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SUMMARY 

Compatibility tests were performed on a number of polymeric materials 

with the use of various mixtures of fluorine a.ndoxygen in both gaseous and 

liquid states. The purpose of these tests was to investigate the feasibility 

of using fluorine-oxygen mixtures in rocket-propulsion systems containing some 

nonmetallic materials. The tests were divided into two major areas, static 

tests and dynamic tests. 


In the static tests, a number of test samples were exposed to various FLOX 
( fluorine-oxygen) mixtures, both gaseous and liquid, at atmospheric pressure and 
virtually static conditions in order to obtain information on compatibility 
solely as a function of fluorine concentration. The results of these tests are 
given in bar-graph form. The reactivity of the materials tested with FLOX under 
static conditions is a function of the concentration of fluorine in the mixture. 

In the dynamic tests, selected materials were exposed to fluorine and FLOX 

at various combinations of concentration and flow velocity. Reactivity profiles 

were generated for these materials as functions of these two parameters. These 

graphs show the areas of compatibility and noncompatibility of selected materi­

als in a dynamic fluorine or FLOX environment. At any given fluorine concen­

tration, flow velocity was a strongly significant parameter in the reactivity of 

FLOX with all materials tested. Generally the fluorocarbon polymers, particu­

larly the fully fluorinated, straight-chain polymers were the most compatible 

with fluorine and with FLOX. 


In both static and dynamic tests, a comparison between cryogenic liquid 

and ambient-temperature gaseous test results indicated that the liquid was the 

more reactive. 


It was concluded that some of the materials tested may be considered for 

use in rocket systems with fluorine or FLOX under controlled conditions of ex­

posure; however, because of possible variations in quality and because polymers 

are more sensitive to contamination than metals in a fluorine environment, they 

should be used with a ma.rginof safety. 




INTRODUCTION 


Fluorine i s  one of the  highest  energy oxidizers possible f o r  chemical rock­
e t  propulsion. The use of f luor ine  as a rocket oxidizer or as an addi t ive  t o  
l i q u i d  oxygen i n  present rocket propulsion systems would provide a s ign i f i can t  
increase i n  payload capabi l i ty  f o r  many missions. The r e a c t i v i t y  o r  compatibil­
i t y  of nonmetallic materials with f luor ine  and f luorine-oxygen mixtures (FLOX) 
has not been spec i f i ca l ly  determined, and it i s  generally recognized that some 
nonmetallic materials,  pa r t i cu la r ly  some polymers, a r e  desirable  f o r  use as 
gaskets and sea ls  i n  rocket oxidizer systems. Therefore, before the  use of f l u ­
or ine or FLOX was considered, pa r t i cu la r ly  i n  ex is t ing  rocket systems, an inves­
t i g a t i o n  was required t o  determine the  compatibil i ty of various polymeric ma­
t e r i a l s  t ha t  could be considered for use i n  a f luorine or a FLOX environment. 

I n  order t o  determine the  l i m i t s  of FLOX compatibil i ty,  t e s t s  were made 
under s t a t i c  and dyna.mic conditions with both l i q u i d  and gaseous FLOX. I n  
s t a t i c  t e s t s ,  samples were exposed t o  increasing f luor ine  concentrations u n t i l  
e i t h e r  react ion occurred or the  100 percent f luor ine  l e v e l  was reached. I n  dy­
namic t e s t s ,  the  nonmetallic mater ia ls  were fabr ica ted  i n t o  o r i f i c e  configura­
t ions  and exposed t o  increasing f luor ine  concentrations and flow ve loc i t i e s .  
These t e s t s  gave information on r e a c t i v i t y  of FLOX with various polymers as 
functions of the  aforementioned parameters. The information included herein 
should be he lpfu l  i n  the  se lec t ion  and appl icat ion of polymeric mater ia ls  i n  
f luor ine  or fluorine-oyygen environments. Tests were a.lso performed t o  ver i fy  
the  misc ib i l i t y  of l i qu id  f luor ine  with l i qu id  oxygen. The r e su l t s  of these 
t e s t s  a r e  discussed i n  appendix A. 

APPARATUS &!Xi3 PROCEDURE- . ~ -

STATIC FLOX TESTS 

Apparatus 

A schematic diagram of the t e s t  apparatus, located a t  the Lewis Research 
Center, used i n  the s t a t i c  t e s t s  i s  shown i n  f igure 1. I n  l i qu id  FLOX tes t ing ,  
the t e s t  chamber was a graduated glass  cylinder i n  which f luor ine  and oxygen 
gas were condensed. A l iquid-nitrogen Dewar surrounded the t e s t  chamber and 
thereby maintained a constant temperature of -320' F. The FLOX concentrations 
were control led by using the graduated cylinder t o  measure required quant i t ies  
of f luor ine  and oxygen. The supply and vent connections were made through a 
s t a in l e s s - s t ee l  p la te  t o  which the g lass  cylinder was clamped, and a Teflon gas­
ket was used between the g lass  and the  p la te .  The t e s t  sample was lowered in to  
and ra i sed  from the FLOX mixture by means of a remote push-pull rod system, 
which was a l s o  used t o  a g i t a t e  the sample i n  the FLOX mixture. A s t e e l  cylin­
der,  which could be purged with helium when it w a s  desired t o  provide an i n e r t  
atmosphere f o r  the  sample, w a s  located above the  t e s t  chamber t o  contain the 
sample between t e s t s .  A l l  tubing and f i t t i n g s  were s t a in l e s s  s t e e l  or copper, 
and a l l  oxygen, f luorine,  and FLOX valves had metal-to-metal s ea t s  and Teflon 
packing. In  gaseous FLOX te s t ing ,  the l iquid-nitrogen Dewar was removed, and 
FLOX concentrations were control led by the  use of v i sua l ly  readable rotameters 
as shown i n  f igure  1. Two a t t r a c t i v e  features  of t h i s  apparatus were (a )  many 
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materials could be t e s t e d  i n  a short  period of t i m e ,  and (b) the  use of a g lass  
tes t  chamber allowed v isua l  observation and photographic recording of react ion 
phenomena. 

Procedure 

T e s t  sample cleaning. - The cleaning procedure used f o r  the  samples t e s t ed  
i n  t h i s  program w a s  a.s follows : 

(1)Washing with soap and water, r insing with water, and drying i n  air; 
this s t e p  w a s  used f o r  samples which were v i s ib ly  d i r t y  from machin­
ing, handling, e tc .  

( 2 )  Washing with an appropriate cleaning solvent ( l i s t e d  i n  tab le  V )  

(3)  Thorough drying with clean, dry helium 

(4 )  Recleaning i n  the event of any accidental  o r  suspected recontamination 

Liquid t e s t s .  - I n  a typ ica l  s t a t i c  l i qu id  FLOX compatibility t e s t ,  a Sam­
ple  of known weight w a s  secured t o  the  movable sample holder rod, inser ted  by 
remote control  i n t o  the  FLOX mixture, and exposed t o  FLOX f o r  15 seconds. The 
sample w a s  then ag i ta ted  f o r  another 45 seconds. If no react ion occurred, the  
sample w a s  withdrawn i n t o  the  helium-inerted tube; more f luorine was added t o  
increase the  concentration; and the  sample was reimmersed. Percentage increases 
i n  f luorine concentration were a r b i t r a r i l y  chosen a t  the discret ion of t he  op­
era tors ,  depending upon the mater ia l  being tes ted .  If the  sample survived the  
maximum FLOX concentration (generally about 80 t o  85 percent f luor ine) ,  it w a s  
then immersed and ag i ta ted  i n  100 percent l i qu id  f luorine f o r  5 minutes. If the  
sample survived, it w a s  then removed, inspected, and reweighed, and a new sample 
w a s  inser ted.  

