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(600 and 750 "C) i n  a h o r i z o n t a l  ho t  tube  furnace  and t h r e e  f l u x  levels (2.5, 5.0, 
and 7.5 W/cm2) i n  a r a d i a n t  hea t  furnace.  The measured tox ico log ica l  endpoint  was 
t ime- to- incapaci tat ion ( t i )  i n  t h e  a l b i n o  rat ;  t h i s  endpoint i s  be l ieved  t o  be t h e  
most r e l e v a n t  one f o r  a s se s s ing  smoke hazard i n  a f i r e  environment. 

I n  t h r e e  of t h e  f i v e  test environments, Norfab, an  aluminized s y n t h e t i c  f a b r i c ,  
produced s h o r t e r  ti 's--and w a s  thus  more toxic-- than Vonar, a neoprene foam. 
However, a t  2.5 W/cm2 i n  t h e  r a d i a n t  furnace  system, t h e  Norfab test specimen l o s t  
only 13 percent  of t h e  sample weight and d id  no t  i n c a p a c i t a t e  any of t h e  test animals 
during t h e  exposure per iod  and, a t  750 O C  (flaming) i n  t h e  combustion tube  assembly, 
Norfab produced longer  and more v a r i a b l e  ti 's than  d id  Vonar. 

Hydrogen cyanide (HCN) was de t ec t ed  i n  t h e  combustion products  from Norfab under a l l  
test condi t ions  except  t h e  2.5 W / c m 2  r a d i a n t  f l u x  level; no HCN w a s  de t ec t ed  i n  t h e  
combustion products  from any of t h e  Vonar tests. Since Norfab r o u t i n e l y  produced 
lower concent ra t ions  of carbon monoxide than  d id  Vonar under a l l  test condi t ions ,  
t h e  greater apparent  t o x i c i t y  ( s h o r t e r  t i ' s )  of Norfab would appear t o  be caused 
by t h e  cyanide product ion.  
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INHALATION TOXICOLOGY: V. EVALUATION OF RELATIVE 
TOXICITY TO RATS OF THERMAL DECOMPOSITION PRODUCTS 

FROM TWO AIRCRAFT SEAT FIRE-BLOCKING MATERIALS 

INTRODUCTION 

The ubiqui tous  f l e x i b l e  polyurethane foam has perhaps achieved wider  
acceptance by t h e  t r a n s p o r t a t i o n  indus t ry  f o r  uphols te r ing  seats i n  va r ious  
mass t r a n s i t  v e h i c l e s  than  any o t h e r  commercial cushioning polymer. A i r c r a f t  
manufacturers ,  i n  p a r t i c u l a r ,  have been a p p r e c i a t i v e  of polyurethane 's  l i g h t  
weight,  e x c e l l e n t  mechanical c h a r a c t e r i s t i c s ,  and low cos t .  Indeed, t h e  
seat cushions,backs, and head res t s  of an average 200-seat commercial t r a n s p o r t  
a i r c r a f t  cab in  con ta in  about 640 f t3 (1 , 200 l b )  of f i re- re ta rded  polyurethane 
foam (6) .  Unfortunately,  polyurethane i s  thermally q u i t e  s e n s i t i v e  and 
begins t o  decompose a t  temperatures  as low as 250 Qc,producing relatively 
high y i e l d s  of combustible and t o x i c  gases  and posing a p o t e n t i a l  t h r e a t  t o  
s a f e t y  i n  f i r e  s i t u a t i o n s  aboard a i r c r a f t ,  i n  subway v e h i c l e s ,  o r  i n  any o t h e r  
c losed environment. F i r e  r e t a r d a n t s  t h a t  can be incorpora ted  i n t o  t h e  foam 
i t s e l f  are only margina l ly  e f f e c t i v e  i n  suppressing combustible vapor forma- 
t i o n  when polyurethane foam is exposed t o  a sus t a ined  h igh  h e a t  f l u x ,  and t h e  
poss ib l e  s u b s t i t u t e s  f o r  polyurethane t h a t  can be made s u f f i c i e n t l y  f i r e  
r e s i s t a n t  t o  i n h i b i t  flame propagat ion and f l a shove r  (phenolics ,  polyimides,  and 
polybenzimidazoles) a l l  s u f f e r  from p r o h i b i t i v e  l i m i t a t i o n s  of comfort, dura- 
b i l i t y ,  and cos t  ( 6 ) .  

With t h e  op t ions  of f i r e  r e t a r d a n t s  and s u b s t i t u t e  cushioning materials 
considered i n e f f e c t i v e  o r  imprac t i ca l ,  s a f e t y  cons ide ra t ions  have l e d  t o  t h e  
f i re- blocking- layer  (FBL) concept. This  involves  covering t h e  thermally 
s e n s i t i v e  polyurethane foam cushions wi th  a l a y e r  of a f i r e - r e s i s t a n t ,  high- 
char- yield polymer t h a t  would be slowly consumed but  would de lay  t h e  f i r e  
involvement of t h e  polyurethane. Tests conducted by t h e  Federa l  Avia t ion  
Administrat ion (FAA) have shown t h a t  c e r t a i n  FBL materials are e f f e c t i v e  i n  
conta in ing  ( o r  de lay ing  t h e  release o f )  combustible molten and gaseous poly- 
urethane products  i n s i d e  t h e  cushion, thereby inc reas ing  passenger escape time 
and thus  s u r v i v a l  i n  a p o t e n t i a l  f i r e  s i t u a t i o n  (1,5,6) .  The new f lammabil i ty  
performance requirements f o r  a i r c r a f t  seat cushions are based on t h e  performance 
a t t a i n e d  by FBL cons t ruc t ion  ( 4 ) .  

