolefins 
at low temperatures (400°C) 

ACROLEIN 

Potent respiratory 
irritants 

30 to 100 

* ppm = parts per million 
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aldehydes may induce a reaction that produces a stricture (laryngo-

spasm) in the trachea which will consequently Interfere with respiration. 

Certain substances generate particulates, which in sufficient 

quantities can cause asphyxiation by occluding the upper respiratory 

tract. In addition smoke density may obscure vision and often has 

lachrymatory properties. 

Persons in fire situations may be forced to breathe hot air 

leading to thermal burns in the trachea. If exposure time is sufficient 

the hot air can reach the lungs and damage delicate pulmonary tissues. 

This in turn can lead to swelling of the smaller bronchi and the produc

tion of edematous fluids (Nunez, De, and Autian, 1974). Super hot air 

will of course burn the skin and other tissues. 

The addition of fire retardants to many materials, albeit 

increasing the temperature required for combustion, could contribute a 

toxic mixture of gasses when burned, and the potential toxicologic 

problems could be even more complex. 

All materials, upon application of sufficient heat energy, will 

undergo thermal decomposition. However, the same materials will 

generate a different combustion atmosphere when temperatures and 

ventilation conditions differ. In the absence of flame, many products 

of incomplete combustion are formed, Including noncombustible gasses, 

combustible gasses (often monomers if a polymeric material is involved), 

and char residue (Hartzell et al., 1976). If sufficient additional 

heat is applied, the combustible gasses will ignite forming CC^ and CO 

along with other gaseous products, aerosols, particulates, and char 
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residue. Thus there are two basically different combustion modes: 

nonflaming or pyrolysis, and flaming combustion. Each of these modes 

is present in a fire and will generate toxic gasses that differ 

quantitatively and qualitatively. 

Polymer Combustion/Pyrolysis Toxicity 

Polymeric plastics and resins have found their way into today's 

society at a rapidly increasing rate. The likelihood that they will 

become involved in an industrial or domestic fire increases yearly. One 

of the earliest indications of hazards from this source came from the 

Cleveland Clinic disaster in 1929. A highly combustible plastic, 

nitrocellulose, caupht fire and caused the deaths of 125 persons. In 

most cases, death was caused by the inhalation of CO and nitrogen oxides 

(JAMA, editorial, 1929), both of which were thermal decomposition 

products of nitrocellulose. 

Questions arose regarding the safety of various synthetic 

plastics. Studies done by Zapp in 1957 involved pyrolysis experiments 

with foamed polyurethane, polyvinyl chloride, neoprene, and natural 

rubber. He found the three types of polyurethane used all decomposed to 

a certain extent at 200"C. When rats were exposed to between 6 and 7 

grams of polyurethane at 250°C for 6 hours there were mortalities in 2 

out of the 3 types of polyurethane tested. 

In 1975, experiments done at the Flammability Research Center at 

the University of Utah (Petajan, Voorhees, and Packham, 1975) indicated 

that in the case of laboratory-formulated fire retarded rigid poly

urethane foam, the physiological and toxicological effects of its 



combustion products prove fatal to animals in a matter of minutes. They 

suggested that humans exposed to polyurethane's decomposition products 

encounter a major health hazard. Table 2 describes the results of 

these experiments. 

The Final Report to the Products Research Committee presented 

by Dr. D. G. Farrar, also from the Flammability Research Center, 

reported the occurrence of "lesions" in the lungs of rats exposed to 

the combustion products of polyisocyanurate and polyurethane foams with 

the highest incidence occurring in rats exposed to polyisocyanurate 

(Farrar, 1979). The animals were exposed for thirty minutes in a semi-

static type chamber and experienced up to 16% weight loss subsequent to 

the exposure. 

The total pathological effects of exposing animals to the 

combustion products of polyurethane and other polymers such as poly

isocyanurate, are complex and is worthy of further investigation. It 

is clear that their presence does create a substantial health hazard 

when encountered in fire situations. 

Inhalation Chambers 

A fire environment has many factors that may contribute to the 

concentration and type of combustion gasses generated. It is an 

impossible task to simulate the ideal fire situation because each one 

may differ from the next. A fire that erupts in a small bedroom with 

the windows closed will have no additional air flow. Available oxygen 

will be consumed at a rapid rate and the Tionflaming (smouldering) phase 

may be prolonged. This is in contrast to an open air fire that has 
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Table 2. A summary of the results of behavioral assessment of rats 
after a 20 minute exposure to CO, wood, rigid polyurethane 
foam and fire retardant rigid polyurethane foam — (Petajan, 
Voorhees, and Packham, 1975). 

Time to move Response 
Material COHb from 25 cm to pain 'Comments 

(%) circle (sec.) (pin prick) 

CO, 1500 ppma 38-53 12.4 Suppressed Respiratory distress 

Wood, 5 grams 30-46 11.4 Normal Respiratory distress 

Wood, 18 grams 62 >60 None Extreme respiratory 
distress, all died 
within 24 hours 

Foam, 0% FRb 28-33 6 Suppressed Normal behavior, 
slight staining of 
nares 

Foam, 4% FR 23-2f Focal seizures, 
grant tnal seizures, 
no parasympathetic 
signs, normal CO 
unloading 

Foam, 8% FR 5-6 >60 None All animals showed 
myoclonic jerks 
which progressed to 
status epilepticus 
and death. No para
sympathetic signs. 

3 
ppm = parts per million 

k FR = fire retardant 



ample oxygen support and poses additional hazards such as heat and flame 

in addition to the toxic gasses generated. 

A major aspect of experimental concern is the definition of the 

fire environment desired. In choosing the proper system design it is 

important to consider the following concepts (modified Crane et al., 

1977): 

A. The total volume should be kept to a minimum to conserve the 

quantity of sample material needed for each run, to simplify the 

problem of insuring rapid and complete mixing, and to facilitate the 

disassembly and thorough cleaning of the system after each run. The 

chamber volume should be adequate enough to allow for movement by the 

animals and to reduce stress due to crowding. 

B. Any material that comes in contact with the combustion products 

should be inert toward them to reduce any adsorption, adherence, or 

chemical reaction with the gasses. 

C. The heating apparatus to which the sample is exposed should be 

reproducible, of sufficient magnitude to insure complete thermal 

degradation, and of a type that would encompass heat transfer by both 

conduction and radiation, as does a real fire. 

D. The container in which the sample is burned should be con

structed in such a way that insertion of the sample into the furnace 

can be done with relative ease and without posing any danger to the 

investigator. 

E. The evolved degradation products should travel the shortest 

possible route to the chamber in order to minimize loss of volatiles 

and particulates by condensation. 
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F. The temperature in the animal exposure chamber should never 

reach a value that may present a severe stress to the animals unless 

heat stress is desired in the experiment. Temperatures greater than 

40°C are considered capable of producing adverse physiological reac

tions. The design of the chamber may allow for a cooling system to be 

employed when temperatures are too great. 

G. Oxygen concentrations in the exposure chamber should be 

maintained above 90 percent of the normal ambient concentrations. 

H. The maximum duration of the exposure should be: (i) short 

enough so that CO2 levels generated by both the metabolic activity of 

the animals and by combustion of the sample does not exceed 5 percent, 

(ii) short enough so that 0^ levels will not fall to dangerous levels 

as stated in 'G1, (iii) sufficiently short so that metabolic detoxifica-

ftion of a toxic species would decrease its potential effect before post 

exposure examination can be done, (iv) short enough so that several 

experiments in one day would be practical, and (v) long enough to 

insure that peak concentrations of degradation products are reached. 

The duration of the exposure is arbitrarily decided. Some 

combustion toxicity testing is done with the sole intention of comparing 

the relative toxicity of sample A to sample B, sample A to sample C, 

etc. A thirty minute exposure is the usual acceptable duration. 

However, a four hour exposure is not uncommon if the intention is to 

simulate the "real world". Such might be the case when thermal 

degradation products are present in an occupational setting. 
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The principal terms used to describe chamber operation are 

"static" and ''dynamic" (Clayton, 1976). At one time these two designa

tions would have adequately defined chamber operation. With the advent 

of new chamber designs further classification is necessary. 

The static chamber is characterized by little or no air change. 

A bolus of the test substance is introduced into the furnace and the 

decomposition products rise or travel horizontally into the chamber. 