Gaseous t e s t s .  - I n  a typ ica l  gaseous FLOX t e s t ,  the  sample w a s  held on a 
s ta t ionary  sample holder. Gaseous FLOX at  controlled concentration and pressure 
( 2  lb/sq in .  gage or l e s s )  w a s  slowly passed through the  tes t  chamber f o r  
3 minutes a t  each concentration. The concentration w a s  increased by increasing 
the  f luorine flow re l a t ive  t o  the oxygen flow. 

DYXAMIC FLOX TESTS 

Apparatus 

The dynamic FLOX t e s t  i n s t a l l a t ion ,  located a.t the  Plum Brook Station, 
consisted of a closed-loop flow system, a t e s t  chamber f o r  destruct ive t e s t ­
ing, a large containment vessel ,  and a remote control  room. A simple schemat­
i c  diagram of the  flow system i s  shown i n  f igure 2.  The vent system and the  
purge system are not shown i n  t h i s  diagram for t he  sake of c l a r i t y .  The flow 
tank, the  receiver tank, and the  weigh tank were s t a in l e s s  s t e e l ,  and a l l  pip­
ing and tubing were stainless s t e e l  or copper. A l l  valves shown i n  the  diagram 
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were globe-type valves with m e t a l  bellows seals, metal-to-metal seats, and a.lu­
minum gaskets. The same type of valve w a s  used i n  the vent system, but  the 
purge system included both globe-type and diaphragm-type valves. The contain­
ment vessel ,  a 38-foot-diameter m e t a l  sphere, w a s  used t o  ensure containment of 
reactions,  FLOX s p i l l s ,  or other similar occurrences. The overa l l  t es t  f a c i l i t y  
is shown i n  figure 3. 

I n  gaseous tes t ing ,  only the  weigh tank, t he  flow tank, and the  receiver  
tank were immersed i n  l i qu id  nitrogen. A surge tank w a s  used t o  dampen pres­
sure f luctuat ions,  and a hot water heat exchanger w a s  used both t o  ensure com­
p le t e  gas i f ica t ion  and t o  obtain uniform temperatures. 

Orifices were fabricated from the  materials t o  be tested and placed be­
tween two concentrically ser ra ted  pipe stub ends as shown i n  f igure  4. Pres­
sure f o r  seal ing w a s  provided by the  bol ted flanges.  The o r i f i c e  t e s t  speci­
mens were designed t o  accomplish smooth flow through the  passage. Grooves were 
cut around the  outside of the  specimens and "clamshell" brass adaptors inser ted  
i n t o  the  grooves t o  minimize the  poss ib i l i t y  of leaks a t  the  ser ra t ions  due t o  
shrinkage of t he  specimens under cryogenic temperatures and t o  prevent compres­
s ion  d i s to r t ion  of the  tes t  piece from flange seal ing pressure. 

Procedure 

Test sample c l e a s i x .  - The cleaning procedure f o r  t he  samples w a s  t he  
same as t h a t  used f o r  the s t a t i c  t e s t s .  

Liquid t e s t .  - I n  l i qu id  FLOX t e s t ing ,  flow through the  specimen was ac­
complished by pressurizing the flow tank with high-pressure helium while only
s l i g h t l y  more than atmospheric pressure w a s  maintained i n  the  receiver  tank. 
Test f l u i d  was forced through only one specimen at  a time. A t  each pa r t i cu la r  
f luorine concentration, flow ra t e s  were increased i n  increments. Smaller i n ­
crements were chosen as the  suspected react ion point was approached. Flow 
rates were controlled by operation of a flow control  valve downstream of the  
t e s t  sections.  Mass flow ra t e s  were measured by both a ro ta t ing  vane flowmeter 
and a Venturi meter f o r  backup as shown i n  f igure  2. Velocit ies V were ca l ­
culated by use of the  continuity equation 

v = - 	W 
PA 

where 

A t e s t  sample flow area,  s q  f t  

$ m a s s  flow ra t e ,  lb/sec 

p f l u i d  density, lb/cu f t  

Gaseous t e s t s .  - I n  gaseous FLOX tes t ing ,  the  supply tank pressure w a s  
mainta.ined constant at 400 pounds per square inch gage (maximum working pres­
sure f o r  the gas t e s t s ) ,  and flow ve loc i t ies  were controlled by means of a 
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valve downstream of the tes t  sections.  Mass flow w a s  measured w i t h  a ca l ibra ted  
o r i f i c e  upstream of the  t e s t  sections.  Upstream and downstream tes t  sec t ion  
header pressures were a l so  measured, and ve loc i t ies  were calculated by use of 
t he  equation f o r  perfect  gas flow through a nozzle (ref.  1):-r 

where 

t e s t  sample flow passage velocity,  f t / sec  

approach velocity,  f t / sec  

grav i ta t iona l  constant, 32.2 f t / sec2  

specific-heat r a t io ,  CP / C  V 

upstseam header pressure, lb/sq f t  abs 

spec i f ic  volume, cu f t / l b  

downstream header pressure, lb/sq f t  abs 

spec i f ic  heat a t  constant pressure 

spec i f ic  heat a t  constant volume 

RESULTS 


STATIC FLUORINE AND FLOX TESTS 

General 

Results f o r  a l l  the  materials t e s t ed  s t a t i c a l l y  i n  gaseous and l i q u i d  FLOX 
and f luorine a re  given i n  bar  graph form i n  f igures  5 (a )  ( s o l i d  materials) and 
( b )  (greases and water).  The gap between the no-reaction bar  and the  react ion 
symbol ex i s t s  because f luorine concentration w a s  increased i n  increments; t h i s  
gap represents the  region between t e s t ed  concentrations where reaction might or 
might not occur. The r e su l t s  showed t h a t  reactions with these materials do not 
occur simply because f luorine is  present but are a function of the concentra­
t i o n  of f luorine i n  the  mixture. Chemical ident i f ica t ion  of a l l  s o l i d  mate­
rials tested s t a t i c a l l y  and dynamically is  given i n  t ab le  I. These results are 
f o r  conditions of atmospheric pressure, exposure t i m e s  of from 1t o  5 minutes 
a t  each concentration, v i r t u a l l y  zero flow, and carefu l ly  controlled conditions 
of cleanliness.  It should not be assumed, f o r  example, that a material i s  safe  
f o r  use i n  a dynamic FLOX system even though it w a s  s t a t i c a l l y  t e s t ed  with 
100 percent f luorine without reacting. It i s  shown subsequently t h a t  these 
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materials reacted at  lower concentrations under dynanic conditions. 

Par t icu lar  care should be taken i n  using the  r e s u l t s  of t he  tests with 
greases and water. Previous 'Lewis experience has shown t h a t  these materials 
sometimes i n i t i a l l y  exhibi t  an inh ib i t ion  t o  reactions with f luor ine  but  may 
reac t  at any t i m e  without warning. 

Liquid T e s t s  

I n  s t a t i c  l i q u i d  testing, two types of react ion were observed: vigorous, 
smooth-burning react ions and rapid,  explosive reactions.  

A t yp ica l  slow-burning surface react ion i s  shown i n  color photographs i n  
f igure  6. T h i s  sequence shows a neoprene O-ring being t e s t ed  i n  83.5 percent 
l i q u i d  FLOX (a  fluorine-oxygen mixture containing 83.5 percent f luor ine  by 
weight). The reaction, once i n i t i a t e d ,  seemed t o  propagate i tself  over an in ­
creasingly large area.  Burning w a s  smooth and quiet .  The 1 2  frame sequence 
shown occurred i n  l / 2  second. 

An explosive react ion i s  shown i n  f igure  7. The sample t e s t ed  i n  this se­
quence was Bakelite, a phenol-formaldehyde, and the  t e s t  f l u i d  w a s  78 percent 
FLOX. The react ion occurred very rap id ly  ( the  s i x  frames shown occurred within 
1/24 sec)  and w a s  qui te  violent ,  considering the  s i ze  of the  sample (0 .7  g ) .  

