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A STUDY OF THE OXIDATION OF MATERIALS 

I N  AN ARC-IMAGE FURNACE 

By R. Gale Wilson, Roger W.  Peters, 
and Arthur J. McEvily, Jr. 

SUMMARY 

A series of tests on s i l i c o n  carbide, graphite,  nylon, Bakelite,  
Fiberglas phenolic, and ammonium chloride has been conducted i n  an a rc-  
image furnace, with rad ian t  heat f luxes a t  t h e  s p e c h e n  surfaces 
ranging from 100 t o  1,000 Btu/ftZ-sec. The e f f e c t s  of radiant  heat 
f l u x  and concentration of oxygen i n  the specbnen environment on the 
rate of material l o s s  were determined. It w a s  found t h a t  f o r  the upper 
half  of the heat-flux range the  rate-controll ing process f o r  materials 
t h a t  oxidize was t h e  diffusion rate of oxygen t o  the  specimen surface.  

INTRODUCTION 

The behavior of materials subjected t o  heat f luxes i n  t h e  range 
from 100 t o  1,000 Btu/ft2-sec i s  a matter o f  concern i n  t h e  design of 
rocket nozzles, high-speed a i r c r a f t  s t ructures ,  and reent ry  vehicles.  
I n  order t o  study t h e  behavior of materials under such heat f luxes a 
v a r i e t y  of laboratory f a c i l i t i e s  have been developed. Some of these,  
such as t h e  e l e c t r i c  a r c  jets, attempt t o  simulate as many of the  
environmental f a c t o r s  as possible i n  order t o  obtain an integrated 
response t o  t h e  combined e f f e c t s  of heating rate, veloci ty ,  chemical 
composition, and enthalpy of the  environmental a i r .  Other f a c i l i t i e s ,  
such as t h e  arc-image furnace used i n  t h e  present invest igat ion,  provide 
less complete simulation but have t h e  advantage of allowing the  i so la -  
t i o n  an4 study of c e r t a i n  f a c t o r s  of t h e  environment and t h e i r  e f f e c t s  
on mater ia ls .  
study of t h e  e f f e c t  of oxygen concentration on t h e  behavior of several  
materials subjected t o  a range of radiant  heat f luxes .  The materials 
invest igated were selected because of t h e i r  p o t e n t i a l  use i n  ablat ion 
o r  high-temperature applications.  

For example, the  present paper gives t h e  r e s u l t s  of a 
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EQUIPMENT AND SPECIMENS 

The Arc-Image Furnace 

The oxidation t e s t s  reported i n  t h i s  paper were conducted i n  t h e  
60-inch arc-image furnace at the Langley Research Center. The furnace 
comprises a high-intensi ty  carbon a r c  operating a t  the foca l  point  of 
a 60-inch paraboloidal mirror,  a second mirror of t h e  same geometry t o  
col lect  and refocus the  rad ian t  energy received from the f irst  mirror,  a 
solenoid-operated shu t t e r  interposed between the mirrors  t o  provide a 
controlled heat pulse at  the foca l  point  of t he  receiving mirror,  and 
a specimen support t o  hold material models i n  the  image of the anode 
cra te r  a t  the second foca l  po in t .  A complete descr ipt ion of the  arc- 
image furnace is  presented i n  reference 1. 

The specimen support u t i l i z e d  i n  the  oxidation tests cons i s t s  of 
a manually-controlled feed mechanism and a water-cooled sh ie ld  ( f i g .  1). 
The mater ia l  specimen i s  fed by manual cont ro l  through a 5/16-inch- 
diameter hole i n  t h e  sh ie ld  so t h a t  t h e  exposed face of the specimen 
i s  kept at  t h e  f o c a l  plane as the  specimen surface i s  varporized, melted, 
or oxidized. The sh ie ld  limits the  area of exposure t o  one end of the 
specimen by shielding the  walls of the specimen from the rad ia t ion .  