This was employed by the Underwriters Laboratories in the 1930s to 

assess the hazards from acute inhalation of refrigerant chemicals such 

as Freon 11, 12, 113, and 114. The exposures were designed to simulate 

accidental exposures likely to be experienced by refrigerator repairmen 

working in an enclosed space. 

In a static chamber C>2 and CC^ levels decrease and increase, 

respectively. Oxygen is consumed both by the exposure animals and by 

the fire. Carbon dioxide on the other hand is generated by the burning 

of the sample and by the animals' expiratory gasses. The exposure is 

of limited duration so as not to exceed levels of and CO2 which may 

be physiologically adverse. If the exposure is protracted the toxic 

effect of the decomposition products may be difficult to distinguish 

from the effects of hypoxia. Some systems are designed to recirculate 

all the gasses which will insure mixing. Figure 1 describes the rise 

and fall of gas concentrations. 

If an extended exposure is desired, it is possible to control 

C02, C>2 and combustion gas levels. These systems would be termed 

semi-static if CO2 and Og levels are maintained (Figure 2a) or if the 

combustion gas levels increase steadily (Figure 2b). 
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combustion 
products 

C0„ 

Time 

Figure 1. Static conditions — (Clayton modified). 
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Figure 2. Semi-static conditions a) with CO2 & O2 maintained, and 
b) with gradual increase in combustion products level. 
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The temperature, available oxygen, and the chemical composition 

of the sample will determine the burning rate. A rigid polyurethane 

foam will burn rapidly. A more resinous material might melt and 

generate smoke and gasses at a constant rate. 

A system is termed dynamic if the sample is burned in a 

distant furnace, mixed with air, then metered into the chamber. Since 

air is continually pumped into the chamber Oj and remain at normal 

concentrations. 

If the combustion gas concentration remains constant it is 

considered a true dynamic or constant flow system (Figure 3a). If the 

sample burns rapidly, the combustion gas level rises then falls, it is 

termed a semi-dynamic system (Figure 3b). 

Under constant flow conditions two alternatives exist. The 

first alternative is a system where the sample is added after the 

animals are placed in the chamber with a constant air flow already 

maintained. A disadvantage to this method is the drop in furnace 

temperature when the sample is inserted which may alter thermal degrada

tion. 

The second alternative is to place the animal in the chamber 

after the desired levels of decomposition gasses, 0^ and CC^ is 

maintained (Figure A). This system must be equipped with a means of 

inserting the animals into the chamber without much disruption of gas 

concentrations. 

A closed-dynamic chamber has been used by Clayton in the 1960s. 

In this system, is bled into the chamber and CO2 is absorbed. After 
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Figure A. Constant flow conditions with animal loading tray system. 
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priming the chamber with the test gas, a low gas flow keeps the 

concentration at the desired level (Figure 5). 

G 
O 

•H 

e 
0) 
u 
c 
o 
o 

* 
priming 
phase 

Time 
Figure 5. Closed dynamic conditions. 

combustion 
products 

CO, 

Experimental Objectives 

A stimulus for the conduction of this study was the paper 

presented by Dr. D. G. Farrar (1979) as described in the section titled 

Polymer Fire Toxicity. The "lesions" mentioned were described as a 

diffuse area of ulcerated lung tissue which was fatty-like to the eye at 

necropsy. It was observed only after nonflaming combustion and only in 

animals that survived the 14 day exposure period. Further investiga

tions into the onset and development of these "lesions" and the 

toxicity of these polymers is necessary. 
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A second stimulus for the conduction of this study is the need 

for a definition and comparison of chamber systems used in combustion 

toxicology. Actual fire conditions will vary from one to the other and 

many factors may contribute to the toxicity of a material. Different 

chamber types may introduce new types of stress to the test animals and 

make reproducible experiments a difficult task. 

In summary the objectives of this study were to: 

A. Investigate the occurrence of lung "lesions" in the rat when 

exposed to rigid polyurethane and polyisocyanurate foams (GM32, GM42) 

and to assess their general toxicity. 

B. Conduct experiments concurrently on semi-static and semi-

dynamic chambers and evaluate the differences of each type. 



METHODS AND MATERIALS 

During 1976, the Products Research Committee (PRC) acted to 

make available for use a set of special reference materisls (GMs) of 

cellular plastics to serve as benchmarks for comparison of research data. 

The samples used in this study were GM32 and GM42. 

GM32 is a rigid polyurethane foam with fire retardant. It 

contains polyisocyanate and isocyanurate. GM42 is a rigid isocyanurate 

foam containing polyisocyanate. (For physical and chemical properties 

of GM32 and GM42 see Appendix A). 

Inhalation Chamber Description 

Semi-Static Chamber 

This chamber is characterized by a rapid rise in combustion 

product concentration followed by a steady level of pyrolysis products. 

The chamber is constructed so that only the heads of the animals are 

exposed to the chamber atmosphere. The animals (rats) are restrained 

in lucite tubes and are placed in the six portholes around the chamber 

(Figure 6). The chamber itself is octaganol, constructed of lucite, and 

has a volume of 60 liters. The sample is burned in a quartz beaker 

which sits in a Potts heater. Since minimal air or gasses will enter 

or escape during the exposure, the concentration is derived by dividing 

the weight of the sample by the volume of the chamber. Ambient chamber 

temperature is monitored by two chromel-alumel thermocouples, one placed 

18 



Figure 6. Photograph of smoke-filled semi-static chember during exposure. -- Six rats are 
placed in restraining tubes, four rats are wired for the leg flexion test. 
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6 inches from the top of the chamber and the other placed at the same 

level as the rats. A swinging door was constructed with an injection 

port to allow easy access to the beaker. After insertion of the 

sample an open end, Teflon-coated, metal cone was placed directly over 

the beaker to minimize the heat and flame generated by the fire. 

Semi-dynamic Chamber 

This chamber is characterized by a more or less steady level of 

combustion products from the time of insertion of the sample until 

combustion is completed. The chamber is cylindrical, made out of glass, 

and has a volume of 30 liters (Figure 7). 

The sample was burned in a stainless steel boat which is 

inserted into a stainless steel pyrolysis tube 19 inches long and 2 

inches in diameter. The horizontal tube is heated by a Lindberg tube 

furnace and the temperature controlled by a Lindberg Temperature 

Controller. 

Temperature at the site of pyrolysis was monitored using a 

chromel-alumel thermocouple extending 11 inches into the horizontal 

tube and in a position directly over the sample. A time versus 

temperature graph was obtained by connecting the thermocouple to a 

Linear Model 355 chart recorder operating on the 20 millivolt scale at 

1 cm/min chart speed. Between the tube thermocouple and the recorder 

a second thermocouple was placed in an ice bath in order to calibrate 

the recorder at 0°C. 

An air stream from the building air supply was passed through 

anhydrous calcium chloride to remove moisture, through an aif flow 
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Figure 7. Diagram of semi-dynamic chamber. — a) Lindberg tube furnace, 
b) Lindberg temperature controller, c) chart recorder, 
d) chamber, e) outlet tube. 
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meter, and finally into the horizontal tube directly over the area of 

pyrolysis at the back of the tube. The air and pyrolysis gasses were 

then forced out via a 1/2 inch diameter side arm located at the front of 

the tube. The input and output holes were placed so as to insure 

sufficient mixing of air and gasses. The flow was then conducted 

through 1/2 inch diameter stainless steel tubing and entered the 

chamber near the top through a wooden faceplate. The apparatus was 

constructed so that the stainless steel tubing formed two 90° angles 

from the horizontal combustion tube to the chamber and then extended 12 

inches into the chamber. The air and gasses exit via a 1 inch hole at 

the bottom of the faceplate and is vented into the hood. The positioning 

of the input and output ports insured proper mixing throughout the 

chamber. In order to prevent too hagh a chamber temperature, a copper 

jacket was constructed around the tubing to allow cool water to come in 

contact with the outside of the tube. Rats were placed inside the 

chamber where their entire bodies were exposed to pyrolysis products. 

Atmospheric Analysis 

The chamber air and gasses were analyzed by a Gow-Mac gas-solid 

chromatograph with a thermal conductivity detector and by Kitagawa 

colorimetric tubes. The chromatograph was able to detect 02, C02 and CO. 

This system was developed with two columns. The first column was 

packed with Porapak Q and separates CC^ and HjO from all other gasses. 