Gaseous Tests 

The gaseous s t a t i c  FLOX tests were run a t  ambient temperature and atmos­
pheric pressure conditions. Some of t he  samples which reacted i n  the  gaseous 
t e s t s  were observed t o  smolder before ign i t ion .  I n  other words, t he  sample ap­
peared t o  reac t  slowly u n t i l  i t s  combustion temperature was reached, a t  which 
time it igni ted.  A l l  reactions with gaseous f luor ine  or FLOX were nonexplosive 
i n  s t a t i c  tes t ing .  

DYNAMIC FLUORINE AND FLOX TESTS 

Liquid Tests 

Pressure e f f ec t s .  - Previous tests ( r e f .  2 )  with l i q u i d  and gaseous f luo­
r ine  a.t two pressure leve ls ,  atmospheric and 1500 pounds per square inch gage, 
have shown an e f f ec t  of pressure on r eac t iv i ty  under s t a t i c  conditions. Sev­
e r a l  materials which did not reac t  a t  atmospheric pressure did reac t  at 1500 
pounds per  square inch gage with gaseous and/or l i qu id  f luorine.  For t h i s  rea­
son, arttempts were made during the dynamic t e s t  program t o  determine the  e f f ec t  
of pressure on r eac t iv i ty .  The following s i x  materials were used: Teflon TFE, 
Rulon A, Kel-F 81, Teflon FEP, Kel-F 82, and Kynar. 

The materials t o  be t e s t ed  were fabricated i n t o  0.56-inch-diameter o r i f i ce s  
0.25 inch long. Generally, the  FLOX or f luor ine  flow was maintained constant 
through the  o r i f i ce s  by the  downstream flow control  valve, while t he  upstream 
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pressure w a s  var ied from 25 t o  400 pounds per square inch gage ( t h e  m a x i m u m  
system working pressure f o r  t h i s  t e s t  per iod) .  All materials t e s t e d  withstood 
both FLOX and 100 percent l i q u i d  f luor ine  at  400 pounds per square inch gage 
and a nominal flow r a t e  of 2 pounds per second (12.25 f t / s e c )  for 30 seconds. 
It w a s  apparent t h a t  the  pressure range of 25  t o  400 pounds per square inch 
gage w a s  not grea t  enough t o  obtain measurable data on the  e f f e c t  of pressure 
f o r  these materials a t  the flow veloci ty  selected.  

Velocity e f f ec t s .  - These t e s t s  were performed t o  explore the  e f f e c t  of 
ve loc i ty  on r eac t iv i ty .  The upstream pressure was var ied as needed t o  obtain 
the  desired flow ve loc i t ies .  The t e s t  specimens were 1-inch-long, 1/8- or 
1/4-inch-diameter tubular  or i f ices ,  a.nd the  typ ica l  exposure t i m e  w a s  30 sec­
onds a t  each s e t  of conditions. The following materials were t e s t e d  i n  t h i s  
configuration: Halon 'WE, Teflon TFE, Plaskon 2400, Kel-F 81, Rulon A, Nickel-
f i l l e d  Teflon, Halon TVS, Teflon FEP, Kel-F 81  amorphous, Kel-F 82, Kynar, 
Viton A, Lucite, CPE 401, CPE 402, and CPE 403-XCL. 

Maximum system working pressure w a s  increased from 400 t o  1500 pounds per 
square inch gage during the t e s t  program i n  order t o  increase maximum l iqu id  
flow veloci ty  from 170 t o  approximately 330 f e e t  per second. This increase was 
necessary because the  or ig ina l  maximum conditions were not severe enough t o  
cause reactions with polytetrafluoroethylene-type materials.  These materials,  
Halon TFE G - 8 0  and Teflon WE, proved t o  be the most compatible of a l l  mate­
r i a l s  tes ted ,  having withstood flow ve loc i t ies  i n  the region of 225 t o  280 f e e t  
per second a t  high f luor ine  concentrations. 

Reactions with a l l  materials were combustive and ranged from smooth, slow-
burning t o  rap id  explosions. Generally, the highly f luor ina ted  and chlorinated 
polymers produced slower, milder rea.ctions than those having atoms such as hy­
drogen i n  t h e i r  molecular s t ruc tures  or those containing noncompatible addi­
t i v e s .  There were, however, exceptions t o  t h i s  t rend.  A nonexplosive react ion 
of a. specimen with l i qu id  FLOX under dynamic conditions, f o r  example, i s  shown 
i n  f igure  8. The specimen w a s  Lucite, a transparent p l a s t i c  with a high hydro­
gen content which ign i ted  i n  50 percent FLOX a t  a flow veloci ty  of 84 f e e t  per 
second. This mater ia l  w a s  t e s t ed  because i t s  tra.nsparency allowed an ins ide  
view of the  react ion by photographic means. I n  the f i rs t  frame of f igure  8, 
the  FLOX i s  passing through the  specimen. The second frame shows the  react ion 
being i n i t i a t e d  a f r ac t ion  of a second l a t e r ,  the  t h i r d  frame shows the steady 
br ight  glow which continued f o r  about 6 seconds, and the  f i n a l  frame shows the  
react ion a f t e r  the  specimen had burned through. The f i lm  speed w a s  24 frames 
per second. Figure 9 i s  a closeup view of the  same react ion ( the  apparent d i s ­
t o r t i o n  was ca.used by the immersion of the  specimen i n  l i q u i d  ni t rogen) .  I n  
the  f'irst frame, t he  FLOX i s  flowing through the specimen ( f l u i d  not v i s ib l e  i n  
the  photographic p r i n t ) .  The second frame shows the  react ion i n i t i a t i o n .  I n  
the  ac tua l  motion-picture fi lm, the  flame i s  v i s ib ly  more b r i l l i a n t  on the  up­
stream s ide  of the specimen flow passage. This indicates  t h a t  the reac t ion  had 
been i n i t i a t e d  at  the  throa t  of the  rounded o r i f i c e  i n l e t ,  although photograph­
i c  reproduction does not show t h i s .  The t h i r d  frame shows the steady b r igh t  
glow, and the  four th  shows the  burn through. Film speed w a s  again 24 frames 
per second, but there  w a s  no attempt t o  synchronize t h i s  camera. with the camera 
used f o r  f igure  8. The amount of heat produced w a s  su f f i c i en t  t o  melt and con­
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sume pa r t  of the  metal f langes which held the  specimen. 

A nonexplosive react ion of a specimen with 100 percent l i q u i d  f luor ine  un­
der dynamic conditions i s  shown i n  f igure  10. The specimen i s  Kel-F 82, which 
ign i ted  and glowed evenly f o r  severa l  seconds under a flow veloci ty  of 35 feet  
per  second. 

A.n explosive react ion of a specimen with l i qu id  f luor ine  under dynamic 
conditions i s  shown i n  f igure 11. The first frame shows the  f i v e  t e s t  sect ions 
with flow occurring i n  t es t  sec t ion  5 (extreme r igh t ,  Rulon A specimen). The 
following frames show the  explosion which occurred an in s t an t  l a t e r .  

From the  data obtained, l i q u i d  FLOX reac t iv i ty  p ro f i l e s  were generated f o r  
t h e  selected materials.  Since a mater ial  m u s t  be t e s t ed  a t  several  concentra­
t ions  and flow ve loc i t ies  i n  order t o  generate a r e a c t i v i t y  prof i le ,  only those 
materials of grea tes t  i n t e r e s t  were chosen. These r eac t iv i ty  p ro f i l e s  
( f i g .  1 2 )  show the  areas of compatibil i ty and noncompatibility as functions of 
f luor ine  concentration and flow velocity.  