The purpose of t h i s  s tudy  was twofold: ( i )  t o  examine, under def ined  
l abo ra to ry  test condi t ions ,  t h e  r e l a t i v e  t o x i c i t y  of t h e  combustion products  
of two of t h e s e  FBL materials and (ii) t o  make an i n i t i a l  eva lua t ion  of a 
new combustion/exposure assembly t h a t  decomposes test samples by r a d i a n t  hea t  
from one s i d e  only,  a d i r e c t i o n a l  hea t  f l u x  l i k e l y  t o  be encountered by panels ,  
seat cushions,  and o t h e r  f l a t  s u r f a c e s  dur ing  a cabin f i r e .  

Both t h e  FBL materials examined had been found t o  provide similar thermal 
p r o t e c t i o n  i n  both small-scale l abo ra to ry  tests and l a rge- sca l e  (Cabin F i r e  
Simulator) s t u d i e s  (1 ,6) .  One material, Vonar, is a high-char-yield neoprene 
foam t h a t  coo l s  t h e  heated zone by emission of water vapor as i t  decomposes. 
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This  foam is  r e l a t i v e l y  heavy, r equ i r ing  about 4 l b  t o  cover t h e  polyurethane 
foam cushion and seat back i n  an a i r c r a f t  seat. The second material, Norfab, 
i s  a composite f a b r i c  bonded t o  an  aluminum f o i l  l a y e r  t h a t  slows flame 
propagat ion by conta in ing  t h e  molten polyurethane i n s i d e  t h e  seat cushions. 
It carries a lesser weight pena l ty  than  Vonar (6) .  The accep tab le  performance 
of t h e s e  materials as f i re- blocking  l a y e r s  made i t  d e s i r a b l e  t o  determine 
whether any unusual t o x i c  hazard w a s  l i k e l y  t o  ar ise from t h e i r  u se  i n  
t r a n s p o r t  a i r c r a f t .  

We have noted previous ly  t h a t  marked v a r i a t i o n s  i n  t h e  composition and 
and t o x i c i t y  of combustion gases  can occur  when polymeric materials are 
decomposed under d i f f e r e n t  thermal condi t ions .  The combustion/exposure system 
used a t  t h e  C i v i l  Aeromedical I n s t i t u t e  f o r  several yea r s  pyrolyzes sample 
material i n s i d e  a qua r t z  combustion tube  e n c i r c l e d  by a small furnace  and has  
enabled u s  t o  test materials a t  d i f f e r e n t  temperatures ,  as w e l l  as under flaming 
o r  nonflaming cond i t i ons  (2,3). Radiant h e a t  from t h i s  furnace  impinges on 
t h e  sample from t h e  per imeter  o f . t h e  combustion tube,  and conduct ive h e a t  is 
t r a n s f e r r e d  t o  t h e  sample through t h e  qua r t z  combustion boa t ,  thereby causing 
rap id  and complete py ro lys i s .  These l abo ra to ry  p y r o l y s i s  cond i t i ons  may o r  
may not  be dup l i ca t ed  i n  a "real" cab in  f i r e .  I n  a l a rge- sca l e  f i r e ,  f l a t  ' 

s u r f a c e s  such as seat cushions and panels  are more l i k e l y  t o  be exposed 
i n i t i a l l y  t o  u n i d i r e c t i o n a l  r a d i a n t  h e a t  from some s i n g l e  source  than  t o  t h e  
omnidi rec t iona l  r a d i a n t  and conductive hea t ing  cond i t i ons  found i n  t h e  
combustion tube.  

To d u p l i c a t e ,  as c l o s e l y  as p o s s i b l e ,  t h e s e  hypo the t i ca l  "real" f i r e  
condi t ions  and thus  t o  assess more a c c u r a t e l y  t h e  p o t e n t i a l  t o x i c  hazard of 
t h e  FBL materials, w e  designed and cons t ruc ted  a combustion/exposure assembly 
t h a t  pyrolyzes f l a t  materials by r a d i a n t  h e a t  d i r e c t e d  onto t h e  upper s u r f a c e  
of t h e  sample only. The relative t o x i c i t y  of t h e  combustion gases  was measured 
by determining t ime- to- incapaci tat ion (ti) i n  t h e  l abo ra to ry  ra t ,  t h e  same 
endpoint  t h a t  w a s  used i n  t h e  o l d e r  (and sma l l e r )  combustion tube  assembly. 