The gasses then flowed through a 1/8 inch diameter stainless steel tube 

packed with carbosorb which retains CC>2 *md HjO. The tube winds around 

the chromatograph, enters the second injection port, and passes through 
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a column packed with molecular sieve. In this column Oj* CO, and N are 

separated. Helium was used as the carrier gas. 

The Kitagawa colorimetric tubes were used to analyze HCN con

centrations. These tubes, however, are only able to give an estimate 

of the HCN concentration in the chamber due to the high probability of 

error. 

Particle Sizing 

In addition to the combustion gasses generated when the sample 

is burned, a considerable quantity of particulate is formed. Thus it 

was necessary to measure what size particles are produced and to 

determine the probable level of respiratory deposition. The Anderson 

1 ACFM Particle Fractionating Sampler was used to simulate the 

respiratory tract and collect and size particulate. 

The fraction of inhaled particulate retained in the respiratory 

tree and the site of deposition vary in size, shape, and density. The 

3 
Andersen Sampler, however, was calibrated with unit density (1 gram/cm ) 

spherical particles so that all particles collected, regardless of their 

physical size, shape, or density are sized aerodynamically equivalent to 

the reference particle. 

Chamber smoke and gasses enter the inlet cone and cascade through 

the succeeding stages which have progressively smaller orifices. 

Successively smaller particles are inertially impacted onto the 

collection plates. All clean gasses are carried through the vacuum tube 

and into the pump. Collection plates are weighed before and after the 

test and the particle size distribution can now be determined. 
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Experimental Procedure 

In previous combustion toxicity experiments on rigid polymeric 

foams (GMs 2, 23, 41 and 43) reported by Dr. Farrar of the Flamraability 

Research Center, a high incidence of lung "lesions" were seen in both 

the flaming and nonflaming modes at necropsy. The lesions, however, 

appeared almost entirely when nonflaming conditions existed, thus this 

mode was chosen for this study. 

The auto-ignition temperature was found by inserting samples of 

GM32 and GM42 in the Potts type heater used in the semi-static, head-

only chamber. The temperatures used in the exposure were 15-25cC below 

the auto-ignition temperature. Both samples were burned at 550°C. 

Six male, Sprague/Dawley rats were used for each exposure. The 

animals were observed for one week prior to exposure for signs of 

illness because rats are extremely susceptible to respiratory diseases. 

Any animals with rales, sneezing, or abnormalities in respiratory rhythm 

were not used in the experiments. 

Body weights were taken pre-exposure and every third day 

thereafter until the 14th day. The rats weighed between 350 and 425 

grams on the day of exposure. Whereas this weight usually signifies an 

elderly rat, it was necessary to use relatively large rats in order to 

accomodate the restrainer tubes in the head-only chamber. On the 14th 

day post-exposure a necropsy was performed on all surviving rats. The 

lungs and any abnormal organs were preserved for histopathological 

examination. A slice of lung was also preserved in Karnovsky's solu

tion in order to prepare it for scanning electron microscopy. 
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A leg flexion test was employed to assess incapacitation during 

the exposure. A copper plate was suspended directly under the rat's 

hind foot. The rat was wired to an electrical relay system BO that if 

the rat dropped its foot in the normal extended position, it would make 

contact with the plate. This contact completed the circuit and the rat 

received a low amperage electrical shock. The rat was required to flex 

its leg to avoid an electrical shock. 

When the semi-static chamber was used, the animals required a 

fifteen minute training period during which the rat developed a con

ditioned response to the electrical shock and flexed its leg. When the 

semi-dynamic chamber was used, no preparation was necessary for the leg 

flexion test was not used. 

Each exposure lasted thirty minutes. When the semi-dynamic 

chamber was used, the animals were observed and any unusual behavior was 

recorded. With the semi-dynamic chamber, rats were continuously 

observed for the first sign of losing the conditioned avoidance response. 

When a rat no longer responded to the electrical shock its individual 

relay was shut down to prevent unnecessary electrical current to the 

animal. The time was recorded when the animal first lost its conditioned 

response. 

C02, CO, and levels were determined every 5 minutes using the 

gas chromatograph. HCN levels were determined at approximately the 3 

minute and 18 minute marks. Chamber temperatures were recorded every 

minute for the first 5 minutes then every 5 minutes thereafter. 
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All animals were observed for physiological and behavioral 

changes immediately following the exposure. The relative degree of 

toxicity and incapacitating effects of the combustion products were 

evaluated by observation of the following: 

o Neurophysiological Responses 

a. pain response 

b. righting reflex 

c. exploratory behavior 

d. posture 

e. gait 

f. cornea reflex 

o Signs of Irritation 

a. eyes; lachryniation, opacity 

b. nares; chromorhinorrhea, secretions 

c. salivation 

o Respiration Irregularities 

Scanning Electron Microscopy 

A thin slice of lung from the lower right lobe was excised from 

one rat out of six in each exposure. The specimen was fixed in con

centrated Karnovsky's solution for 3-5 days. Each specimen was 

dehydrated in a graded series of acetone. After further dehydration by 

the critical point drying technique, the sections were coated with 

carbon and gold-palladium in a high vacuum evaporator. Tissue samples 

were observed for pathological changes using an ETAC Scanning Electron 

Microscope. 



RESULTS 

After insertion of the sample into the furnace, thick smoke 

immediately billowed out into the chamber. In the semi-dynamic chamber 

the animals were initially exposed to extremely dense and high concentra

tions of smoke as it entered the chamber through the stainless steel 

tube. In the semi-static chamber the sample was burned in the wide 

mouth beaker. The smoke entered the Teflon-coated cone, was directed 

towards the celling of the chamber and was dispersed to all levels of 

the chamber. Thus, dispersion of gasses was accomplished faster in the 

semi-static chamber. The animals' first encounter with the smoke and 

gasses was more dilute in the semi-static chamber than in the semi-

dynamic chamber. 

GM32 pyrolysis was characterized by yellowish brown smoke given 

off in the initial 45 seconds, thereafter the smoke was white. The 

smoke given off by the burning of GM42 was yellowish brown throughout 

the pyrolysis. 

Exposure and Post-exposure 
Behavioral Assessment 

Semi-dynamic chamber 

Within 7 minutes after the exposure had begun, the rats appeared 

subdued and exploratory activity was diminished. In approximately 12 

minutes all rats were upright but respiration was slow, deep, and 

deliberate. At the 15-20 minute mark, especially in those exposures 

27 



where mortality resulted, the rats were seen to jump violently toward 

the top of the exposure chamber repeatedly and were obviously dyspneic. 

Post-exposure examination revealed a rapid respiration rate in 

most surviving animals for approximately 5 minutes. Lachyrmation was 

absent and the nares and mouth region contained soot. The rats would 

remain immobile for approximately 5 minutes then would resume normal 

exploratory activity and appeared to be fully recovered from any 

insult. They would also commence cleaning themselves after about 5 

minutes. There were no post-exposure mortalities. 

Semi-static Chamber 

A grading system was devised to assess behavioral and physio

logical irregularities for rats exposed in this chamber. Results are 

shown in Table 3. In addition, incapacitation was estimated utilizing 

the conditioned avoidance reflex test. The grading system is as 

follows: 

Cornea reflex: + reflex present 

± sometimes present 

- reflex absent entirely 

Righting reflex: same as grading for cornea reflex 

Respiration: normal - rate and depth same as pre-exposure 

Chromorhinorrhea: graded from 1"-" meaning appears normal to 

meaning heavy accumulation of fluid, 

secretions, and soot in and-around nares 



Table 3. Post-exposure evaluation for GM42 and GM32, semi-static chamber, non-flaming combustion. 

Sample, Time to 
concentration, Rat Cornea Righting loss of 
and mortality number reflex reflex Respiration Chromorhinorrhea Lacrymation avoidance 

(min.) 

GM42 1 + + Rapid, deep ++ 4:30 
7.6 g/m^ 2 + + Normal ++ not wired(NW) 
0/6 3 + + Normal ++ 6:00 

4 - Rapid, deep _ NW 
5 - Rapid, deep - 27:00 
6 — - Slow, gasping + — 15:20 

GM42 1 + + Normal — — NW 
8.3 g/m 2 + + Rapid + 19:40 
0/6 3 + + Rapid - did not lose(-) 

4 +• + Normal + NW 
5 + + Rapid + -

6 + + Normal + — 

GM42 1 + + Normal + — 

8.7 g/m3 2 + + Normal + NW 
0/5 3 - - Rapid + NW 

4 + + Normal + 22:50 
6 ± ± Slow + — 

GM42 1 _ _ Very slow, deep _ — 18:50 
8.9 g/m 2 0 0 Very slow, deep ++++ 11:55 
4/6 3 NW 

4 Rats number 3-6 died during the exposure. Post-exposure 14:10 
5 evaluation not available. 3:00 
6 NW 

NJ 
VO 



Table 3. Post-exposure evaluation for GM42 and GM32 — (continued). 