The dashed l i n e s  on these prof i les  represent an average through the  high­
e s t  nonreaction t e s t  points.  As mentioned i n  the Procedure sect ion under DY­
NAMIC FLOX TESTS, flow ve loc i ty  was increased i n  a r b i t r a r y  increments. Smaller 
increments were chosen as the  suspected react ion point was approached i n  order 
t o  obtain nonreaction points as close t o  the  reaction points as prac t ica l .  The 
highest nonreaction t e s t  points a r e  therefore not necessar i ly  the  highest non­
react ion points atta. inable.  The s o l i d  l i nes  on these prof i les  a re  experimental 
l i m i t  l ines ,  which include the lowest of the  nonreaction t e s t  points and are 
drawn p a r a l l e l  t o  the  average nonreactivity l i m i t  l i nes .  I n  some cases (e .g . ,  
f i g .  l 2 ( e ) ) ,  t he  two curves coincide. The areas t o  t he  l e f t  of the s o l i d  l i n e s  
a re  considered nonreactivity regions under idea l  conditions. 

Figure 13 i s  a composite of a l l  the l iqu id  FLOX rea.ct ivi ty  prof i les  show­
ing r e l a t ive  compatibil i t ies of the  d i f fe ren t  materials.  I n  each case, the  
l i ne  shown i s  the maximum nonreactivity lirnit l i n e .  The greater  res is tance of 
t he  polytetrafluoroethylenes (WE) i s  c l ea r ly  shown. ?"ne Halon WE samples were 
made spec i f i ca l ly  f o r  these t e s t s ,  whereas the  Teflon WE samples were from 
shelf stock made e i the r  t o  specif icat ion MIL P 19468 or the  more r i g i d  AMs 3656. 
Plaskon 2400 samples were a l s o  made spec i f ica l ly  f o r  these t e s t s .  Materials 
which were t e s t ed  only once a r e  represented i n  bar graph form i n  f igure  14. 

These r e su l t s  were obtained under smooth flow and other carefu l ly  con­
t r o l l e d  conditions of t e s t ing .  I n  ac tua l  practice,  a wide margin of sa fe ty  
should be used. Differences i n  r eac t iv i ty  with f luorine a re  possible with sup­
posedly iden t i ca l  materials because of var ia t ions i n  fabr icat ion processes, 
which may produce voids, impurit ies,  o r  other differences i n  a material; there­
fore ,  materials selected f o r  f luorine o r  FLOX environments should be of the 
highest possible qual i ty .  Because of the lack of s t a t i s t i c a l  t e s t  information, 
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no f ixed fac tor  of sa fe ty  can be given. The margin t o  be used should depend 
upon the  acceptable l eve l  of r i s k  f o r  the  particu1a.r a.pplication. I n  a l l  ap­
pl icat ions of polymeric materials exposed t o  f luorine o r  FLOX, the  sever i ty  
of environmental conditions should be minimized as much a s  possible. 

Gaseous Tests - Velocity ETfects 

These tests were performed t o  explore the  e f f ec t  of veloci ty  on r eac t iv i ty  
with gaseous FLOX and f luorine.  I n  short  duration t e s t i n g  (30 sec a t  each set 
of conditions) with 1/4-inch-diameter o r i f i ce  specimens, nine materials with­
stood maximum conditions of 100 percent gaseous f luorine flow a t  sonic veloci ty  
(about 900 f t / s ec )  f o r  several  seconds and average ve loc i t ies  from 700 t o  880 
feet  per second. It w a s  intended t o  expose these specimens t o  sonic veloci ty  
f o r  the  f u l l  30 seconds, but because of the  high mass flow through a 1/4-inch 
tes t  o r i f i ce  a t  maximum flow conditions, a rapid back-pressure buildup i n  the  
system reduced the  veloci ty  t o  l e s s  than sonic during the  t e s t  runs. Table I1 
gives a l i s t  of the nine materials,  together with average ve loc i t ies  withstood 
without a reaction and the  sonic veloci ty  duration time. 

A gaseous FLOX reac t iv i ty  prof i le  of Viton A i s  shown i n  f igure  15. Re­
act ions usually occurred with t h i s  material  a t  o r  near sonic veloci ty  before 
the  back-pressure buildup had t i m e  t o  reduce the velocity.  Only a t  a concen­
t r a t i o n  of 34 percent f luorine w a s  there  no react ion a t  sonic veloci ty  with t h i s  
material .  Sonic veloci ty  w a s  maintained f o r  about 9 seconds a t  t h i s  concentra­
t ion;  then the  veloci ty  decreased t o  an average of 700 f e e t  per second f o r  
60 seconds. 

DISCUSSION 

VELOCITY EFFECTS 

Dynamic FLOX t e s t s  have shown t h a t  severa.1 materials which did not react  
when exposed t o  f luorine and FLOX under s t a t i c  conditions were react ive under 
dynamic conditions. Kel-F 82, f o r  example, reacted w i t h  100 percent l i qu id  
f luor ine  when exposed t o  a veloci ty  of 35 f e e t  per second and with 60 percent 
FLOX when exposed t o  a veloci ty  of 170 f e e t  per second ( f i g .  12(c)). I n  dy­
namic gaseous FLOX t e s t s  the  e f f ec t  of veloci ty  was a l so  demonstrated. 
Viton A, which i s  a f luorinated synthet ic  rubber, did not rea.ct when exposed t o  
gaseous f luorine under s t a t i c  conditions but did reac t  with gaseous f luorine a t  
a flow veloci ty  of 585 f e e t  per second and with gaseous 50 percent FLOX a t  a 
veloci ty  of 900 f e e t  per second ( f i g .  15). The same t rend i s  noticed i n  a l l  
the r eac t iv i ty  p ro f i l e s .  The higher the  flow velocity,  the  lower the  f luor ine  
concentration each mater ia l  withstood. Increasing the veloci ty  of the  f luor ine  
o r  FLOX increases the  average energy s t a t e  a t  the  react ion zone and thereby i n ­
creases the a b i l i t y  of the f luor ine  molecules t o  i n i t i a t e  a. reaction. The en­
ergy of ac t iva t ion  required f o r  ign i t ion  of materials va.ries with the  material. 
I n  other words, i f  two materials a.re subjected t o  iden t i ca l  conditions of f luo­
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rine exposure and neither material ignites, it does not necessarily mean that 

the two materials are equally compatible with fluorine. One material may have 

been closer to its reaction point than the other. The energy of activation re­

quired for spontaneous ignition of metals is generally much greater than for 

polymers. 


CHEMICAL COMPOSITION AND MOLECU'LAB STRUCTURE 


The test results show that the compatibility of nonmetallic materials 
with fluorine and FLOX is also largely dependent upon their chemical composi­
tion and molecular structure. For example, Teflon FEP (fluorinated ethylene 
propylene) was more reactive than Teflon TFE ( polytetrafluoroethylene). 
Table 1 shows the difference in molecular structure. Teflon W E  is a straight-
chain polymer, whereas in the FEP molecule, every fourth carbon atom has linked 
to it another carbon atom in a side link. Because of the confusion sometimes 
created by both materials being called Teflon, simple laboratory procedures 
have been established for distinguishing between the two materials. These pro­
cedures are outlined in appendix B. 

A comparison between the reactivity profiles of Kel-F 82 and Kel-F 81 

(figs. 12(c) and (g>>shows tha.tKel-F 81 is more compatible with fluorine and 

FLOX. Table I shows a difference in their chemical composition as well as in 

their molecular structure. The Kel-F 81 molecule is a simple straight chain 

structure consisting of carbon, chlorine, and fluorine, whereas Kel-F 82 is a 

copolymer of chlorotrifluoroethylene and vinylidene fluoride, which also has a 

straight chain structure but contains some hydrogen atoms. 


Rulon A, which is Teflon TFE impregnated with a molybdenum disulfide fill­

er (for better wear characteristics), reacted with fluorine and FLOX at about 

half the velocity required for reaction of unimpregnated Teflon TFE. The pres­

ence of the filler is suspected of making the material more susceptible to at­

tack by fluorine. 