I n  t h i s  s tudy,  w e  t e s t e d  equiva len t  samples of t h e  same FBL materials 
in both systems t o  determine t h e  e f f e c t  of t h e  two p y r o l y s i s  methods on 
relative t o x i c i t y .  Sample equivalency f o r  t h e  two combustion/exposure 
systems, which d i f f e r  over  twentyfold i n  volume, w a s  based on t h e  r a t i o  of 
sample s u r f a c e  area t o  chamber volume, i n s t e a d  of t h e  more f a m i l i a r  weight-to- 
volume concept,  a mod i f i ca t ion  based on t h e  end-use requirement f o r  equal  
s u r f a c e  areas of each of t h e  FBL materials. 

MATERIALS AND TEST SYSTEMS 

Animals. Albino rats of Sprague-Dawley o r i g i n  were obta ined  from t h e  
Char les  River  Breeding Labora to r i e s ,  Wilmington, MA. They were ordered i n  a 
weight range of 100 t o  120 g and were he ld  i n  i s o l a t i o n  f o r  8 days p r i o r  
t o  use. A l l  were maintained f o r  4 days on d r ink ing  water conta in ing  1.5 g/L 
of s u l f a t h i a z o l e ,  t hen  normal t a p  water f o r  t h e  remaining 4 days of i s o l a t i o n .  

Rats were f a s t e d  overn ight  be fo re  t e s t i n g  t o  e s t a b l i s h  an  equ iva l en t  
metabol ic  s tate,  and each animal w a s  weighed and marked w i t h  an i d e n t i f y i n g  
co lo r  code j u s t  before  use. 
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Test Materials. The two materials i n v e s t i g a t e d  were previous ly  determined 
t o  be accep tab le  when t e s t e d  as f i re- blocking  l a y e r s  over  polyurethane foam 
cushions (1,6) .  Material d e s c r i p t i o n s  are as fol lows.  

Norfab llHT-26-A1: This  material is a woven composite of 70 percent  
Kevlar (poly(p-phenyleneterephthalamide)), 25 percent  Nomex (poly(imin0-1, 
3 - p ~ ~ ~ y ~ ~ ~ e i m i n o c ~ ~ b o n y l - 1 , 3 - p h e n y l e n e c a r b 0 n y l ) ) ,  and 5 percent  Kynol (novolak, 
a phenol-formaldehyde polymer). One s i d e  of t h e  f a b r i c  is bonded t o  an  
aluminum f o i l  l a y e r ;  t h e  f i n i s h e d  material weight i s  0.40 kg/m2. This  composite 
i s  r e p r e s e n t a t i v e  of t h e  aluminized, char-forming, high-temperature-resistant, 
re rad ia t ion- cool ing  type  of materials. The s u p p l i e r  was Amatex Corp., 
1032 Stonebridge S t . ,  Norristown, PA. 

Vonar-3: This  material i s  a 3/16-inch-thick neoprene (polychloroprene) 
foam a t t ached  t o  a co t ton  f a b r i c  backing, w i th  Al(OH)S added as a f i r e  retar- 
dant .  Vonar is r e p r e s e n t a t i v e  of t h e  t r a n s p i r a t i o n a l  and d i s s i p a t i v e  cool ing  
class of materials. Finished weight i s  0.91 kg/m2. The product w a s  suppl ied  
by Chris-Craft  I n d u s t r i e s ,  1980 E. S t a t e  S t r e e t ,  Trenton, N J .  

Combustion/Exposure Assemblies. Two animal exposure systems were used i n  
t h i s  s tudy,  a 265-L and a 12.6-1, system. The l a r g e r ,  r e c e n t l y  cons t ruc ted  
system was equipped wi th  a r a d i a n t  hea t  furnace  designed t o  d e l i v e r  h e a t  t o  
only t h e  upper s u r f a c e  of t h e  sample. The o l d e r ,  smaller system u t i l i z e d  a 
combustion tube  assembly enclosed by a c y l i n d r i c a l  hea t ing  u n i t  t h a t  provided 
omnidi rec t iona l  r a d i a n t  hea t  around t h e  perimeter  of t h e  tube  and conductive 
hea t  through t h e  tube  wall .  

265-L System: A diagram of t h i s  u n i d i r e c t i o n a l  r a d i a n t  hea t  system i s  
shown i n  F igure  1 .  The l a r g e r  chamber, i n  which t h e  animals were exposed, 
w a s  cons t ruc ted  of polymethylmethacrylate (PMMA) and had an i n t e r n a l  volume 
of 203 L. The smaller 42-L plenum was pos i t i oned  above t h e  combustion assembly 
t o  a l low cool ing and d i l u t i o n  of t h e  hot  combustion gases  be fo re  e n t r y  i n t o  
t h e  animal chamber. The plenum was cons t ruc ted  of polycarbonate  ( f o r  h e a t  
r e s i s t a n c e ) ,  and t h e  chambers were connected by two 7-cm-diameter PMMA tubes.  
A f l e x i b l e  tube  allowed t h e  continuous c i r c u l a t i o n  of a i r  from t h e  f l o o r  of 
t h e  animal chamber t o  t h e  combustion assembly, underneath and around t h e  decom- 
posing test sample, i n t o  t h e  plenurn, and hack i n t o  t h e  animal chamber. The 
experimental animals were contained i n s i d e  t h e  animal chamber i n  f o u r  i nd iv idua l  
20-cm r o t a t i n g  cages mounted on a motor-driven s h a f t .  Perimeter v e l o c i t y  f o r  
t h e  r o t a t i n g  cages was 6.4 cm/s. 