Sample, 
concentration 
and mortality 

Rat 
number 

Cornea 
reflex 

Righting 
reflex Respiration Chromorhinorrhea Lacrymation 

Time to 
loss of 
avoidance 
(min.) 

GM42 1 NA NA NA NA NA 7:53 
10.7 g/m 2 NA NA NA NA NA NW 

6/6 3 NA NA NA NA NA 10:43 

4 NA NA NA NA NA 13:14 

5 NA NA NA NA NA NW 
6 NA NA NA NA NA 10:50 

GM32 1 + + Slow, deep ++ — — 

16.8 g/m rales 

0/6 2 + + Rapid, shallow ++ ++ NW 

3 + + Slow, deep +++ ++ NW 

4 + + Rapid, shallow •H* -

5 + ± Slow, deep +++ + -

6 + + Rapid shallow +++ — — 

GM32 1 + + Rapid, shallow +++ — NW 

25.0 g/m 2 + + Rapid, shallow + - -

0/6 rales 

3 + + Rapid, shallow +++ - 18:00 

4 + + Rapid, shallow 4-H- - NW 

5 + ± Rapid, shallow + - -

6 + + Rapid, shallow + - -

rales 



Table 3. Post-exposure evaluation for GM42 and GM32 — (continued). 

Sample, 
concentration 
and mortality 

Rat 
number 

Cornea 
reflex 

Righting 
reflex Respiration Chromorhinorrhea Lacrymation 

Time to 
loss of 

avoidance 
(min) 

GM32 - 1 + _ Slow, deep ++ —,, 

34.9 g/m 2 + + Slow, deep -H- -

0/6 3 + + Slow, deep + NW 
4 + - Slow, deep +++ 20:15 
5 + + Slow, deep + -

6 + + Slow, deep ++ NW 

GM32 1 + ± Slow, deep + NA 

16.8 g/m 2 + + Normal + NA 
(repeat 3 + + Normal + NA 

exposure) 4 + + Normal + NA 
5 + ± Slow, deep + NA 
6 + + Normal + NA 

NA = not available 
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Lachrymation: - eyes appear normal 

+ secretions present 

++ heavy accumulption of secretion in and 

around eyes 

Between 12 and 15 minutes into the exposure the animals were 

seen gasping for air as described in the semi-dynamic chamber. This 

slow, deep respiratory rhythm continued throughout the duration of the 

exposure unless death ensued. 

In general, chromorhinorrhea, or the discharge of pigmented 

secretions of the nose, was more pronounced in the semi-static chamber 

than in those animals tested in the semi-dynamic chamber. As in all 

previous experiments, all animals that survived the exposure were 

immobile for approximately 5 minutes, then would resume normal 

aactivity. No post-exposure mortality occurred. 

Biological Endpoints 

Two endpoints were investigated in this study: incapacitation 

aand death. Incapacitation was determined via the leg flexion test and 

is applicable solely with the semi-static chamber. The results are 

shown in Table 4. 

Figures 7 and 8 are Miller and Tainter plots for the for 

incapacitation and the respectively. Graphs are not drawn for 

those values where the I-C^Q and ®^50 can °^ta^ne<i directly from the 

data. 
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Table 4. 

Sample Chamber 
Lethal 

Coneentration 

(LC50* 

Effective 
Concentration 

<EC50> 

GM42 Semi-dynamic 

GM32 Semi-dynamic 

GM42 Semi-static 

GM32 Semi-static 

<3.50 grams 
>3.42 grams 

6.40 grams 

9.2 g/m3 

>34.9 g/m3 

Not applicable 

Not applicable 

8.7 g/m3 

>34.9 g/m3 
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Figure 8. EC5q f°r GM42, semi-static chamber.--SE = 0.15. 
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Figure 9. LD^Q for GM42, serai-static chamber. - SE = 0.33. 
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Atmospheric Analysis 

Semi-dynamic 

Table 5 Indicates the results of CO, C>2 and HCN analysis. 

C02» CO, and 0^ aliquots were drawn at the 0, 1, and 8 minute mark. A 

HCN sample was drawn at 4 minutes. Smoke and gas concentrations were 

at their peaks during the first half of the 30 minute exposure due to 

tthe dynamic conditions of the experiment. 

As expected the CO2 rise and 0^ fall, increased and decreased, 

respectively, as the concentration increased. Greater concentrations of 

CO were generated by GM42 than GM32. The highest levels were at the 8 

minute mark. This was probably due to the time interval required for 

complete equilibration of gasses. Significant concentrations of HCN 

were generated by both polymers and at nearly the same concentrations 

where death resulted, but almost twice as much GM32 loading was 

required to produce a lethal concentration of HCN compared to GM42. 

Semi-static 

Table 6 and Figures 9-12 depict the results of CO2, CO, O2 and 

HCN analysis. GM32 shows an increased C02 production with increased 

concentration whereas GM42 does not. However, both graphs show the 

dramatic rise in CO2 concentrations throughout the experiment. O2 

concentrations fall in both GM32 and GM42 as expected but with no 

3 
apparent correlation to concentration. Note: rats exposed to 7.6 g/m 

GM42 were subjected to hypobaric levels of O2 which continued to 

diminish throughout the experiment. Perhaps this is the reason all 
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Table 5. CO2, CO, O2 and HCN concentrations for experiments run in the 
semi-dynamic chamber. 

Sample 
Grams 
burned Mortality 

HCN (ppm) 
(4 min) co2 

% 
CO °2 Time 

GM42 3.3 0/6 400 2.03 18.6 T=0 

0.48 — 19.7 T=1 

3.90 0.52 16.1 T=8 

GM42 3.4 0/6 400 0.18 19.9 T=0 

1.10 0.23 14.6 T=1 

3.19 0.62 14.9 T=8 

GM42 3.5 5/6 

GM32 3.5 0/6 

900 

700 

700 

1000 

NA NA NA 

25.5 T=0 

23.7 T=1 

24.5 T=8 

16.6 T=0 

13.4 T=1 

16.0 T=8 

20.5 T=0 

NA T=1 

17.6 T=8 

GM32 

GM32 

6.3 

6.5 

3/6 

5/6 

0.93 
0.90 
2 . 6 0  

0.82  
0.37 
1 .22  

0.92 
0.72 
NA 

NA = Not available 



Table 6. HCN and CO concentrations for experiments run in the semi-static chamber. 

Concentration HCN (ppm) % CO at minutes 
Sample (g/m3) Mortality 4 min 20 min 0 5 10 15 20 25 30 

GM42 7.6 0/6 500 500 •k 0.19 0.15 0.05 0.07 0.08 0.13 

8.3 0/6 300 1000 * 0.18 0.14 * * 0.11 * 

8.7 0/5 400 1000 * * 0.06 0.14 * * * 

8.9 4/6 100 2000 * * * 0.42 0.22 0.21 0.69 
10.7 6/6 1000 2000 * * n.19 0.28 0.07 0.09 0.27 

GM32 16.8 0/6 300 1000 * * * * * * * 

25.0 0/6 150 350 * * * * 0.08 0.19 * 

34.9 0/6 350 2000 * * 0.21 0.4 * * * 

* = not detectable 

u> 
oo 
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rats lost the avoidance reflex (EC,.^ for incapacitation is 8.7 g/m ). 

HCN levels increase along with a concentration increase in both GM42 

and GM32 (Table 6). As in the semi-dynamic chamber, much greater 

generation of CO is seen with GM42 than with GM32. 

Particle Sizes and Distribution 

At the termination of each semi-dynamic exposure there was a 

considerable amount of brown and black residue on the body of the rats 

as well as in the chamber and tubing. Likewise, in the semi-static 

apparatus black soot was present on the mouth and nares of the animals 

as well as the chamber. Tests were run to determine if any differences 

were apparent in the size distribution of the particles when both 

polymers were burned in both chambers. Table 7 and Figure 13 express 

the results of these tests. 

As can be seen from Table 7, no particles smaller than 0.4 

microns could be found in the semi-static chamber atmosphere. 