Nickel-filled Teflon (Teflon TFE impregnated with finely divided nickel 
particles) also reacted with 100 percent liquid fluorine at about half the ve­
locity required for reaction of unimpregnated Teflon TFE, although nickel in 

bulk form is certainly compatible with fluorine. This reaction may have been 

caused by the finely divided state of the nickel or a difference In the surface 

texture created by the ingrained particles. 


The trend was that the unimpregnated, highly fluorinated, and highly chlo­

rinated materials were more compatible with FLOX and fluorine than materials 

containing atoms such as hydrogen in their molecular structure or materials im­

pregnated with some noncompatible additive. The fluorinated polymers, particu­

larly the fully fluorinated straight-chain polymers, were the most compatible 

materials. 
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CRYSTALLINITY EFFECTS 


Kel-F 81 i n  amorphous form (hereinaf ter  ca l led  Kel-F 81  amorphous) w a s  
t e s t e d  t o  determine the  e f f ec t  of c r y s t a l l i n i t y  on reac t iv i ty .  The c rys t a l l i n ­
i t y  of a material i s  a measure of t he  orderliness of the  molecules i n  i t s  
s t ructure .  A mater ia l  with a disorderly molecular arrangement i s  considered 
amorphous, although materials are generally ne i ther  en t i r e ly  c rys t a l l i ne  nor 
amorphous. Different degrees of c r y s t a l l i n i t y  a re  obtained by varying the  
cooling r a t e  during the  molding process. The f a s t e r  t he  cooling rate, the  more 
amorphous the  mater ia l  w i l l  be. Figure 16 shows r eac t iv i ty  prof i les  of Kel-F 
81 a t  d i f fe ren t  degrees of c rys t a l l i n i ty .  The r e l a t ive  posit ions of these 
curves show t h a t  Kel-F 81 amorphous reacted under l e s s  severe conditions than 
c rys ta l l ine  Kel-F 81. An attempt w a s  made t o  transform Kel-F 8 1  amorphous t o  
c rys ta l l ine  form. Two amorphous specimens were heated t o  a temperature just 
below t h e i r  melting point and allowed t o  cool slowly (33' F/hr) t o  room temper­
ature ,  which transforms the  material  from amorphous t o  c rys ta l l ine .  These 
specimens were then t e s t ed  i n  the same manner as the other Kel-F 81 specimens, 
and the r e su l t s  a re  shown i n  f igure 16. The r eac t iv i ty  p ro f i l e  fa l l s  i n  the  
same general posi t ion as  that of the c rys ta l l ine  Kel-F 81. On the bas i s  of the 
l imited number of data points,  the  heat- t reat ing process did increase the r e ­
s is tance of the material  t o  FLOX. These t e s t s  indicate  t h a t  the orderly ar­
rangement of the  molecules i n  the  c rys ta l l ine  case makes the mater ia l  l e s s  sus­
cept ible  t o  f luorine a t tack  than i n  the  amorphous case with i t s  i r regular  mo­
l ecu lar  alinement. 

X-ray d i f f rac t ion  photographs were taken t o  mea,sure the  c r y s t a l l i n i t y  of 
Kel-F and other materials.  Figure 1 7  shows X-ray d i f f rac t ion  photographs of 
f i v e  d i f fe ren t  materials.  The r e l a t ive  degree of c r y s t a l l i n i t y  i s  estimated 
from the  r e l a t ive  sharpness of the  d i f f rac t ion  rings.  Teflon WE appears t o  be 
more c rys ta l l ine  than Teflon FEP. The difference i n  c r y s t a l l i n i t y  i s  s imi la r ly  
observed between crys ta l l ine  Kel-F 81  and Kel-F 81 amorphous. The heat- t reated 
Kel-F 81 amorphous shows a degree of c r y s t a l l i n i t y  quite s i m i l a r  t o  t h a t  of the 
c rys ta l l ine  Kel-F 81. These photographs ver i fy  t h a t  the  heat- t reat ing process 
did transform the amorphous mater ia l  t o  a more c rys ta l l ine  s t a t e ,  and the t e s t  
r e su l t s  indicate  t h a t  the  higher s t a t e  of c r y s t a l l i n i t y  resu l ted  i n  a greater  
res is tance t o  the  f luorine environment. 

EXPOSURE TIME EFFECTS 

A l imited number of t e s t s  were performed on some materials with f luorine 
and FLOX under gaseous dynamic conditions t o  gain information on the  e f f ec t  of 
exposure time. I n  order t o  a t t a i n  sustained high ve loc i t ies ,  it w a s  necessary 
t o  reduce the  specimen o r i f i ce  diameter from 1/4 t o  1/8 inch t o  avoid the  pre­
viously mentioned back-pressure buildup. Three specimens were tes ted ,  Teflon 
WE, Kel-F 8 1  amorphous, and Kel-F 82,  and sustained ve loc i t ies  up t o  a maxi­
mum of sonic were a t ta ined  i n  each case. Teflon WE successfully withstood 
100 percent gaseous f luorine f l o w  a t  the  sonic veloci ty  of 900 f e e t  per second 
f o r  30 minutes. Kel-F 81  amorphous igni ted a f t e r  5 minutes a t  900 f e e t  per 
second, and Kel-F 82 ign i ted  a.fter 15 minutes of flow a t  900 f e e t  per second; 
however, both specimens had just previously been exposed t o  lower flow veloc­
i t i e s  (see t ab le  111) f o r  30 minutes without reacting. 
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A Viton A specimen was exposed t o  gaseous 50 percent FLOX flow a t  200 f e e t  
per second f o r  30 minutes. There w a s  no react ion a t  t h i s  ve loc i ty  during the  
extended t i m e  run. I n  order t o  obtain an addi t ional  data point f o r  t h i s  ma­
t e r ia l ,  t he  specimen w a s  then subjected t o  the  sonic veloci ty  of 900 f e e t  per 
second. The specimen reacted almost immediately. 

The e f f ec t  of exposure t i m e  on r e a c t i v i t y  of l i qu id  FLOX w a s  not spec i f i ­
c a l l y  examined; however, many short  duration tes t  runs were consis tent ly  made 
on the  same t e s t  specimen with no e f f ec t  u n t i l  the  react ion conditions f o r  the  
mater ia l  (concentration and veloci ty)  were reached. The react ion points seemed 
t o  be independent of the  t o t a l  exposure time lead-ing up t o  the  reaction condi­
t ions .  I n  addition, past  Lewis experience has sliovn t h a t  some nonmetals, 
Teflon WE, f o r  example, can be used successfully i n  valves f o r  packing and 
sea t s  f o r  prolonged time durations. Exposue time i n  i t s e l f  i s  therefore not 
f e l t  t o  be a s igni f icant  f ac to r  i n  e i t h e r  the gaseous or the  liqxLd FLOX case. 
It may have some e f f ec t  a t  marginal exposure conditions OS f luor ine  concentra­
t i o n  and flow velocity;  however, it would require more s t a t i s t i ca l - type  t e s t ­
ing, including some very long run times (hours ra ther  than minikes), 'LO ver i fy  
t h i s  poss ib i l i ty .  