The combustion assembly was cons t ruc ted  of s t a i n l e s s  steel wi th  tri- 
angular  end s e c t i o n s ;  fu l l - l eng th  qua r t z  windows allowed r a d i a n t  h e a t  from 
f o u r  2,000-watt qua r t z  lamps (two on each s i d e )  t o  impinge on t h e  sample 
s u r f a c e  a t  approximately 45" angles .  I n  use,  t h e  r a d i a n t  hea t  f l u x  reached 
i t s  s p e c i f i e d  level w i t h i n  30 seconds of i n i t i a t i o n .  This  r ap id  equi l ibr ium 
was a t t a i n e d  by us ing  a graduated hea t ing  schedule,  w i t h  an  i n i t i a l l y  h igh  
and gradual ly  decreas ing  power s e t t i n g  t h a t  allowed t h e  rap id  development 
and maintenance (wi th in  t 0.2 W / c m 2 )  of t h e  s e l e c t e d  h e a t  f l u x  level. A l l  
r ad i an t  hea t  measurements were made a t  t h e  c e n t e r  of t h e  sample p o s i t i o n  wi th  
the  sample tray removed. The  m a x i m u m  s a m p l e  s i z e  accepted by t h e  combustion 
assembly was 7.6 by 22.9 cm ( 3  by 9 i n )  ; t he  assembled syscem had a t o t a l  
volume of 265 L. 
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12.6-L System: The smaller animal exposure system has  been descr ibed  
i n  d e t a i l  i n  prev ious  pub l i ca t ions  (2,3).; a diagram of t h e  s p e c i f i c  config-  
u r a t i o n  used i n  t h i s  s tudy  i s  shown i n  F igure  2. B r i e f l y ,  i t  cons i s t ed  
of a PMMA box conta in ing  a motor-driven r o t a t i n g  cage wi th  compartments 
f o r  t h r e e  rats; per imeter  v e l o c i t y  f o r  t h i s  cage was a l s o  6.4 cm/s. A 
r e c i r c u l a t i n g  blower forced chamber a i r  through t h e  combustion tube  and over  
t h e  sample, then  moved t h e  combustion gases  i n t o  t h e  animal chamber. Two 
425-wattY semicy l ind r i ca l  hea t ing  u n i t s  e n c i r c l e d  t h e  combustion tube,  pro- 
v id ing  r a d i a n t  (and conduc t ive ) ,hea t  f o r  decomposition of t h e  test sample. 
The t o t a l  system volume was 12.6 L.  

Atmosphere Analysis  and Control .  S i m i l a r  a n a l y t i c a l  p ro toco l s  were used 
f o r  both systems. Pe r iod ic  samples of t h e  chamber atmosphere were analyzed 
f o r  hydrogen cyanide (HCN), carbon monoxide (CO), and oxygen (02) by gas  
chromatography (GC) during each test.  Oxygen was resuppl ied  manually t o  t h e  
animal chamber as requi red  t o  main ta in  a concen t r a t ion  w i t h i n  90 percent  of t h e  
ambient level. A i r  temperatures  were monitored w i t h  thermocouples mounted i n  
t h e  animal chambers, and power t o  t h e  combustion u n i t s  r o u t i n e l y  w a s  shu t  o f f  
a f t e r  10 minutes t o  prevent  overhea t ing  t h e  chamber a i r .  

Test sample s i z e  f o r  both systems was based on t h e  maximum s i z e  (7.6 by 
22.9 cm) accommodated by t h e  sample t r a y  i n  t h e  r a d i a n t  hea t  combustion 
assembly; t h i s  174-cm2 sample, i n  t h e  265-L system, equated t o  a sample-area- 
to-volume loading  of 0.66 cm2/L. To o b t a i n  an  equiva len t  area-to-volume r a t i o  
f o r  t h e  12.6-L system, t h e  s u r f a c e  area (174 cm’) of t h e  l a r g e r  sample w a s  
mu l t ip l i ed  by t h e  r a t i o  of t h e  relative system volumes: 

Equivalent area = 265 L 12.6 x 174 cm2 = 8 . 3  cm2 (o r  a square 2.9 cm on a s i d e ) .  

Samples of each material w i th  2.9-cm-long s i d e s  were then  c u t  t o  provide 
equiva len t  area-to-volume loadings  f o r  t h e  12.6-L system. 