Approximately one-quarter to one-third of the total weight of the 

particles was smaller than 0.4 microns in the semi-dynamic chamber. 

Weight Gain 

Monitoring weight - gain may reflect the time course of the 

insult in addition to the general health of the animal. The percentage 

weight gain was recorded for all animals for 14 days following exposure. 

Graphs depicting percentage weight gain can be seen in Figures 14-17. 



Table 7. Particle size distribution. 
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Particle size 
(microns) 

Semi-dynamic 
GM42 

% of total 

Semi-dynamic 
GM32 

% of total 

Semi-static 
GM42 

% of total 

Semi-static 
GM32 

% of total 

>9.0 2.7 2.7 2.6 1.3 

.5.8-9.0 3.0 0.6 1.7 2.2 

4.7-5.8 4.2 0.8 1.7 1.8 

3.3-4.7 4.6 2.1 5.7 8.5 

2.1-3.3 5.6 9.4 23.4 31.2 

1.1-2.1 20.8 28.1 44.5 40.6 

0.7-1.1 13.9 21.7 17.0 11.0 

0.4-0.7 11.3 8.7 3.4 3.4 

0-0.4 33.8 26.0 0 0 



GM32 Semi-dynamic 

GM42 Semi-dynamic 

• GM32 Semi-static 

* GM42 Semi,static 

o.i i a s 10 20 io *0 m to n to *o m ta ** 

Cumulative % less than stated aize 

Figure 14. Particle size distribution for GM42 and GM32, 
Ul 
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Table 8. Particle size characteristics. 

Sample Chamber 
Mass 
Mean 

Diameter 

Standard 
Geometric 
Deviation 

Z 
Respirable 
(<7u) 

GM42 Semi-dynamic 0.8 3.7 97.9 

GM32 Semi-dynamic 0.9 2.8 95.0 

GM42 Semi-static 1.8 2.0 97.5 

GM32 Semi-static 2.1 1.8 97.5 
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Semi-dynamic 

Rats exposed to the pyrolysis products of GM42 allrgained weight 

consistently throughout the exposure period, although the increase was 

less than those animals not exposed (Figure 14). 

Animals exposed to the pyrolysis products of GM32 showed no 

3 3 
change in weight gain (6.3 g/m ) or lost weight (6.5 g/in ) initially, 

then gained weight consistently after about 3 days (Figure 15). These 

concentrations were the only ones where at least one death resulted in 

3 
the GM32 semi-dynamic series. Rats exposed to 3.5 g/m gained weight 

consistently throughout the post-exposure period. 

Semi-static 

GM42 tests (Figure 16) showed that the effect of the exposure 

3 3 
induced weight loss at concentrations of 8.3 g/m and 8.9 g/m , and 

3 
very little weight gain at a concentration of 7.6 g/m . After 3 days 

all rats gained weight steadily throughout the post-exposure period. 

3 
Only the rats exposed to 8.7 g/m gained weight consistently from day 0. 

GM32 data (Figure 17) showed that in the first 3 days post

exposure, rats exposed to the pyrolysis products of GM32 were not able 

to gain as much weight as the rats not exposed (stock). The most 

3 
weight loss was exhibited by rats exposed to 34.9 g/m , the largest 

concentration test. There was a steady increase in weight gain after 3 

days in those animals exposed. In contrast, the stock animals showed 

an increase in weight gain during the first several days, then lost 

weight, then leveled off to nearly the weight they were when the 

experiment began, A possible explanation for this occurrence is that 
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the stock animals, which never left their housing units, contracted a 

respiratory disease which affected weight gain. The effect of 

respiratory disease on the rats is discussed in greater deal in the 

Discussion section. 

3 
Rats that were exposed to 16.8 g/m as a repeat experiment 

gained weight consistently throughout the post-exposure period. 

Figures 14-17 show that percent weight gain in the semi-static 

chamber did not reach the levels recorded for animals exposed in the 

semi-dynamic chamber. 

Pathology 

Necropsy results 

Necropsies performed on rats that died during the exposure had 

bright red blood and cardiomegaly. A finding of this type would 

indicate CO intoxication. In general, the lungs were slightly redder 

than usual, and foam was sometimes found in the trachea. Petechiae were 

occasionally found throughout the lung. All other organs were within 

normal limits. 

Rats that survived the exposure were necropsied after 14 days. 

They were sacrificed by injecting a toxic dose of pentobarbital intra-

peritoneally. A high percentage of these animals had petechiae 

tthroughout the lung at a frequency unrelated to the concentrations. 

Also found were lungs that were dark red and were without petechiae. 

Foam was often found in the trachea and major airways of the lung. 

Some lungs examined were not remarkable and appeared normal. 
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Occasionally stock animals (rats not exposed) were found to have dark 

red lungs and/or petechiae but with much less frequency than exposed 

animals. 

Two rats, exposed to 16.8 g/m of GM32 in the semi-static 

chamber had white, firm, pus-free nodules (approximately 4mm in 

diameter) located throughout the surface of the lung. This exposure 

was repeated and the nodules were not found in these rats nor in any 

other animal. 

In general, the incidence of lung abnormalities increased 

during the course of the study. This increase was unrelated to the 

chamber, polymer, or concentration employed. It was probably due to a 

greater incidence of chronic respiratory disease within the rat 

population. 

Histopathological results 

Stock Animals. The majority of the stock animals showed at 

least some degree of chronic pneumonitis. Lymphoid follicles were 

enlarged and the alveolar walls were thickened with mononuclear cells. 

Some animals showed small parenchymal reticuloendothelial nodules. 

These lesions were compatible with mild changes associated with 

Mycoplasma pulmonis. 

Test Animals. All of the test animals showed some degree of 

pneumonia. Granular material, which appeared brownish red when stained 

with hematoxylin and eosin, was present in many of the specimens studied. 



In all cases where granular material was present, an increased number 

of alveolar macrophages were seeen. There was background "Mycoplasma 

pneumonia" as seen in the stock animals. More edema, congestion, and 

hemorrhage was seen in the test animals. The rats that had the nodules 

described in the "Necropsy Results" had severe proliferative pneumonia 

that involved varying sized portions of the lung. This pneumonia was 

characterized by multinucleated epithelioid cells, fibrinous exudate, 

and formation of large granulomas. This reaction does not resemble 

typical mycoplasmosis and may represent a synergistic response of the 

granular material and of the infection. Figures 19-22 show some of the 

pathological changes present. 
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a 

b 

Figure 19. Photomicrographs of a) endothelium of a blood vessel in a 
normal lung and b) hyperplastic and swollen endothelium of a 
vessel in a test animal. 
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a 

b 

Figure 20. Photomicrograph of a) normal lung bronchiole and 
b) edematous, hemorrhagic bronchiole in a test animal. 
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a 

b 

Figure 21. Photomicrographs of a) section of lung in a test animal, and 
b) granular-laden macrophages in the lung of a test animal. 
-- Note the alveolar sacs are filled with cells, fibrin and 
edematous fluid in a). 
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Figure 22. Enlarged lymph follicle in the lung of a test animal. 



CONCLUSIONS AND DISCUSSION 

The combustion atmospheres generated in this study produced a 

wide range of toxicologic effects requiring extensive testing to 

determine the toxicological insults. It was not, however, within the 

scope of this study to identify individual combustion/pyrolysis 

products but rather to observe the combined effect the inhalation of 

the total decomposition products had on the animals. It was also 

intended to point out major differences encountered when using the semi-

dynamic and semi-static exposure chambers and to report the physiological 

and pathological changes in the rats. 

Throughout the duration of the study, despite efforts to obtain 

pathogen-free animals, the rats contracted a respiratory infection. 

Severeness of the disease Increased throughout the study as evidenced 

by the inability of the stock animals to gain weight during the GM32 

semi-static series which was the last series run. 

The occurrence of lung nodules was limited to two rats 

3 
exposed to 16.8 g/m of GM32 in the semi-static chamber. It was the 

lowest concentration in its series and no deaths occurred. The experi-

ment was repeated at 16.8 g/m and there was no incidence of lung 

nodules. The occurrence of the nodules had appeared when the incidence 

of respiratory disease was at its peak. 

Histopathological examinations reported most animals had some 

degree of pneumonitis due to the respiratory disease. However, 
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pathological changes were much greater in severity in the exposed 

animals than in the stock animals. The inhalation of the decomposition 

products had therefore potentiated any stress already affecting the 

lung. The lung nodules did not occur until the rats' lungs probably 

already exhibited a severe reaction to the respiratory infection. It is 

concluded no lung nodules would develop in the healthy rat. 