In  l i n e  w i t h  the  test specimen and the  longi tudinal  ax i s  of the 
furnace i s  a 3/k-inch-diameter gas flow tube. The open end of t he  tube 
i s  so located t h a t  air, oxygen, o r  i n e r t  gases may be 
directed at the  of the material specimen a t  the foca l  
plane. 

Radiant heat f luxes  i n  t h e  a r c  image are determined from the  rate 
of temperature r ise of a l/h-inch-diameter, 1/16-inch-thick copper disk 
whose blackened surface i s  assumed t o  have an emissivi ty  of 0.9. 

Specimens and Materials 

The type of specimen used f o r  studying the oxidation behavior of 
materials exposed t o  uniform high heat fluxes produced by the  a r c  image 
was a f la t - faced  cylinder of 1/4-inch diameter. Clearance between the 
specimen and t h e  5/16-inch hole i n  the  sh ie ld  was therefore  1/32 inch. 
The mater ia ls  s tudied were graphi te  (AGX) , s i l i c o n  carbide ( s e l f  -bonded), 
nylon, Bakelite,  Fiberglas  phenolic, and ammonium chloride.  Some thermo- 
physical p roper t ies  of these materials are l i s t e d  i n  t a b l e  1. The Fiber-  
glas phenolic specimens were f l a t  laminates cut t o  expose t h e  f iber  ends t o  
t h e  rad ia t ion .  
intended time of exposure and by preliminary observation of t h e  r a t e  of 
material  loss under high heat f luxes .  Lengths of Bakelite,  nylon, 

The lengths of the tes t  specimens were determined by t h e  
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Fiberglas  phenolic, and ammonium chloride specimens var ied from 1 t o  
3 inches. 
ab la t ing  mater ia l s ,  were 1/4 inch long. 

Specimens of graphi te  and s i l icon  carbide, more slowly 

TEST PROCEDURE 

I n  general ,  the  mater ia ls  specimens tested i n  t h i s  inves t iga t ion  
were exposed t o  high thermal f luxes  i n  f o u r  d i f f e r e n t  environments: 
ambient a i r ,  air flow a t  47 f t / s ec ,  argon flow at  47 ft/sec, and 
oxygen flow a t  47 f t / s ec .  
toward t h e  end of the specimen exposed t o  the high thermal f lux .  G a s  
ve loc i ty  was measured by a flowmeter i n  the  gas supply l i n e ;  p r i o r  t o  
a tes t  t h i s  flowmeter was ca l ib ra t ed  d i r e c t l y  against  a ve loc i ty  meter 
placed a t  t h e  f o c a l  plane, where the i r r ad ia t ed  end of the specimen i s  
located i n  a tes t .  

The air, argon, or oxygen flow was d i rec ted  

It has been shown tha t  rad ian t  heat flux at the f o c a l  spot of the 
arc-image furnace i s  a function of t h e  arc current  ( f i g .  6 of ref. 1). 
A f t e r  t he  des i red  heat f l u x  f o r  a par t icu lar  test was selected,  t h e  
corresponding a r c  current  was taken f romthe  curve i n  reference 1, which 
gives the r e l a t ionsh ip  between rad ian t  heat f l u x  and arc current i n  
ambient a i r .  For those tests which were t o  be made i n  ambient air ,  t he  
rad ian t  heat-f lux value i n  reference 1 was v e r i f i e d  by means of t h e  
blackened-copper-disk calorimeter each time a change i n  current  was 
made. For those tests which were t o  be made i n  a moving gas environ- 
ment, heat-flux values were obtained by exposing the calorimeter i n  an 
a i r  stream of 47 f t / s e c  veloci ty ,  w i t h  r esu l t ing  values 5 t o  10 percent 
lower than those i n  reference 1. The values of radiant  heat  f l u x  used 
i n  these tes t s  were i n  t h e  range from 100 t o  1,000 Btu/ft2-sec. 