LIQUID AND GASEOUS FLOX COMPAFXSON 

Since a temperature difference of 350° F or more exis ted between l iqu id  
(-320' F)  and gaseous (30' to 70° F )  t e s t  conditions, it w a s  i n i t i a l l y  expected 
tha t ,  with gas a t  the  higher temperature or enthalpy, the  flow veloci ty  and/ol­
f luor ine  concentration required for react ion would be l e s s  than f o r  the  l i qu id  
case. Normally, a t  the  higher temperature, a mater ia l  i s  closer  t o  i t s  enthal­
py of act ivat ion;  however, t he  s t a t i c  t e s t  r e su l t s  of f igure  5 show t h a t  r e ­
act ions occurred more readi ly  i n  the  l i q u i d  than i n  the gas f o r  pa r t i cu la r  f l u ­
orine concentrations. The evidence indica.tes t h a t  t he  higher molecular density 
(number of f luor ine  molecules per un i t  volume) of the l i qu id  has a.n important 
e f f ec t  on react ion i n i t i a t i o n .  This evidence i s  supported by the  s t a t i c  t e s t  
results of reference 2, which indicate  t h a t  the  gaseous f luor ine  at high pres­
sure (1500 lb/sq i n .  gage) i s  more react ive than a t  ambient pressure. I n  t h i s  
case, the  combination of higher molecular density of the high-pressure gas plus 
the  grea te r  enthalpy a t  room temperature enhances reaction i n i t i a t i o n  as does 
the  higher molecular density of the l i qu id  a t  cryogenic temperature. The de­
creased r eac t iv i ty  due t o  the  di luent  e f f ec t  of oxygen i n  a FLOX mixture a l so  
seems t o  substant ia te  the premise t h a t  r eac t iv i ty  is  pa r t ly  a function of the 
molecular density of f luorine a t  a poten t ia l  reaction zone. 

The greater  r eac t iv i ty  of t he  cryogenic l i qu id  was a l so  noticed i n  the  dy­
namic t e s t s .  A comparison between the  l i qu id  and the gaseous r eac t iv i ty  pro­
f i l e s  f o r  Viton A ( f i g s .  12 (a )  and 15) shows t h a t  much higher ve loc i t ies  were 
required t o  obtain reactions with gaseous FLOX than with l i qu id  FLOX a t  s i m i l a r  
concentrations. This f ac t ,  together with the f a c t  t h a t  many other materials 
which did not react  with gaseous f luor ine  a t  sonic veloci ty  did react  with l i q ­
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uid  FLOX at much lower ve loc i t ies ,  i s  evidence that the  cryogenic l i q u i d  i s  
more react ive than the  ambient-temperature gas a t  pressures up t o  400 pounds 
per square inch gage. The e f f e c t  of higher molecular density i n  the  l i q u i d  
case seem t o  exceed the  e f f e c t  on r e a c t i v i t y  which is  normally cha rac t e r i s t i c  
of increases i n  temperature and enthalpy. 

REACTION RATES 


A s  previously mentioned, some of the materials seemed t o  burn slowly and 
others explosively i n  f luor ine  or  i n  FLOX. Table I V ( a )  l ists  the materials and 
how they reacted under s t a t i c  conditions. Blank spaces i n  t h i s  t ab le  mean t h a t  
the  material e i t h e r  did not reac t  i n  the  manner indicated a t  the head of the 
column or w a s  not t e s t e d  under those conditions. Graphite, which i s  a very 
porous material ,  reacted explosively from s t a t i c  exposure t o  100 percent l i q u i d  

1f luor ine  a f t e r  a delay of 15minutes. After  the t e s t ,  85 percent of the sample 
w a s  i n t a c t .  Generally, the fluorocarbon and chlorocarbon polymers tended t o  
reac t  more slowly than other materials.  It was consis tent ly  observed that once 
a react ion had been i n i t i a t e d ,  the  r a t e  of react ion w a s  not affected by the 
concentration of f luor ine  i n  the  FLOX mixture. 

Table IV(b) lists the materials and how they reacted under dynamic con­
d i t ions .  Rulon A (Teflon TFE impregnated with a molybdenum disu l f ide  f i l l e r )  
reacted explosively, whereas the nonimpregnated Teflons burned smoothly. Evi­
dently, the presence of the f i l l e r  affected not only the mater ia l ' s  react ion 
point but a l so  i ts  r a t e  of reaction. mar, which i s  an unimpregnated res in ,  
a l s o  reacted explosively. Table I shows, however, that t h i s  mater ia l  contains 
many hydrogen atoms i n  the s ide l inks  of i t s  molecular s t ruc ture .  

An observation made i n  connection with the explosive reactions w a s  t h a t  i n  
both s t a t i c  and dynamic cases a large portion of the sample usually remained 
a f t e r  the  reaction. As  i n  the case of graphite,  t he  materials may absorb FLOX 
i n t e r s t i t i a l l y  t o  a ce r t a in  depth. When react ion occurs, it involves only that 
port ion of the mater ia l  which has absorbed FLOX, and the  explosive e f f e c t  sepa­
r a t e s  the  reactant  from the unreacted mater ia l  and thus prevents fu r the r  r e ­
act ion.  

The slow-burning reactions were i n i t i a t e d  at  the  surface of the  materials,  
progressed over an increasingly la rge  area,  and burned inward u n t i l  the  source 
of reactant  was depleted or removed. The photographs of the  nonexplosive r e ­
ac t ion  shown i n  f igure  6 (neoprene) i l l u s t r a t e  this type of reaction. 

A thorough invest igat ion of react ion mechanisms and react ion rates w a s  
beyond the scope of t h i s  program. These subjects,  however, warrant a more com­
p l e t e  invest igat ion.  

SYSTEM CLEANLINESS 


The importance of cleanliness i n  a f luor ine  system is  generally wel l  rec­
ognized. A l l  f luor ine  or FLOX systems must be f r e e  from dirt, o i l ,  grease, 

13 


I 




moisture, and o the r  such contaminants. Reactions of f luor ine  or  FLOX with 
these foreign materials can trigger a react ion w i t h  the parent material. "his 
i s  par t icu lar ly  true f o r  polymers because of the r e l a t i v e l y  low ac t iva t ion  en­
erg ies  required f o r  spontaneous ign i t i on  as compared with metals. The clean­
ing procedure used f o r  the samples tested i n  this program i s  given i n  the Pro­
cedure sect ion of this report ,  and the  cleaner and the  solvents used f o r  the  
various materials are given i n  t ab le  V. The solvents were chosen on the  basis 
that they would not tend t o  dissolve the  par t icu lar  material nor be absorbed 
by the  material t o  an appreciable degree. The samples were not soaked i n  the  
solvents f o r  an extended period of time. 

SUMMARY OF RESULTS 

I n  an invest igat ion of t he  compatibil i ty of polymeric materials with 
f luor ine  and f luorine-oxygen (FLOX) mixtures, t h e  following results were ob­
ta ined  : 

1. Reactions between FLOX (fluorine-oxygen mixture) and polymeric mate­
rials under s t a t i c  conditions were a function of the  concentration of f luor ine  
i n  the  m i x t u r e ,  which r e f l e c t s  t he  quantity of f luor ine  molecules per un i t  vol­
ume. Under dynamic conditions, a t  any given f luor ine  concentration, flow ve­
l o c i t y  was a highly s ignif icant  parameter i n  the  r eac t iv i ty  of FLOX with a l l  
materials tes ted .  

2. The compatibility of polymeric materials with f luor ine  a.nd FLOX was 
la rge ly  dependent upon t h e i r  chemical composition and molecular s t ructure .  Gen 
e ra l ly ,  t he  unimpregnated, highly f luorinated and highly chlorinated materials 
were more compatible than materials containing atoms such as hydrogen i n  t h e i r  
molecular s t ruc ture  or  materials impregnated with some noncompatible additive.  
The fluorocarbon polymers, pa r t i cu la r ly  the  ful ly  f luorinated s t ra ight-chain 
polymers, such as Halon WE and Teflon WE, were t h e  most compatible with f luo­
r ine  and FLOX. 

3. The reac t iv i ty  of the  materials t e s t ed  w a s  a f fec ted  by t h e i r  c rys ta l ­
l i n i t y .  Materials with higher c r y s t a l l i n i t y  ( orderly molecular alinement ) were 
more r e s i s t an t  t o  a t t ack  by f luorine and FLOX than the  more amorphous materials 
(disorder ly  molecular alinement ) . 