GM32, GM42 Toxicity 

The thermal decomposition products of GM42 was shown to be more 

toxic than the thermal decomposition products of GM32 in that the 

products of GM32 had a significantly greater LC^q and than GM42. 

However, the thermal decomposition products of GM32 disclosed greater 

irritating properties than those of GM42 in view of the fact the 

decomposition products of GM32 induced a stronger secretory reaction in 

the facial organs (Table 3). 

Although toluene diisocyanate (TDI) was not analyzed for, it is 

possible small amounts may have been volatized when GM32 was heated. 

Monomeric TDI is not a highly toxic material, but it is extremely 

irritating to the respiratory tract and has caused asthma-like attacks 

which begin after exposure and clear up without after-effects in a few 

hours (Zapp 1962). 

Differences in the level of certain toxic gasses were found when 

the two types of polymers were heated. Toxic concentrations of HCN were 

generated from both GM32 and GM42 and greater concentrations of CO were 

given off by GM42. CO and HCN are both respiratory inhibitors and are 

very toxic. Although some studies indicate an additive interaction 
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between HCN and CO other studies indicate neither an additive nor a 

synergistic action between the two toxicants (Yamamoto 1962). It is 

likely the lethal effects of the thermal decomposition products of 

GM32 and GM42 were due to either HCN or CO singly or in combination. 

Body weight data revealed a greater drop in body weight gain 

during the first few days and a lower final percent gain when rats were 

exposed to the decomposition products of GM32. No differences are 

distinguishable in the particle sizing data. 

No differences are evident in the necropsy and histopathology 

reports when comparing GM32 with GM42. However, the thermal decomposi

tion products of both polymers induced an inflammatory reaction in the 

lung accompanied by edema, congestion, and hemorrhage. 

Semi-Static, Head-Only and Semi-Dynamic, 
Whole-Body Chamber Characteristics 

In the semi-dynamic chamber the animals have free movement and 

one is able to view the animals and observe their behavior. A dis

advantage is that the rats' coats will be covered with particulate and 

residue since the whole body is exposed. The rats will consequently 

clean themselves and will take in the thermal decomposition products 

by the oral;as well as the inhalation route. There is also considerable 

loss of thermal decomposition products during the transfer from the 

furnace to the chamber. 

Due to the physical differences in the design of the exposure 

chamber, much greater quantities of sample are required in the semi-

dynamic chamber. Because a continuous air stream is fed into the 

semi-dynamic chamber, most of the decomposition gasses are removed 



early. Thus, concentrations that may kill In a thirty minute semi-

static exposure have to be great enough to kill in approximately half 

that time in the semi-dynamic chamber (see Table 9). Increased 

material heated results in denser smoke and a greater particulate 

count. Due to these factors an exposure in the semi-dynamic chamber 

might tend to have a greater irritating and asphyxiating effect on the 

animals than an exposure in the semi-static chamber. 

The semi-static chamber is constructed so that only the heads 

are exposed to the chamber atmosphere. This eliminates the possibility 

of large quantities of decomposition products being ingested when the 

rats clean themselves, but induces stress to the animal because of the 

restraining capabilities of the tubes in which they are placed. 

Another advantage of this method is the availability of the rat1s body 

for monitoring physiological functions such as carboxyhemoglobin blood 

levels or incapacitation tests. 

The head-only system employed in this study is termed semi-

static rather than a true static system. Although no additional air or 

combustion gasses are metered into the chamber, some air is drawn in 

from below the furnace to support the fire. Additional advantages to 

this system are that less material is required and heat stress is held 

to a minimum. 

The limited supply of 0^ in the semi-static system is being 

consumed in the fire and the C>2 level continually falls throughout the 

exposure. Air is replenished in the semi-dynamic system and the Og 

concentration may fall initially, then resume normal levels again. No 
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Table 9. Summary of comparative evaluation of the semi-static, head 
only and semi-dynamic, whole body chambers. 

Mode of Exposure Advantages Disadvantages 

Semi-dynamic, whole body 

Semi-static, head only 

Chronic studies 
Capable of lengthy 

exposures 
Observe animal 
behavior 

Minimum restraint 
Controlled environ

ment 
Large data base 

Limited routes of 
entry into animal 

More efficient gas 
distribution 

Minimum heat stress 
Able to conduct 

physiological tests 
on animals 

Variability of dose 
Oral dose likely 
Animal inaccessible 

to investigator 
Requires large 
amounts of material 

Loss of materials in 
gas transfer 

Stress due to 
restraint on animal 

Exposure time 
limited 

Animal close to 
flame 

Lengthy preparation 
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differences could be determined in C02 and CO concentrations in either 

chamber type. HCN levels increased throughout the semi-static exposure. 

Percentage body weight gain was greater in the semi-dynamic 

chamber, however, intercurrent respiratory diseases might have affected 

these values. 

The most revealing differences were in the particle sizing 

experiments. The mean diameter of total particulate was approximately 

twice as large in the semi-static chamber than in the semi-dynamic 

chamber. Zero percent of the particulate was less than 0.4 microns in 

the semi-static compared to 30% of the particulate less than 0.4 microns 

in the semi-dynamic chamber. These data would indicate a much greater 

respiratory penetration in the semi-dynamic chamber. 

No differences were noted in necropsy nor in the histopathology 

reports. 

In summary, the salient findings from this study are: 

A. Lung nodules do not occur in healthy animals exposed to the 

combustion products of GM32 or GM42. However, these nodules may 

occur in very ill or stressed animals that are exposed. 

B. Inflammation, hemorrhaging, and congestion in the lung were 

induced and present 14 days after exposure. Granular material 

was also present at this time. 

C. The thermal decomposition products of GM42 were more toxic than 

the thermal decomposition products of GM32. 

D. Greater concentrations of CO were generated by GM42 than by 

GM32. 
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E. The semi-dynamic chamber subjects the animals to larger 

quantities of particulate smaller than 0.4 microns than the 

semi-static chamber does. 

Future testing is necessary with these polymers to determine 

the full extent of the pathological changes and signs of toxicity. The 

following are a few recommendations whicy may be incorporated into the 

testing protocol: 

o The flaming mode should be used in addition to the nonflaming 

mode. 

o In order to determine the time of onset and the genesis of any 

pathological deviation, rats should be sacrificed at varying 

intervals post exposure and lung tissues should be subjected to 

histopathological exams. 

o The fourteen-day observation period should be extended to 

determine if there is full recovery from the insult. 

o It will be necessary to use only those rats with minimal or no 

respiratory diseases. If none can be found the use of a 

different species is in order. 



APPENDIX A 

PHYSICAL AND CHEMICAL PROPERTIES OF GM32 AND GM42 
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Special Reference Material Report 

GM31 and GM32 

Rigid Polyurethane Foam with Fire Retardant 
(Polymeric Isocyanate, contains small amount 

of Isocyanurate Structure) 

This material was prepared to provide a uniform lot of cellular plastic 
for use in fire research. Produced under the sponsorship of the 
Products Research Committee (PRC) on the Fire Safety Aspects of Cellular 
Plastic Products, these materials are being distributed by the NBS 
Office of Standard Reference Materials as Special Reference Materials, 
GM31 and GM32. 

The chemical and physical information provided for this material has 
been derived from datP submitted to the PRC by the manufacturers of the 
material and/or independent testing laboratories. Neither PRC nor NBS 
assumes any responsibility for the accuracy of this information. 

Applicable American Society for Testing and Materials (ASTM) test methods 
are indicated. 

(11 
Property ASTM Test Rating 

3 
Apparent density, lb/ft D-1622 2.0 

Thermal Conductivity, K-factorC-177 0.14 
BTU-in/h-ft2.°F 

(3) 
Closed Cell Content, % D-1940 

D-1621 

93 

Compressive Strength, psi 

Perpendicular 
Parallel 25 

18 

Dimensional Stability 
Net Change in Volume, % 

D-2126 
70±1°C amb R.H. 

1 day 
2 day 
28 day 

2 
4 
ND 

Net Change in Volume, % 
1 day 
2 day 
28 day 

Mfg test Method 44 
150±1°C amb R.H. 2 

6 
ND 
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Property 
(1) 

Surface Burning Characteristics 

ASTM Test 

E-84 

Rating 

Thickness 

1 in 
2-4 in 

Flame Spread 
Classification** 

30** 
30** 

Smoke Density 

155-185 
300-400 

Fuel 
Contribution 

ND 
25 

* ND = Not determined. 