The sequence f o r  performing the tests after the thermal f l u x  had 
been v e r i f i e d  was as follows: 

1. The material specimen was ins t a l l ed  and ca re fu l ly  centered so 
that  the surface t o  be i r r ad ia t ed  w a s  located a t  the center  of t h e  
foca l  spot .  

2. The high-intensi ty  a r c  was struck and i t s  operation s t ab i l i zed .  

3 .  The gas flow, d i rec ted  at the  specimen surface,  was i n i t i a t e d .  

4. The specimen was exposed t o  the high thermal f lux  f o r  the desired 
time by cont ro l  of the shut te r .  

5 .  The gas flow w a s  terminated immediately after the shu t t e r  had 
been closed. 
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The exposure times f o r  t h i s  series of tes ts  var ied from 10 seconds 
t o  4 minutes. 
the mater ia l  being tes ted .  
paragraphs which follow. 

The tes t  technique varied,  depending on the  behavior of 
The techniques used are delineated i n  t h e  

S i l icon  Carbide and Graphite 

Each specimen of s i l i c o n  carbide and graphite w a s  mounted on a 
tungsten wire of 0.027-inch diameter, which i n  t u r n  was inser ted  i n  
an insulat ing ceramic cylinder.  The ceramic cylinder was supported 
inside the  water-cooled shield,  as i l l u s t r a t e d  i n  f igure  2. These 
specimens were kept s ta t ionary  during exposure and t h e  time of exposure 
was l imited t o  prevent enough recession of t h e  exposed end t o  cause 
appreciable change i n  the  incident heat f lux .  Apparent surface tempera- 
tu res  of the  exposed ends of t h e  specimens t e s t e d  i n  ambient air  were 
determined with a disappearing-filament o p t i c a l  pyrometer. 

Nylon, Bakelite,  and Fiberglas Phenolic 

The specimens of nylon, Bakelite,  and Fiberglas phenolic were 2 
t o  3 inches long and were mounted i n  an insu la t ing  block which was 
fed forward by manual control  t o  keep t h e  exposed ends of t h e  speci-  
mens continuously a t  the  f o c a l  point .  

Ammonium Chloride 

Specimens of ammonium chloride were exposed i n  three  environments - 
ambient air ,  a i r  at 47 f t / s e c ,  and oxygen a t  47 f t / s e c .  
exposed i n  argon as were a l l  other  mater ia ls  since lack of oxidation 
made tkie chemical composition of t h e  environment r e l a t i v e l y  unimportant. 
Ammonium chloride specimens were mounted and t e s t e d  s imi la r ly  t o  the  
specimens of nylon, Bakelite, and Fiberglas.  The lengths of t h e  speci- 
mens varied from about 1 t o  3 inches. 

They were not 

TEST RESULTS 

The r e s u l t s  of the oxidation tests on t h e  s i x  materials considered 
i n  t h i s  invest igat ion are presented i n  t a b l e s  2 t o  7 and are p l o t t e d  as 
curves of r a t e  of weight l o s s  against  radiant  heat f l u x  i n  f igures  3 
t o  9.  Each test  point represents  one specimen. A comparison of t h e  
resu l t s  f o r  t h e  s i x  d i f f e r e n t  materials i n  a i r  flow only i s  presented 
i n  f igure  9 .  



Si l icon  Carbide and Graphite 

The o p t i c a l  pyrometer readings on s i l icon carbide var ied from 
4,000° F a t  a radiant  heat f l u x  of 300 Btu/f@-sec t o  about 5,200° F 
at  950 Btu ft2-sec.  

corrected f o r  absence of black-body conditions and absorption losses  
through gas products of reaction, and therefore should be considered 
as only approximate. The pyrometer measurement on each specimen i s  
given i n  f i g u r e s  3 and 4. 
t h e  e n t i r e  duration of each t e s t .  