EXPERIMENTAL PROCEDURE 

For tests i n  t h e  265-L chamber, f a s t e d  a lb ino  rats were weighed and 
placed i n  t h e  i n d i v i d u a l  r o t a t i n g  cages; t h e  chamber cover was rep laced  and 
connected t o  t h e  ad jo in ing  polycarbonate  plenum. The test specimen of 
FBL material (previous ly  condit ioned overnight  a t  50 percent  relative humidity) 
w a s  weighed and placed i n  t h e  sample t r ay .  The system w a s  s ea l ed ;  t h e  e x t e r n a l  
oxygen resupply,  t h e  gas sampling, and t h e  temperature monitor ing equipment 
were connected; and t h e  power c o n t r o l  f o r  t h e  r a d i a n t  hea t  assembly was set t o  
supply t h e  des i r ed  h e a t  f l u x  level. A t  ze ro  time, t h e  cage r o t a t i o n  motor, 
h e a t e r  power supply,  r e c i r c u l a t i n g  f a n s ,  and timer were a c t i v a t e d  simulta-  
neously. The test specimen was observed f o r  t h e  f i r s t  i n d i c a t i o n  of thermal  
breakdown (melting/smoke) and f o r  i g n i t i o n .  Samples of chamber atmosphere 
were removed manually by sy r inge  and analyzed (by GC) f o r  02, COY and HCN; 
oxygen w a s  resuppl ied  manually as needed. Time- to- incapacitation ( t i)  w a s  
noted when each ra t  could no longer  p e r f o m  t h e  coordinated a c t  of walking 
i n  t h e  r o t a t i n g  cage; i .e.,  when s l i d i n g  o r  tumbling began. When a l l  rats 
were incapac i t a t ed ,  cage r o t a t i o n  w a s  stopped; time-to-death ( t d )  w a s  recorded 
f o r  each rat when v i s i b l e  s i g n s  of r e s p i r a t i o n  ceased. 
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Tests i n  t h e  small (12.6-L) chamber were c a r r i e d  out  i n  t h e  same manner 
except f o r  t h e  methods of sample i n s e r t i o n  and chamber atmosphere sampling. 
Since t h e  c y l i n d r i c a l  hea t ing  u n i t  requi red  several minutes t o  reach a s t a b l e  
temperature,  t h e  u n i t  was preheated t o  t h e  des i r ed  temperature before  
i n s e r t i n g  t h e  sample. The weighed sample was placed i n  a qua r t z  combustion 
boat  and, a t  time zero,  t h e  boat was moved i n t o  t h e  c e n t e r  of t h e  heated area 
i n  t h e  combustion tube. A f r a c t i o n  of t h e  test atmosphere was cons t an t ly  
pumped through a closed loop from t h e  animal chamber, through t h e  sampling 
loops on t h e  two G C ' s ,  and back i n t o  t h e  chamber. Relays t h a t  con t ro l l ed  t h e  
pneumatic sampling valves on t h e  GC were a c t i v a t e d  every 1.8 minutes f o r  CO 
and 3.6 minutes f o r  HCN; t h e s e  sampling i n t e r v a l s  were t h e  minimum times 
requi red  t o  e l u t e  t h e  r e s p e c t i v e  gas peaks from t h e  GC columns. 

RESULTS AND DISCUSSION 

It should be noted aga in  t h a t  t h e  t o x i c i t y  comparisons between Norfab and 
Vonar t h a t  fo l low are based on equal  sample s u r f a c e  areas ins t ead  of t h e  
more common equal  weights  of materials. The r a t i o n a l e  f o r  t h i s  choice is t h a t  
an  equal  area of each FBL material would be requi red  t o  cover  and p r o t e c t  any 
s p e c i f i c  s u r f a c e  area of polyurethane foam seat cushions; w e  f e e l  t h a t  t h i s  
end use  of t h e  materials d i c t a t e s  equal  s u r f a c e  area as t h e  more l o g i c a l  u n i t  
f o r  relative t o x i c i t y  comparisons. The equiva len t  chamber loadings ,  expressed 
as t h e  r a t i o s  of weights  of test material loaded (mil l igrams) t o  system volume 
( l i t e r s ) ,  were 26 mg/L f o r  Norfab and 60 mg/L f o r  Vonar. 

The mean observed response times are presented i n  Table 1 f o r  each material 
and test condi t ion .  S t a t i s t i c a l  p r e c i s i o n  f o r  t h e  d a t a  is  ind ica t ed  by t h e  
s tandard dev ia t ion  (S.D.) and r e l a t i v e  s tandard  dev ia t ion  ( r sd )  f o r  each set 
of animal responses.  Times- to- incapacitation observed f o r  Norfab and Vonar 
ranged from 8.6 t o  19.1 min i n  t h e  265-L ( r a d i a n t  hea t )  assembly and from 7.1 
t o  over 45 min i n  t h e  12.6-L (combustion tube)  system. Deaths were noted dur ing  
t h e  test period f o r  both materials under a l l  condi t ions  except Norfab a t  2.5 
W/cm2 (265 L), a condi t ion  t h a t  produced incomplete (and minimal) p y r o l y s i s  of 
t h e  test specimen. Norfab and Vonar both showed inc reas ing  t o x i c i t y  ( s h o r t e r  t i 's)  
wi th  each i n c r e a s e  i n  r a d i a n t  hea t  f l u x  when exposed t o  u n i d i r e c t i o n a l  h e a t  i n  
t h e  265-L system, but  only Vonar produced a similar response t o  omnidi rec t iona l  
hea t  i n  t h e  combustion tube  (12.6-L) system. When Norfab was pyrolyzed a t  
750 O C  ( f laming) ,  t i 's  va r i ed  from 17.1 t o  36.4 min w i t h  two of t h e  s i x  rats 
not  i ncapac i t a t ed  a f t e r  45 min. Norfab's v a r i a b l e  behavior  a t  750 O C  con t r a s t ed  
wi th  t h e  600 O C  tests, where i t  produced a mean ti of 7.1 min'with only a 
4-percent r sd .  