4. I n  both s t a t i c  and dynamic FLOX t e s t s ,  a comparison between cryogenic-
l iqu id  (-320' F) and ambient-temperature gaseous (30° t o  70° F)  tes t  results 
indicated t h a t  the  l i qu id  wa.s the  more react ive at  pressures up t o  400 pounds 
per square inch gage. 

5. Generally, t he  highly f luorinated and highly chlorinated polymers pro­
duced slower, milder reactions than those having atoms such as hydrogen i n  
t h e i r  molecular s t ructures  o r  those containing noncompatible additives.  It was 
consis tent ly  observed t h a t  once react ion had been i n i t i a t e d ,  the rate of re­
act ion w a s  not noticeably a f fec ted  by the  concentration of f luor ine  i n  the  FLOX 
m i x t u r e .  
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CONCLUSIONS 

The following conclusions were drawn from the r e s u l t s  of an invest igat ion 
of the  compatibil i ty of polymeric materials with f luor ine  and fluorine-oxygen 
@LOX) mixtures: 

1. Some polymeric materials may be considered f o r  use i n  rocket systems 
with f luor ine  or FLOX under controlled conditions of exposure; however, because 
of possible var ia t ions i n  qua l i ty  and because polymers are more sens i t ive  t o  
contamination than metals i n  a f luorine environment, a margin of s a fe ty  should 
be provided based upon the  acceptable l e v e l  o r  r i s k  f o r  t he  pa r t i cu la r  appl i ­
cation. Where f l ight r e l i a b i l i t y  i s  required, qua l i f ica t ion  t e s t i n g  must be 
performed. 

2. Generally, the  highly f luorinated and highly chlorinated mater ia ls  a r e  
more su i tab le  f o r  use i n  f luor ine  or  FLOX systems than materials containing 
atoms such as hydrogen i n  t h e i r  molecular s t ruc tures  or materials impregnated 
with some noncompatible addi t ive.  Of a l l  materials tes ted ,  t he  poly te t ra f lu­
oroethylenes, Halon WE and Teflon WE, a r e  the most promising f o r  practica.1 
appl icat ion i n  f luor ine  or fluorine-oxygen environments. 

3.  The strong significance of flow veloci ty  on r e a c t i v i t y  of polymeric
t materials with f luor ine  or  FLOX indicates  that some of these materials are 

suitable f o r  use as s t a t i c  s ea l s  i f  it i s  assumed that no contamination i s  
present.  Exposure t o  d i r ec t  flow should be avoided except under conditions 
where the  r i s k  i s  acceptable. 

4. The orderly molecular arrangement of the  more c rys t a l l i ne  type mate­
rials makes them l e s s  suscept ible  t o  f luor ine  a t t ack  than the amorphous materi­
als with t h e i r  i r r egu la r  molecular alinement. A mater ia l  selected f o r  use 
should therefore  be of the  highest c rys t a l l i ne  form avai lable  f o r  the  par t icu­
lar mater ia l  that has the  desired mechanical propert ies .  

5. The r eac t iv i ty  of polymeric materials w i t h  f luor ine  and FLOX increases 
as a function of molecular densi ty  (number of f luor ine  molecules per u n i t  vol­
ume) present a t  the point of react ion i n i t i a t i o n .  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, December 10, 1965. 
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APPENDIX A 

MISCIBILLTY TESTS 

Test were performed t o  ve r i fy  the  misc ib i l i t y  of l i q u i d  oxygen and l i q u i d  
f luor ine  and t o  demonstrate t h e i r  mixing charac te r i s t ics .  The apparatus w a s  
t he  same as t h a t  used i n  s t a t i c  FLOX compztibil i ty tests ( f ig .  1). E q u a l  
amounts of gas were condensed a t  atmospheric pressure and l iquid-nitrogen t e m ­
perature (-320' F) with no ag i ta t ion .  

Preliminary t e s t s  were made with l i q u i d  nitrogen (50 lb/cu f t )  and l i q u i d  
oxygen (75  lb/cu f t ). When nitrogen was condensed upon l i q u i d  oxygen, a de­
f i n i t e  in te r face  formed. Mechanical ag i ta t ion  (by the  sample holder) w a s  i n ­
ef fec t ive  i n  mixing the  two fluids; however, upon mixing by helium bubbling, 
they remained mixed and apparently homogenous f o r  the  observed t i m e  of 1 5  min­
utes .  A comparison t e s t  was performed by the  condensation of nitrogen onto 
FLOX; the  l i q u i d  nitrogen i n  t h i s  case diffused and mixed with the  FLOX as it 
was condensed. Apparently, t he  presence of f luorine enhanced self mixing. 

During the  condensation of oxygen onto l i qu id  f luorine (97 lb/cu f t ) ,  an 
in te r face  formed. A t  t h i s  interface,  the  pale-bluish color of LOX immediately 
began changing t o  the charac te r i s t ic  yellowish-amber color of f luor ine  as the 
in te r face  began t o  r i s e .  The in te r face  was evidently a result of the  rate of 
condensation being grea te r  than the  r a t e  of diffusion of the f luor ine  i n t o  the  
LOX. (A  s ta t ionary  interface could not be maintained.) The r a t e  at  which the  
in te r face  ascended w a s  approximately 1/4 inch per minute. I n  approximately 
15 minutes, the t o t a l  contents of the  vessel  (diam., 2 i n . )  appeared uniform 
i n  color and s o  remained f o r  an observed time of 5 minutes. These misc ib i l i t y  
t e s t s  indicated t h a t  l i qu id  oxygen and l i qu id  f luorine a re  miscible i n  a l l  pro­
portions and tend t o  be self-mixing. Since t h i s  self-mixing occurred slowly, 
some m5xing process, such as helium bubbling, i s  recommended i n  pract ice  t o  
assure immediate and thorough mixing, pa r t i cu la r ly  i n  large systems. 
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APPENDIX B 


FLOX compatibility tests indicated that Teflon WE is preferable to Teflon 
FEP for use with this oxidizer; however, it is not immediately apparent in some 
cases whether a Teflon component consists of WE or FEP because of such factors 
as artificial pigmentation or  thinness of material. At ambient temperatures, 
unpigmented WE of substantial thickness normally has an opaque, milky-white 
color. When TFE is heated to about 500' F, it begins to decompose to gaseous 
products in trace quantities. This decomposition increases with increasing 
temperature. At about 600° F, it becomes translucent, and above 620' F, it be­
comes an amorphous gel. Normally, FEP has a pale-gray, translucent appearance, 
but sometimes it has a very light-blush or light-bTownish tint. It melts to a 
very viscous fluid above 530' F. In order to distinguish Teflon WE from FEP, 
the following laboratory test is recommended: 

The Teflon component o r  a representative sa.mpleshould be heated to ap­
proximately 600' F for about 20 minutes in a standard laboratory oven. If m u l ­
tiple samples are available, they can be stacked during heating to test for ad­
hesion. If possible, a weight load may be applied to the specimen to test f o r  
deformation. Upon removal from the oven, the Teflon samples should have the 
following characteristics: 

(a) Configuration of the sample will not have changed; that is, sharp 

corners, bends, etc. remain intact. 


(b) During cooling, an unpigmented specimen will change from a trans­

lucent condition to its original opaqueness. 


(c) The sample will not adhere to itself. 


(d) The sample will not have deformed under load. 


( 2 )  FEP 

(a) The sample will show definite signs of melting; sharp corners 

will not exist. 


(b) Only a slight, if any, change in translucency will be evident 

during cooling. 


i 
(c) The sample will adhere to itself. 