For graphite they varied from 3,1000 F at  
130 Btu/ft  L -sec t o  4,500° F a t  950 Btu/ftz-sec. The values are not 

The temperature was constant for e s s e n t i a l l y  

No equipment was provided i n  the  arc-image furnace f o r  co l lec t ing  
v o l a t i l e  products. During the tes ts  on s i l icon  carbide a dense white 
smoke was l ibera ted  from t h e  react ion surface i n  a l l  the  tests except 
those i n  argon flow. 
products recovered were a glassy material i n  the  form of a loose 
per ipheral  r i n g  a t  the exposed end of t h e  specimen and a white powdery 
substance deposited on t h e  specimen shield.  For t e s t s  i n  argon flow a 
brownish substance w a s  deposited on t h e  specimen shield.  

Except f o r  the  t e s t s  in argon flow, oxidation 

There were no recovered products f romthe t e s t s  on graphi te .  

Nylon, Bakelite, and Fiberglas Phenolic 

Nylon weight l o s s  i n  argon flow seemedto be due mainly t o  melting 
I n  s t i l l  a i r  nylon ignited and burned with a v i s i b l e  and vaporization. 

flame emanating from t h e  exposed end of the specimen. In  oxygen flow t h e  
specimen was engulfed by flame, which was swept back from t h e  exposed end 
by the  oxygen flow. 
face of t h e  specimen. 
charred upon cooling. 
increasing concentration of oxygen, and for  tests i n  oxygen flow no such 
residue remained. 

This resu l ted  i n  burning along the  cy l indr ica l  sur- 
Melting occurred i n  a l l  the  t e s t s  and t h e  m e l t  
The amount of  reso l id i f ied  nylon decreased with 

The behavior of Bakelite w a s  very similar t o  t h a t  of nylon with the  
exception t h a t  melting was not observed. Specimens exposed i n  argon flow 
and s t i l l  a i r  became charred a t  the  exposed end and somewhat beyond. 
Specimens exposed i n  air  flow and i n  oxygen flow igni ted  and burned along 
t h e i r  c y l i n d r i c a l  surfaces as w e l l  as a t  t h e i r  exposed ends. 

The t e s t  r e s u l t s  f o r  Fiberglas phenolic d i f fe red  from those f o r  
nylon and Bakelite i n  t h a t  weight loss i n  all t h e  tests occurred e n t i r e l y  
from t h e  exposed ends of the  specimens. 
t h e  specimens was v i s i b l e  only i n  s t i l l  air. 
from these  tes ts  were white and grayish powders and a greenish g lass  m e l t .  

A flame at  the exposed ends of 
Oxidation products l e f t  
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Ammonium Chloride 

Ammonium chlor ide sublimes a t  about 6400 F and decomposes i n t o  
and NH3 i n  determining the  r a t e  of material loss. 

was deposited on the shield,  ind ica t ing  t h a t  p a r t i a l  recombination of t h e  
vapor products had occurred. 
ends of the specimens. 

HC1, and therefore  oxidation does not play a s ign i f i can t  r o l e  
In  these  t e s t s  a white powder 

Weight l o s s  occurred only from t h e  exposed 

DISCUSSION 

Si l icon  Carbide and Graphite 

Two processes could be involved i n  the material loss i n  t h e  t e s t s  
on s i l i c o n  carbide and graphi te ,  namely, t h e  formation of v o l a t i l e  oxides 
and sublimation. If sublimation i s  involved a t  a l l ,  it i s  probably only 
f o r  s i l i c o n  carbide a t  the highest  heating rates where the  temperature 
may approach t h e  sublimation temperature. 
increasing oxygen concentration on t h e  rate of material loss  ind ica tes  
t h a t  oxidation i s  pr imari ly  responsible f o r  the  material loss i n  these  
tests. 