The l o s s  i n  weight of FBL materials pyrolyzed i n  t h e  12.6-L system w a s  
60 t o  64 percent  of t h e  sample weight .at both 600 and 750 O C ,  i n d i c a t i n g  t h a t  
t h e  observed d i f f e r e n c e s  i n  response times between t h e  two condi t ions  were 
more l i k e l y  due t o  d i f f e r e n c e s  i n  t h e  composition, no t  q u a n t i t y ,  of t h e  
combustion products ,  o r  t o  d i f f e r e n c e s  i n  t h e  rates of gas  evolut ion.  The 
o r i g i n a l  des ign  of t h e  r a d i a n t  h e a t  assembly (265 L) d i d  not  permit quan t i t a-  
t ive  recovery of t h e  sample r e s idues ,  so comparisons of weight l o s s e s  between 
t h e  two systems could not  be made. A t  t h e  lowest  f l u x  level (2.5 W/cm2), 
however, Norfab samples were only  p a r t l y  decomposed, and were recovered 
e s s e n t i a l l y  i n t a c t ;  t h e  weight l o s s  was only 13 percent  of Norfab's preburn 
weight. 
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Peak va lues  f o r  CO concent ra t ions  are l i s t e d  i n  Table 2. Except f o r  
t h e  2.5-W/cm2 tests (265 L) ,  t h e  peak CO concent ra t ions  d i f f e r e d  only s l i g h t l y  
i n  magnitude. The rate a t  which t h e s e  peak va lues  were a t t a i n e d ,  however, 
va r i ed  wi th  inc reas ing  r a d i a n t  h e a t  f l u x  o r  temperature.  A t  t h e  h igher  
temperatures ,  sample decomposition was more r ap id  and peak CO concent ra t ions  
were reached earlier,  thereby exposing t h e  rats  t o  high CO levels f o r  a 
g r e a t e r  f r a c t i o n  of t h e  observa t ion  period.  

Hydrogen cyanide was de t ec t ed  i n  t h e  Norfab tests a t  both temperatures  
i n  t h e  12.6-L system. Peak va lues  were 250 ppm a t  600 O C ,  bu t  only 70 ppm a t  
750 O C  ( f laming) .  Norfab a l s o  produced d e t e c t a b l e  levels of HCN i n  t h e  265-L 
system a t  5.0 and 7.5 W/cm2,  bu t  no t  a t  2.5 W/cm2. Detec t ion  of HCN i n  t h e  
265-L system w a s  q u a l i t a t i v e  only. For t h i s  i n i t i a l  eva lua t ion  of t h e  system, 
chamber air  samples were removed manually, by syr inge ,  and i n j e c t e d  i n t o  t h e  
GC sample loop. Quan t i t a t i on  of t h e  de t ec t ed  HCN was not  p o s s i b l e  because 
of t h e  tendency f o r  HCN t o  d i s s o l v e  i n  any condensed mois ture  on t h e  sy r inge  
walls and t h e r e f o r e  t o  no t  be introduced q u a n t i t a t i v e l y  i n t o  t h e  GC. Vonar 
d id  not  produce d e t e c t a b l e  q u a n t i t i e s  of HCN, i n  e i t h e r  system, under any 
of t h e  test condi t ions .  Ana ly t i ca l  va lues  f o r  HCN are shown i n  Table 3 .  

SUMMARY AND CONCLUSIONS 

We have descr ibed  t h e  t e s t i n g  of two f i re- blocking- layer  materials, 
Norfab and Vonar, f o r  t h e  relative t o x i c i t i e s  of t h e i r  combustion products ,  
i n  two d i f f e r e n t  labora tory- sca le  systems. We have s tud ied  t h e  c h a r a c t e r i s t i c s  
of a new 265-L system, i n  which f l a t  material samples are thermally decomposed 
by r a d i a n t  hea t  i n c i d e n t  on t h e  top  s u r f a c e  only,  and .compared t h e  r e s u l t s  w i t h  
those  from an  o l d e r  12.6-L system, i n  which materials are pyrolyzed i n s i d e  
a preheated combustion tube  assembly. Time- to- incapacitation i n  t h e  l abo ra to ry  
rat was t h e  measured response used t o  compare t h e  relative t o x i c i t y  of t h e  
combustion gases  produced from t h e  two materials. 

Because of t h e  intended end use  of t h e  f i re- blocking  materials, w e  have 
based t h e  relative t o x i c i t y  f o r  each test  system on t h e  animal response times 
obtained when equal  s u r f a c e  areas of each material were pyrolyzed. For compari- 
sons between t h e  two combustion systems, w e  s e l e c t e d  sample s u r f a c e  areas 
p ropor t iona l  t o  t h e  r e s p e c t i v e  system volumes. 