** This numerical flane spread rating is not intended to reflect 
hazards presented by this or any other material under actual fire 
conditions. 

To serve only as a guide for engineering design. Values shown are 
average values obtained from laboratory specimens. All test methods 
taken from 1971 ASTM Book of Standards unless otherwise noted. 
Properties measured to direction of rise as indicated. 

(2) 
K-Factor will vary with age and use condition. 

(31 
Taken from 1968 ASTM Book of Standards. 
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GM31 & GM32 

TGA 

1 2 3 4 7 8 9 10 
Data lOOmg lOOmg 200mg 200mg lOOOmg lOOOmg 2000mg 2000mg 
Pt. Temp %Remain Temp %Remain Temp %Remain Temp %Remaining 

1 83. 99.5 66. 99.8 9.1 99.1 101. 99.3 
2 127. 98. 114. 99.5 133. 97.6 146. 97.7 
3 164 95. 159. 97. 168. 95.9 193. 96. 
4 226. 85. 210. 91.3 209. 91.6 239. 91.5 
5 280. 62.5 257. 85.8 250. 73.6 285. 77.2 
6 323. 55.5 306. 68.5 296. 55.3 326. 57.5 
7 359. 51. 339. 46.8 331. 43.3 366. 47. 
8 399. 48. 372. 40.5 373. 37.1 405. 37.7 
9 434. 45. 412. 36.3 4.5. 31.1 448. 31.1 
10 476. 41.5 456. 32.5 442. 27.7 490. 26.7 
11 515. 36. 494. 29.8 469. 25.8 521. 25.9 
12 551. 28. 533. 26. 509. 23.6 570. 24.8 
13 585. 19.5 567. 21.5 549. 21.7 606. 23.1 
14 620. 11. 603. 16.5 580. 20.3 637. 22. 
15 650 6. 637. 11.5 613. 17.5 674. 21.2 
16 684. 4.5 672. 7.8 648. 16.4 709. 20. 
17 716. 2.5 705. 5.5 685. 15.2 749. 19. 
18 751. 1.5 741. 4. 724. 14. 780. 18. 
19 784. 0. 773. 2.8 757. 13.1 812. 17.3 
20 806. .8 792. 11.2 846. 16.5 
21 842. 0. 828. 10.3 884. 9.6 
22 842. 

University of Pittsburgh PRC RP-75-2-8 
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Density 
(kg/m ) 

GM31 and GM32 
Miscellaneous Physical Properties 

Heat of 
Chemical Formula "Heat of Comubstion Gasification 

kJ/ft kJ/g 
Gross DN e t  

32 C10.51H12.2°2.29N 26*44 25*02 3*1]-

a. From measured elemental analysis using microanalytical technique. 
b. Measured in the oxygen bomb calorimeter. 

Emmons, H. Harvard 

FMRC PRC RP75-1-33A 

1 
Elemental Composition (% by weight) 

C H N 0 

64.37 6.27 7.14 18.67 

^ Discrepancy between total of elemental analyses and 100% is taken 
to be analytical variation and/or the presence of undetermined 
halide (fluoride or chloride) and is considered negligible. 

FMRC PRD RP75-1-33A 

Stoichiometric Mass Air to Fuel Ratio - 10.05 
Stoichiometric Mass Oxygen to Fuel Ratio - 2.10 

FMRC PRC RP75-1-33A 

Stoichiometric Yields of Carbon Containing Products in Combustion 

(% by Mass) 
COp CO Gaseous Hydrocarbons (CH^) 

2.447 1.557 0.260 

FMRC PRC RP 75-1-33A 

Stoichiometric Yields of Carbon Containing Products in Pyrolysis 

(% by Mass) 
C0„ CO Gaseous Hydrocarbons (CH^.) 

0,266 0.338 0.260 

FMRC PRC RP75-1-33A 



GM31 and GM32 

Heat Release Rate 

External Fraction of 
Heat Flux Stoichiometric 
(kw/m^) Mass Oxygen to 

Fuel Ratio 3 

52.0 1.17 

Max. Heat Release Rate ^ 
per Unit Sample Area (kw/ra ) 

Actual Convective Radiative 

221 73 148 

Heat of Combustion 
(kj/g) 

Actual Convective Radiative 

11.5 3.8 7.7 

Combustion in normal air. 1. Piloted ignition; 2. Autoignition 

Fraction of Stoichiometric mass oxygen to fuel ratio = Mass flow rate of oxygen into the 
apparatus/mass loss rate of the fuel/stoichiometric mass oxygen to fuel ratio. 

k Heat of Combustion = Heat release rate/mass loss rate of the fuel. 



GM31 and GM32 

Flux 

Heat Release Rate 
21% Oxygen 

2 
Cumulative Heat Rel. BTU/ft Max. Smoke 

Cumulative Smoke Release 
Particles/ft2 Slope 

W/cm Position Release/min 1 min 3 min 5 min 10 min Release/min 1 rain 3 min 5 min 10 min E 

1.0 Vertical 345 140 250 380 2650 1290 2450 2980 2980 950 

2.0 Vertical 490 390 940 1110 1110 69S0 4350 6600 6750 6750 1590 

3.0 Vertical 465 380 985 1160 1160 10000 7730 12120 12120 12120 1610 

4.0 Vertical 825 580 1150 1230 1230 11290 9770 13450 13450 13450 2780 

5.0 Vertical 730 600 1320 1580 1580 13940 11420 14800 14800 14800 3060 

6.0 Vertical 790 615 860 - 16970 12100 13700 13700 13700 3940 

Ohio State University PRC RP75-1-36 

N) 
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GM31 and GM32 

Ignition 

External 
Heat Flux Time to Ignition(s) 
(kw/m2) Piloted Auto 

52.4' 27.0 
44.3 43.6 
38.9 57.9 
31.5 126.9 

Piloted Ignition 

2 
Critical heat flux below which ignition is not possible = 26 kw/m . 

Surface temperature below which ignition is not possible = 555°C 

Energy associated with maintaining a flammable vapor/air mixture near 
the surface = 727 kJ/m2. 

FMRC PRC RP75-1-33A 



GM31 and GM32 

Generation Rates of Products 

Combustion Products 

External 
Heat Flux 
(kw/m^) 

52.0 

Fraction of 
Stoichiometric Mass 
Oxygen to Fuel Ratioc 

1.17 

Max. Generation Rates 
of Products per unit Sample 
Area (kw/ra^) 

co2 

19.2 

CO HC SL 

1.52 0.094 6.57 

Max. Sample of Products 

CO, CO HC SL 

1.00 0.079 0.0049 0.342 

Combustion in normal air; 1. Piloted ignition; 2: Autoignition 

a. Fraction of stoichiometric mass oxygen to fuel ratio = Mass flow rate of oxygen into the 

apparatus/mass loss rate of the fuel/stoichiometric mass oxygen to fuel ratio. 

b. HC:Total gaseous hydrocarbons (CH4); c: SL:Mixture of solid and low vapor pressure liquid, 
d: Yield of product = Mass generation rate of the product/mass loss rate of the fuel. 

FMRC PRC RP75-1-33A 
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Special Reference Material Report 

GM41 and GM42 

Rigid Isocyanurate Foam 
(Fluorocarbon Blown, Polymeric Isocyanate) 

This material was prepared to provide a uniform lot of cellular plastic 
for use in fire research. Produced under the sponsorship of the Products 
Research Committee (PRC) on the Fire Safety Aspects of Cellular Plastic 
Products, these materials are being distributed by the NBS Office of 
Standard Reference Materials as Special Reference Materials, GM41 and 
GM42. 

The chemical and physical information provided for this material has 
been derived from data submitted to the PRC by the manufacturers of the 
material and/or independent testing laboratories. Neither PRC nor NBS 
assumes any responsibility for the accuracy of this information. 

Applicable American Society for Testing and Materials (ASTM) test 
methods are indicated. 