The pronounced e f f e c t  of 

A cha rac t e r i s t i c  phenomenon i s  t h e  level ing of f  of t h e  curves with 
increasing heat f luxes.  
continue t o  increase concurrently with the  leve l ing  of f  of t h e  curves. 
Since reac t ion  r a t e s  a re  general ly  exponential functions of temperature, 
on t h i s  basis alone t h e  rate of weight l o s s  should increase a t  higher 
heat f luxes,  r a the r  than l e v e l  off  as observed. 

Figures 3 and 4 ind ica te  t h a t  temperatures 

A possible  explanation f o r  t h e  leve l ing  off  of t h e  weight-loss curves 

This would mean 
is t h a t  t h e  oxygen supply t o  t h e  heated surface i s  in su f f i c i en t  t o  main- 
t a i n  t h e  increasing rate of formation of v o l a t i l e  oxides. 
t h a t  t h e  ava i lab le  oxygen i s  being f u l l y  u t i l i z e d  a t  the  region of t h e  
curve where the  slope i s  decreasing most rapidly,  and t h e  heat f luxes  i n  
excess of those i n  t ha t  region have l i t t l e  addi t iona l  influence.  Oxygen 
supply t o  t h e  specimen i s  limited by t h e  r a t e  of d i f fus ion  through the  
protect ive shielding layer  of v o l a t i l e  react ion products a t  t h e  specimen 
surface. Increasing the  supply of oxygen increases  t h e  r a t e  of d i f fus ion  
and, consequently, t he  r a t e  of formation of v o l a t i l e  oxides. This type 
of  d i f fusion-control led reac t ion  has been discussed i n  references 2, 3, 
and 4, and i s  considered t o  be pr imari ly  responsible f o r  t he  observed 
behavior i n  the  arc-image-furnace tests of graphi te  and s i l i c o n  carbide.  

The f a c t  t h a t  s i l i c o n  carbide i s  a compound and each of i t s  elements 
forms two oxides complicates i n t e rp re t a t ion  of t e s t  r e s u l t s .  References 5 ,  
6, and 7 ind ica te  t h a t  t h e  g lassy  mater ia l  and the  white powdery substance 
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formed as oxidation products i n  the  arc-image furnace were forms of 
An X-ray d i f f r ac t ion  analysis  of t h e  white powdery substances and t h e  
brownish deposi ts  formed i n  these tes ts  showed the  presence of 
both. According t o  reference 7, weight losses resu l t ing  from t h e  react ion 
of Si02 formed on t h e  surface of S ic  w i t h  t he  S ic  i t s e l f  a r e  impor- 
t a n t  above 3,000° F, t h e  react ion products being S i ,  Si02, and CO. 
A pa r t i cu la r  type of react ion appeared t o  be the  control l ing f a c t o r  f o r  
weight loss i n  argon flow f o r  t he  range of heat f luxes used. 

Si02. 

i n  Si02 

In  these tes ts  on Sic ,  t he  temperature of’ the  exposed end was always 
i n  t h e  region of v o l a t i l e  oxide formation, t h a t  is, above 3,OOOO F, so 
t h a t  a weight loss  always occurred. 
below 3,0000 F a weight gain would occur as a r e s u l t  of t he  formation of 
an adherent Si02 coating a t  such low temperatures. 

It is  expected t h a t  f o r  temperatures 

Because of t h e  high thermal conductivity and low-temperature oxida- 
t i o n  cha rac t e r i s t i c s  of graphite,  weight loss occurred from t h e  e n t i r e  
surface area of t h e  specimens, i n  cont ras t  t o  weight-loss occurrence only 
from t h e  exposed ends of s i l i c o n  carbide. However, t he  r a t e  of weight 
l o s s  was g rea t e s t  a t  t h e  end of the  specimen exposed t o  the  thermal f l u x  
of t h e  furnace. 

Nylon, Bakelite,  and Fiberglas Phenolic 

The increasing rate of weight loss  w i t h  increasing concentration of 
oxygen i n  the  tests on nylon, Bakelite,  and Fiberglas phenolic ind ica tes  
t h a t  oxidation i s  an important f ac to r  i n  material  loss. 