I n  summary, Vonar proved less t o x i c  ( longer  t i ' s )  than  Norfab i n  t h r e e  
of t h e  f i v e  test condi t ions .  The mean t i ' s  f o r  Norfab and Vonar were s i g n i f i -  
c a n t l y  d i f f e r e n t  a t  t h e  P.05 level by Student ' s  t-test (7) i n  t h e  265-L system 
(at 5.0 and 7.5 W/cm2>,  and i n  t h e  12.6-L system a t  600 O C .  I n  one except ion  
(265-L system, 2.5 W/cm'), Norfab l o s t  on ly  13 percent  by weight (21 percent  
of i t s  combustible components) and d i d  not  produce an animal response w i t h i n  
t h e  test period.  I n  t h e  o t h e r  except ion,  Norfab produced an  unusual ly wide 
range of response times i n  t h e  12.6-L system a t  750 O C  ( f laming) .  One explana- 
t i o n  could be t h e  low concen t r a t ion  of CO produced by t h i s  combustion condi t ion .  
We have noted t h a t  CO concen t r a t ions  of 3,000 ppm and below tend t o  produce not 
only  longer  ti 's, bu t  a l s o  increased  v a r i a t i o n  i n  i n d i v i d u a l  rat  response times. 
Also, t h e  low HCN concent ra t ion  (70  ppm) w a s  p re sen t  f o r  on ly  t h e  f i r s t  
4 t o  5 min and probably produced a minimal a d d i t i o n a l  t o x i c  i n s u l t .  
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The lowest hea t  f l u x  (2.5 W/cm2) s e l e c t e d  f o r  r a d i a n t  hea t  p y r o l y s i s  
proved inadequate  t o  decompose Norfab t o  t h e  e x t e n t  necessary  t o  produce 
an  animal response, a t  least a t  t h e  26-mg/L weight loading.  Vonar produced 
i n c a p a c i t a t i o n  a t  t h e  same f l u x  level,  bu t  at a weight loading of 60 mg/L, 
a loading t h a t  w e  have considered optimum f o r  t e s t i n g  a i r c r a f t  cab in  materials 
i n  t h e  o l d e r  12.6-L combustion tube  system ( 3 ) .  Both FBL materials produced 
reasonable and reproducib le  ti's, however, a t  t h e  h igher  5.0- and 7. 5-W/cm2 
f l u x  levels. 

A t  p r e sen t ,  w e  b e l i e v e  t h e  maximum sample s i z e  accepted by t h e  r a d i a n t  
hea t  chamber t o  be adequate,  a l though some extremely l i gh twe igh t  materials may 
prove inadequate  w i th  a 7.6- by 22.9-cm sample. To i n c r e a s e  t h e  s i z e  of t h e  
combustion chamber t o  accommodate a l a r g e r  sample s u r f a c e  area would a l s o  
inc rease  t h e  problems of uniform sample hea t ing ,  i nc rease  t h e  cumulative 
temperature i n  t h e  animal chamber, and inc rease  t h e  p r o b a b i l i t y  of producing 
a flammable gas concent ra t ion  wi th  subsequent i g n i t i o n .  For most pane ls ,  
f l oo r ings ,  and o t h e r  f l a t- su r faced  materials, t h e  p re sen t  sample-size-to-volume 
r a t i o  appears  t o  be an acceptab le  compromise between v e r s a t i l i t y  and p r a c t i c a l i t y .  

The pre l iminary  eva lua t ion  of t h e  two combustion systems has i nd ica t ed  
c e r t a i n  modi f ica t ions  i n  equipment and procedures f o r  f u t u r e  s t u d i e s .  We 
have modified t h e  r a d i a n t  hea t  combustion assembly t o  al low t h e  q u a n t i t a t i v e  
recovery of sample r e s idues ;  t h i s  w i l l  enable  u s  t o  determine t h e  ex t en t  of 
sample py ro lys i s  a t  d i f f e r e n t  f l u x  levels. We have i n s t a l l e d  a constant- flow, 
closed- loop a i r  sampling assembly on t h e  265-L system, which w i l l  permit 
automatic,  d i r e c t  sampling a t  p r e s e t  i n t e r v a l s  and w i l l  a l low t h e  q u a n t i t a t i v e  
GC de te rmina t ion  of HCN. 
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Table 1. Animal Response Times  t o  Combustion Products  of Norfab 
and Vonar a t  0. 66-cm2/L System Loading Level 

265-L System - Top Radiant Heating Only 

Material Heat Flux 

t . (min) 
1 

t d  (min) 

N Mean S.D. r s d ( % )  N Mean S.D. r sd (%)  - -- --- - 
Norfab 11HT-26-A1 2.5 8 NR* -- --- 8 NR* -- --- 

5.0 16 9.0 1.16 12.9 16 15.4 2.42 15.7 

7.5 20 8.6 1.49 17.4 20 16.8 3.99 23.8 

Vonar-3 2.5 12 19.1 2.93 15.3 12 27.2 5.37 19.8 

5.0 12 12.1 1.39 11.4 12 17.6 3.18 18.0 

7.5 20 10.4 1.02 9.8 20 16.0 3.10 19.3,  

12.6-L System - Combustion Tube Pyro lys i s  

Material Furnace 
T ("C> 

t . (min) 
1 

t d  (min) 

- - -  N Mean S.D. r sd (%)  N Mean S.D. r sd (%)  --- 

Norfab 11HT-26-A1 600 6 7.1 0.29 4.0 6 17.0 2.36 14.0 

750 (Fl) 6** (range 17.1 t o  45+) 6 (range 40 t o  s u r v i v a l )  

Vonar- 3 600 6 11.5 2.04 17.8 6 27.9 10.13 36.2 

750 (Fl) 6 8.9 1.16 13.2 6 18.5 4.59 24.8 

N = Number of rats t e s t e d ;  Mean = mean response t i m e  i n  minutes; 
S.D. = s tandard  dev ia t ion ;  r s d ( % )  = relative s tandard  dev ia t ion  i n  pe rcen t ,  
i .e. ,  r s d  = (S.D./Mean) x 100; F1 = flaming combustion. 