Property 
(1) 

Apparent Density, lb/ft 

Thermal Conductivity, K-factor 
BTU*in/h*ft2»°F 

Closed Cell Content, % 

Compressive Strength, psi 
Parallel 
Perp endicular 

Dimensional Stability 
Net change in Volume,% 

1 day 
7 day 
28 day 

Average Linear Change, % 
1 day 
7 day 
28 day 

(2) 

ASTM Test 

D-1622 

C-177 

D-2856 

D-1621 

D-2126 

Rating 

2.25 

0.14 

90 

33 
20 

1.9 
4 .0  
6 . 0  

0.9 
2.1 
3 .5  



Surface Burning Characteristics E-84 

Flame Spread Fuel 
Thickness Classification** Smoke Density Contribution 

1 in 30** ND 155-185 
2-4 in 30** 25 300-400 

** This numerical flame spread rating is not intended to reflect 
hazards presented by this or any other material under actual fire 
conditions. 

To serve only as a guide for engineering design. Values shown are 
average values taken from laboratory specimens. All test methods 
taken from 1971 AFTM Book of Standards unless otherwise noted. 
Properties measured to direction of rise as indicated. 

(2) 
K-Factor will vary with age and use conditions 

ND - Not determined. 
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GM41 & GM42 

TGA 

1 2 3 4 5 6 7 8 
Data 30mg 30mg lOOmg lOOmg 300mg 300mg lOOOmg lOOOmg 
Pt. Temp %Remain Temp %Remain Temp %Remain Temp %Remain 

1 133. 100 167. 97.5 93. 99.7 87. 99.5 
2 204. 93.3 215. 89.5 144. 99. 123. 98.9 
3 226. 88.3 270. 81. 187. 96.8 164. 98.1 
4 275. 78.3 314. 73.5 237. 89.3 187. 97.1 
5 321. 70. 36£. 68. 285. 81. 206. 94.6 
6 362. 65. 399. 65. 329. 71.9 254. 86. 
7 410. 60. 439. 61. 368. 65.8 299. 76.7 
8 453. 55. 467. 57.5 408. .8 341. 68.7 
9 490. 46.7 485. 52.5 447. 50.2 383. 62." 
10 527. 25. 515. 42.5 485. 41.9 428. 53.3 
11 564. 8.3 549. 27.5 524. 36.2 462. 44.2 
12 596. 0. 583. 13. 565. 30.7 499. 38. 
13 629. 0. 615. 5.5 598. 22. 540. 33.5 
14 701. 0. 646. 0. 636. 19.2 571. 29.4 
15 672. 14. 607. 26.1 
16 705. 9.5 640. 22.9 
17 739. 5.2 678. 20.2 
18 773. 1.8 714. 18. 
19 749. 16.1 
20 784. 14.6 
21 816. 13.3 
22 836. 12.1 
23 

University of Pittsburgh PRC RP 75-2-8 
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GM41 and GM42 
Miscellaneous Physical Properties 

Heat of 
Density Chemical Formula Heat of Combustion Gasification 
(kg/m3) kJ/g kJ/g 

Gross^ Net 
36 C9.28H8.99°1.74N 27.41 26.19 4.54 

a. From measured elemental analysis using microanalytical {technique. 
b. Measured in the oxygen bomb calorimeter. 

Emmons, H. Harvard 

FMRC PRC RP75-1-33A 

Elemental Composition (% by weight)^" 

_C H _N _0 

67.64 5.50 8.50 16.90 

^ Biscrepancy between total of elemental analyses and 100% is taken to 
be analytical variation and/or the presence of undetermined halide 
(fluoride or chloride) and is considered negligible. 

FMRC PRC RP75-1-33A 

Stoichiometric Mass Air to Fuel Ratio - 10.05 
Stoichiometric Mass Oxygen to Fuel Ratio - 2.10 

FMRC PRC RP75-1-33A 

Stoichiometric Yields of Carbon Containing Products in Combustion 

(% by Mass) 
C0„ CO Gaseous Hydrocarbons (CH^) 

2.519 1.603 0.223 

FMRC PRC RP75-1-33A 

Stoichiometric Yields of Carbon Containing Products in Pyrolysis 

(% by Mass) 
CO^ CO Gaseous Hydrocarbons (CH^) 

0.236 0.300 0.223 

FMRC PRC RP75-1-33A 



GM41 and GM42 

Heat Release Rate 

External 
Heat Flux 
(kw/m^) 

Fraction of 
Stoichiometric 
Mass Oxygen 
to Fuel Ratio3 

Max. Heat Release Rate 
per Unit Sample Area 
(kw/m^) 
Actual Convective Radiative 

Heat of Combustion 
(kj/g) 

' Actual Convective Radiative 

40.0 2.21 149 21 128 14.8 2.1 12.7 

Combustion in normal air. 1. Piloted ignition; 2. Autoignition 

a: Fraction of stoichiometric mass oxygen to fuel ratio = Mass flow rate of oxygen into the 
apparatus/mass loss rate of the fuel/stoichiometric mass oxygen to fuel ratio. 

b: Heat of Combustion = Heat release rate/mass loss rate of the fuel. 



GM41 and GM42 

Heat Release Rate 
21% oxygen 

2 
Flux Max. Heat Cumulative Heat Rel. BTU/ft Max. Smoke 
W/cm^* Position Release/min 1 mln 3 min 5 mln 10 min Release/mln 

1.0 Vertical 30 <20 <20 <20 <20 850 
2.0 Vertical 140 85 105 105 105 2450 
3.0 Vertical 155 130 400 625 - 4080 
4.0 Vertical 190' 130 420 610 - 3400 
5.0 Vertical 240 185 595 900 - 6490 
6.0 Vertical 280 225 620 890 - 7710 

Cumulative Smoke Release 
Particles/ft^ Slope 

E 1 min 3 min 5 min 10 min 
Slope 

E 

250 270 270 270 140 
500 505 505 505 660 
1540 1850 2110 2110 690 
1640 2150 2380 2380 980 
2615 4160 4750 4750 780 
3350 5050 5940 5940 1610 

Ohio State University PRC RP75-1-36 
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GM41 and GM42 

Ignition 

External 
Heat Flux Time to Ignition(s) 
(kw/m^) Piloted Auto 

59.7 26.0 
52.4 32.8 
45.5 43.2 
38.9 62.3 

Piloted Ignition 

2 
Critical heat flux below which ignition is not possible = 24 kw/ra 

Surface temperature below which Ignition is not possible = 534 °C 

Energy associated with maintaining a flammable vapor/air mixture near 
the surface = 929 kJ/m2 

FMRC PRC RP75-1-33A 



GM41 and GM42 

Optical Transmission Properties of Products 

Combustion Products 

External 
Heat Flux 
(kw/m?) 

40.01 

Fraction of 
Stoichiometric Mass 
Oxygen to Fuel Ratioc 

2.21 

Max. Optical Density, 
per Unit Path Length 

Cm-1) 

3.40 

Ratio of Max. Optical Density per 
Unit Path Length to Mass Concentra
tion of Fuel Vapors0 (m^/g) 

1.21 

Combustion in normal air. 1: Piloted ignition. 2: Autoignition 

a: Fraction of stoichiometric mass oxygen to fuel ratio = Mass flow rate of oxygen into the 
apparatus/mass loss rate of the fuel/stoichiometric mass oxygen to fuel ratio. 

b: Optical density per unit path length = 1/& Jin (*o/I): £. = Optical path length (m); I and IQ = 

Optical transmission in the presence and absence of the products. 

c: Mass concentration of the fuel vapors = Mass loss rate of the fuel/total volumetric flow rate 

of mixture of products and air. 

FMRC PRC RP75-1-33A 



GM41 and GM42 

Generation Rates of Products 

Combustion Products 

External Fraction of 
Heat Flux Stoichiometric Mass 
(kw/m^) Oxygen to Fuel Ratio" 

Max. Generation Rates of 
Products per unit Sample 
Area (kw/m^) , 
C02 CO HC SL° 

Max. Yield of Products 
CO, CO HC SL 

40.0 2.21 11.2 0.464 0.040 1.11 0.046 0.0040 -

Combustion in normal air; 1. Piloted ignition; 2: Autoignition. 

a: Fraction of stoichiometric mass oxygen to fuel ratio = Mass flow rate of oxygen into the 
apparatus/mass loss rate of the fuel/stoichiometric mass oxygen to fuel ratio. 

b: HC: Total gaseous hydrocarbons (CH^); c: SL: Mixture of solid and low vapor pressure liquid. 
High vapor pressure liquids and other gases not measured, d: Yield of product = Mass 
generation rate of the product/mass loss rate of the fuel. 
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