For nylon the re  i s  l i t t l e  difference i n  t he  rate of weight loss for 
exposures i n  argon flow, ambient air ,  and a i r  flow, but oxygen flow 
increases t h e  rate of weight l o s s  grea t ly .  
combination of melting, vaporization, and oxidation. 

Weight loss r e s u l t s  from a 

There i s  l i t t l e  difference i n  the  r a t e  of weight l o s s  f o r  Bakelite 
i n  argon flow and s t i l l  a i r .  The r a t e  increases s ign i f i can t ly  f o r  a i r  
flow and much more f o r  oxygen flow. 

The Fiberglas  phenolic i s  not as great ly  a f fec ted  by the  concentra- 
t i o n  of oxygen as a re  nylon and Bakelite,  although the  rate of weight 
loss i s  considerably grea te r  f o r  exposures in  oxygen flow than f o r  those 
i n  the  o ther  t h ree  environments. Some of t h e  oxidation products were 
similar t o  those from tes ts  on s i l i c o n  carbide. 
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Ammonium Chloride 

Oxidation i s  not a f a c t o r  i n  weight loss f o r  ammonium chloride,  as 

The curve of rad ian t  heat f l u x  against  rate of weight loss 
shown by the  f a c t  t h a t  varying t h e  oxygen concentration d i d  not a f f e c t  
weight loss .  
exhib i t s  a decrease i n  slope i n  the  region of t h e  highest  heat  f luxes.  
This may be accounted f o r  by t h e  radiation-shielding e f f e c t  of t h e  rap id ly  
escaping vapors. 

General Discussion of Test Data 

It should be pointed out t h a t  t he  values of radiant  heat flux used 
f o r  f igures  3 t o  9 do not represent t h e  rate of absorption of radiant  
energy by the  specimen o r  t he  r a t e  of consumption of rad ian t  energy i n  
t h e  weight-loss processes. The la t ter  would be the  case only i f  t he  
specimen were a black body, i f  weight l o s s  occurred uniformly only from 
t h e  exposed end, i f  t he re  were no shielding e f f e c t s  by gaseous products, 
and if there  were no heat losses  by conduction and convection. 
these conditions do not e x i s t  i n  any of t he  tes ts ,  and the  degree t o  
which they e x i s t  va r i e s  with the  d i f f e ren t  materials t e s t ed ,  and i n  some 
cases with the  oxygen concentration..  Optical  pyrometer measurements were 
made only on graphi te  and s i l i c o n  carbide because they were t h e  only ones 
o f  t h e  six materials on which meaningful pyrometer readings could be 
expected. 

All 

The l i t e r a t u r e  ind ica tes  t h a t  t he  emissivi ty  of graphi te  i n  i t s  
oxidizing state i s  0.90 t o  0.95, or possibly higher, and t h a t  t h e  e m i s -  
s i v i t y  of s i l i c o n  carbide i s  lower and var ies  much more than t h a t  of 
graphi te .  The re la t ionship  of ac tua l  temperature t o  the  apparent tempera- 
t u r e  measured with t h e  o p t i c a l  pyrometer depends upon t h e  emissivi ty  of 
the  specimen surface, t h e  amount of incident r ad ia t ion  r e f l ec t ed  d i f fuse ly  
from t h e  specimen surface i n t o  t h e  pyrometer, and the  mount  of absorption 
of rad ia t ion  by gases between t h e  specimen and t h e  pyrometer. The e m i s -  
s i v i t y  correct ion a t  3,600' F would r e s u l t  i n  an addi t ion t o  t h e  apparent 
temperature of about 100' F for an emissivi ty  of 0.85. 
re f lec t ion  would r e s u l t  i n  a subtract ion from t h e  apparent temperature, 
and would serve t o  o f f s e t  the  emissivi ty  correct ion.  
e t ry  of t he  arc-image-furnace setup, t h i s  would be s m a l l ,  but  t h e  exact 
magnitude f o r  e i t h e r  material i s  not known. Correction f o r  absorption 
would r e s u l t  i n  a n  addi t ion t o  t h e  apparent temperature, but  again t h e  
magnitude i s  unknown. 
f o r  t he  inv i s ib l e  gases re leased by graphi te  ( r e f s .  8 and 9 ) .  
of these  correct ions would be appl icable  t o  t h e  pyrometer measurements 
on s i l i c o n  carbide, bu t  t h e i r  respect ive magnitudes are undetermined. 