* NR = No response w i t h i n  test per iod .  
**At 750 OC, i n  t h e  12.6-L system, Norfab produced ti's a t  17.1, 25.4, 

32.3 and 36.4 min wi th  2 rats not  i ncapac i t a t ed  a f t e r  45 min; 2 dea ths  
a t  40 and 120 min were noted and t h e  remaining 4 rats were al ive a f t e r  
24 h. 
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Table 2. Peak Carbon Monoxide Concentrat ions 
Attained i n  Chamber Atmospheres 

265-L System (Top Radiant Heating Only) 

Test Material Test Condition 
2.5 W / c m 2  5.0 W/cm2 7.5 W/cm2 

Norfab llHT-26-A1 500 ppm a t  15 min 4,000 ppm a t  8 min 3,500 ppm a t  4 min 

Vonar-3 4,600 ppm a t  10 min 5,200 ppm a t  8 min 6,000 ppm a t  6 min 

~ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~  ~ ~ ~ ~ ~ ~ ~ ~ 

12.6-L System (Combustion Tube Pyro lys i s )  

Norfab llHT-26-A1 

Vonar- 3 

Test Condition 

600 O C  750 OC (Flaming) 

4,400 ppm a t  5 min 3,000 ppm a t  3 min 

5,300 ppm a t  5 min 5,300 ppm a t  5 min 
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Table 3. Hydrogen Cyanide Concentrat ions 
Attained i n  Chamber Atmospheres 

265-L System (Top Radiant Heating Only)* 

Test Material Test Condit ion 

2.5 W/cm2 5.0 W/cm2 7.5 W/cm2 

Norfab llHT-26-A1 Not Detected Detected Detected 
a t  4 min a t  4 min a t  3 min 

Vonar- 3 Not Detected Not Detected Not Detected 
a t  7 min a t  5 min a t  5 min 

~ ~~~~~~~ 

12.6-L System (Combustion Tube Pyro lys i s )  
** 

T e s t  Material Test Condit ion 

600 OC 750 OC (Flaming) 

250 ppm a t  4.6 min 70 ppm a t  4.6 min 

None Detected None Detected 

Norfab llHT-26-A1 

Vonar-3 

*One sample only w a s  removed by sy r inge  f o r  q u a l i t a t i v e  a n a l y s i s ;  sampling times 
correspond t.0 t h e  times of maximum ( v i s u a l )  smoke concen t r a t ion  i n  t h e  chamber. 
See t e x t ,  page 6. 

**HCN ana lyses  f o r  t h e  12.6-L system were q u a n t i t a t i v e  and t h e  va lues  shown are 
t h e  peak concen t r a t ions  determined dur ing  t h e  tests. I n i t i a l  samples were taken 
a t  1 min and succeeding samples were a t  3.6-min i n t e r v a l s .  
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F igure  1. Combustion/Exposure Assembly (265 L) 

Animal exposure chamber 
Gas sampling i n l e t  
Oxygen i n l e t  
Thermocouple ( a i r  temperature) 
Muffin f a n  ( r e c i r c u l a t i o n  assembly), Rotron Mfg. Go., Woodstock, NY 
Chamber connecting tubes  
Mixing/cooling plenum 
Gas d e f l e c t o r  
Heat lamp r e f l e c t o r  w i t h  two 2000-watt General Electric qua r t z  
lamps (GE QH2M/T3/CE/HT 240 V) 
Sample combustion chamber 
Sample combustion t r a y  ( s t a i n l e s s  s teel ,  f o r  7.6- by 22.9-cm sample) 
Combustion chamber a i r  plenum 
F l e x i b l e  tube,  10-cm diameter  ( t o  r e c i r c u l a t e  chamber a ir  through 
the sample combustion chamber) 
Muffin f a n  ( f o r  mixing chamber a i r )  
Cage motor d r i v e  s h a f t  and a x l e  support  
Ind iv idua l  r o t a t i n g  cage 
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Figure 2. Combustion/Exposure Assembly (12.6 L) 

Gearmotor, Model 3M126, 6 rpm, 1/20 hp; Dayton Iianufacturing 
Company, Chicago, IL 
Animal Exposure Chamber 
Heating unit, Model NV2X6, 425 watts at 57.5 volts, semicylindrical; 
Watlow Electric Manufacturing Company, 12001 Lackland Road, 
St. Louis, MO 
Same as No. 3 
Thermocouple, chromel-alumel; Omega Engineering Inc., 
Stamford , CT 
Hot wire igniter 
Combustion tube 
Combustion boat 
Spring clamp 
Smoke detector 
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