The correct ion f o r  

Because of t h e  geom- 

However, no correct ion f o r  absorption i s  necessary 
A l l  th ree  
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Another f a c t o r  t h a t  en ters  i n t o  the heat energy at the  exposed 
end of the  test specimen i s  the  exothermic nature of p a r t ,  o r  maybe 
a l l ,  of the oxidation processes. 
if it forms C02, adds 1,095 Btu/ft2-sec i n  t h e  t e s t  i n  oxygen flow at  
an arc-image heating rate of 950 Btu/ftP-sec. If only CO i s  formed, 
the addition is  340 Btu/ftZ-sec. (These values were computed by using 
values of 377 and 117 Btu/mole f o r  the heat of formation of 
and CO, respectively.)  

For example, the  oxidation of graphite,  

C02 

The nature  of the d i s t r i b u t i o n  of weight l o s s  a f f e c t s  both coordi- 
nates  of the curves. The radiant  heat-flux values are determined f o r  
a f l a t  area, and t h e  value of radiant  f l u x  on a specimen deviates  s l i g h t l y  
from tha t  obtained f o r  a f l a t  area when the  exposed end of the  specimen 
loses  i t s  f la t  face.  Specimens of ammonium chloride became somewhat 
pointed a t  the exposed ends during the t e s t s .  
nylon became pointed and diminished i n  cross-sectional area i n  tests i n  
which burning of the  cy l indr ica l  surface occurred. The ordinate  values 
are determined by using the o r i g i n a l  cross-sectional area of t h e  speci-  
men ( l /binch-diameter  c i r c l e )  i n  a l l  cases as the basis of calculat ions 
of rate of weight loss per  u n i t  area.  

Specimens of Bakelite and 

The comparison of curves i n  f igure  9 indicates  tha t  i f  heating rates 
were the  so le  c r i t e r i o n  f o r  select ion,  graphite and s i l i c o n  carbide might 
be considered t o  be superior t o  the  other  materials because of the i r  low 
weight losses .  However, other  f a c t o r s  must a l s o  be taken i n t o  considera- 
t ion .  For example, t h e  high surface temperatures and high thermal con- 
d u c t i v i t i e s  of graphite and s i l i c o n  carbide would e a s i l y  lead t o  an 
unsat isfactory s i t u a t i o n  if  it were necessary t o  keep the temperature 
l e v e l  of a s t ruc ture  a t  some low value. 

CONCLUDING REMAFtKS 

Study of the e f f e c t s  of radiant  heat flux on s i l i c o n  carbide, graph- 
i t e ,  nylon, Bakelite, and Fiberglas phenolic has revealed that the  rate 
of oxidation i s  the dominant f a c t o r  i n  determining the extent  of material 
loss f o r  t he  range of radiant  heat f luxes from 100 t o  1,000 Btu/ft2-sec. 
Increasing t h e  concentration of oxygen f o r  a given radiant  heat f l u x  can 
have a marked e f f e c t  on rate of material l o s s .  For example, i n  tes ts  on 
nylon and Bakelite, ign i t ion  of t h e  specimen occurred i n  some cases. 
Weight l o s s  i n  ammonium chloride,  a nonoxidizable material, was independ- 
en t  of oxygen concentration. In  these experiments it has been found t h a t  
oxidation a t  the higher radiant  heat f luxes involved i s  a diffusion-  
control led react ion,  with the r e s u l t  t h a t  oxidation i n  general  i s  much 
more s t rongly a function of oxygen concentration a t  the  specimen surface 
than of rad ian t  heat f lux.  These r e s u l t s  point out t h a t  b e n e f i c i a l  
e f f e c t s  might be derived from protect ive gas blankets a t  high heating 
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r a t e s .  Although the  comparative behavior of mater ia ls  can be determined 
in  the  arc-image furnace, it i s  pointed out t h a t  other  fac tors ,  such as 
thermal conductivity, ac tua l  environment, and maximum permissible sur- 
face temperature must be considered i n  order t o  a r r ive  a t  an overa l l  
evaluation of a par t icu lar  mater ia l  f o r  a spec i f ic  application. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  V a . ,  October 7, 1960. 
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Material 

Silicon carbide 
Graphite 
Nylon 
Bake1 it e 
Fiberglas phenolic 
Ammonium chloride 

TABU 1 

THERMOF'HYSICAL CHARACTERISTICS OF MATERIALS 

Melting Sublimation 
temperature, temperature, Density , 

lb/cu ft OF OF 

187 --- 5,160 
105 --- 6,600 
72 480 
85 --- 
118 --- 
86 --- 

e---- 

----- 
635 

* 



12 

3 
I 

8
A

K
2

4
 K

4
 8
 

?
 

, 4 X
 

0
 

1 < 3w
 N
C
O
 ~

-C
O

C
O

C
O

 m
- 

.?
?

?
?

?
?

?
?

' 
> 

n
 4 X
 

n
 4 

I 

O
r

l
N

n
f

U
 

N
N

N
N

N
C

 



?
 

0 a 
?
 

4 9
 ?

 P
;? 9 o'? N. 

N
 n

 n
u
l 

t-3
 

X
 

r
i
f
f
 r

-o
w

 r- 

n a X
 

n
 I 0
 

X
 

d2%
D

tx82X
%

:", 
?

?
?

?
?

?
?

?
?

 

n
 a a 

n
 

4 
X

 
X

 

n
a

 n
u
l t-m

 
n

o
 

(u
 N

 N
 N

 N
 N

 N
 rr\ 



14 

W
n

(
U

 
W

N
(

U
 

f
 n

u
 

n
n

a
, 

c
\
(
U
 
d
 

o m
d

 
0

4
 ri 

r\ 

0
 

4
 

X
 
n
 

I
O
,
 



In
 

Y 3 

f
 L

nW
 

r-Q
 m
 



c\ 

4 N
?

?
 

X
 

n
n

w
 

0
-
4

4
 

0
 

4
 X

 

w
 

L
n

f
 

n
 

4
 

"90'1; 

X
 

L
n
cD

 In
 

w
w

w
 

K4% 
?

-!?
 

N
N

N
 

n
o
 0

 
P

-L
n

O
 

d
 

r
i f

 0
- 

r
ia

 M
 

(
u

;
t
;
t
 

r
i

d
N

 

0
 ... 

3 m
f
 

7
W

-
f

 

-
 

\ 3 ?f" 
X

 
n
d
 ~

n
 

u n
n

 

\
 

3 ?"-? 

X
 

3
c

o
n

 

3
m

n
 

0
 

r
(
(
u

 
h

 

'-
I
 

4 

?
?

 1; 
X

 
i
n
n
+

 

w
w

w
 

n
t-L

n
 

L
n

L
n

L
n

 

N
N

N
 

9
9

9
 



w
 rl n

r
l t- 

C
ut-085 

?
?

"!. 
0
 

n
 

a X
 

c a X
 

n
 

a X
 

%
? 

ncu 



18 

- 

I L-59-3832.1 
Figure 1.- Specfmen support used for oxidation tests i n  the  60-inch 

arc-image furnace. 
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