I (d) The sample will have deformed under load. 
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TABLE I. - MATERIALS DFXTIFICATION 

Trade name 

Teflon TFE 

Halon TFE, 0 8 0  

Rulon A 

Nickel-filled Teflon 


15-Percent glass-filled Peflo 


Kel-F 81 


Plaskon 2400 


Halon TVS (now called 

Plaskon 2200) 


Teflon FEP 

m a r  


Kel-F 82 


Mylar 


Luclte 


Tsgon 


Nylon 


Eakelite 


Chemical m e  or description 


olytetrafluoroethylene 


olytetrafluoroethylene 


olytetrafluoroethylene with MoSg

iller 


'olytetrafluoroethylenewith 

lickel-powder killer 


'olytetrafluoroethylenewith glass

'lbers 


'olychlorotrifluoroethYlene (CTFE) 

'olych1orotrlfluoroethYlene ( C T F E )  

'olychlorotrifluoroethylene ( CTRE) 

Fluorinated ethylene Propylene 


rlnylldene fluorlde 


:opolymer of CTFE and 3 mole 

iercent vinylidene fluoride 


'olyethylene terephthalate 


Polymethyl methacrylate 


Polyvinyl chlorlde-acetate 


Polyamide 


Phenol formaldehyde 


Molecular structure 


- c - c -I sI :In. 

- c - c ­: sI :In, 

[-	 - -1 + MoS2 
F F n 

F F F-C-F F 

F n 


. -
-I 

0rI 'f 91 �! 91 ; : - c -
I 

- c - c  - c - c  - c - c  
I , I , I , 

[ R H  H H H H -In 
Not available 
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H - C - H  

H 

TABLE I. - Concluded. MATERIALS IDENTIFICATION 

Trade name Chemical name o r  description Molecular structure 
~ 

Polyethylene 


Neoprene 


hna N 


LS-63 Rubber 


3-53Rubber 


liton A 


Fluorel 


Polyethylene 


aolychloroprene 


:opolymer of acrylonitrile and 
ntadiene 

kifluoropropyl methyl

jolysiloxane 


kifluoropropyl methyl

iolysiloxane 


lopolymer of vinylidene fluoride 
.ndhexafluoropropylene 

'opolymerof vinylidene fluoride 
nd hexafluoropropylene 

'olyurethane foam olyurethane 


.. ~ 

:stane olyurethane rubber 


raphite rystalline carbon 


~~ -

PE 401 (BR 93) with norphous chlorinated polyethylene

PON 828 


PE 402 (TDX 176) norphous chlorinated polyethylene

ith tribase E 


~ 

PE 403 with EPON 82, 	 ?micrystalline chlorinated 

Jlyethylene 


~~ 

'Simplified structure in uncured state. 


5 - 9 =! - i1 + Carbon black 
C1 H 


H 


+ Carbon black 
H H C S N  

F - C - F  

H - C - H  

H - C - H + Curing agents 

H - C - H  


H 

H F1i - + - + - i-1 + Carbon black 
F H F-C-F F 


-

F H F-C-F F 

F Jn 

H H 
H @ I H 

0, I c - c ,  I 

C - N - C :  
c = c'c - N - cf t + Curing agents

0' o - c - c -
I , I , 

H CH3 H H n 


Jnknown 


Jnknown 


Jnknown 


f 

I 
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TABm 11. - GASEOUS-FWORINE COMPATIBILITY TESTS 
-

Material (1/4-in. Duration Average 
tubular o r i f i ce )  of sonic ve loc i ty  

velocity,  f o r  30-
(900 f t / s ec ) ,  sec period, 

s ec f t / s ec  
-. ~ 

Halon TFE 10 825 
Teflon TFE unknoma unknowna 
Rulon A 11 750 
Kel-F 81 4 825 
Teflon FEP 5 750 
Halon TVS 8 700 
Kel-F 81 amorphous 9 850 

16 880 
2 825 

Kel-F 82 

Kynar 


TABLE 111. - GP 

Material  (1/8-in. 
tubular o r i f i ce )  

Teflon TFE 

EOUS-FLUORINE TIME E3cPOSW TESTS 

I 


N o  react ion I Reaction 1 


900 (Sonic) 30 ---------_­


372 30 900 (Sonic) 5 


279 30 900 (Sonic) 15 


Kel-F 81 amorphou 


Kel-F 82 
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TABLE IV. - TEST FUNCTIONS 

(a) Static tests 

Material 


~ 

Viton A 


Ls-53 


Ls-63 

Tygon 


Neoprene 


Polyurethane foam 


Graphite 


Nylon 


Polyethylene 


h a  N 


Bakelite 


Type of reaction 


Smooth burnin@ 

~ 

Liquid Gas Liquid 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

(b) Dynamic tests 

__ 

Teflon TFE 

Halon TFE 

Kel-F 81 

Plaskon 2400 

Halon TVS 

Nickel-filled Teflor: 

Teflon FEZ 

Kel-F 81 amorphous 

Kel-F 82 

Lucite 

Rulon A 

Titon A 

:PE 401 

:PE 402 

3?E 403-XCL 

J 

J 

J 

J 

J 

J 

J 


J J 


J J 


J 


J 

J 

J -__ 
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!CABLE v. - sPEm cxm" SOLVENTS 

[Initial cleaner, soap and water.] 

Material I 
! 

Halon WE 

Teflon WE 

Teflon FEP 

Nickel-filled Teflon 

w o n  A 

M Y k  

Acetone 	 Kel-F 81 
Kel-F 81 amOlphOUS 
Plaskon 2400 
Halon Tvs 

I 

I---­

iquid-nitrogen 

d - 2"yJ //' H 
/ 

LLiquid-nitrogen glass Dewar 

Methanol 

Graphite 

aThese solvents are not necessarily 
recommended solvents but were those 
used by the experimenters. The sam­
ples were e soaked i n  the solvents 
for  an extended period of time. 

bSuccessfully used on a l l  other mate­
rials for which basis for  choice was 
not found. 

+------ Rotameters7 - p ~  

\ ­
\ \-StainIess-steel plate Manual valve (remote handle) 

\-Teflon gasket Pressure gage 

'. n:" I..L. 

Tubing 
L 3 0 0 - m l  graduated -Liquid test CD-8294 

glass cylinder --Gaseous test-Auxiliary 

Figure 1. - Static FLOX system (not to scale). 
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W 

-- 

Liquid-nitrogen bath -, 
\ 

Test chamber­

0
Rotating-vane flowmeter -, 

Ventur i  flowmeter 

-3/4-in. tub ing 

Q Pressure gage 
n Thermocouple 

Remote valve,+I * line - Liquid system 
Liquid-nitrogen bath-\ CD-8295 Gas system

c% F I ~control valve 

-(I Differential pressuire 

Figure 2. - Dynamic FLOX flow diagram (not to scale). 

24 



CD-8342 

Figure 3. - Dynamic FLOX test facility. 
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‘-Concentric serrations 

CD-8293 
Section A-A 

Figure 4. - Dynamic FLOX test specimen holder (not to scale). 
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Material 

Rulon A 
I 

Estane 

Fluorel 

Mylar 

Kel-F 82 

Kel-F 81 

Kynar 

Polyethylene f i lm 

Lucite 

Teflon FEP 

Halon TVS 

15 percent glass-filled Teflon 


Viton A 

Polyurethane foam 

Graphite 


LS-53 fluorosilicone rubber 


Nylon 


Tygon 


Neoprene O-ring 


Polyethylene cube 


LS-63 f luorosi l icone rubber 


Buna N 


Bakelite (type FBI) 


Greases o n  stainless-steel tab 


Fluorosilicone grease FS-1280 


Fluorocarbon lubricant D-129 


Kel-F 90 grease 

Hydrocarbon grease 
MIL-G-7118 AM 2 

Water in stainless-steel mesh 

FLOX and f luor ine spilled 
upon water (ref. 3) 

I 

A Reaction, gaseous 
A Reaction, l iquid 

Y.ZZ/TZ No reaction, gaseous -No reaction, l iquid 
e No combustion, but  

hydrogen f luoride 
formed 

A 

a 


A 

I I I I L 

0 20 40 60 80 100 
Concentration of f luor ine in FLOX, percent by weight 

(b) Greases and water. 

Figure 5. - Static FLOX compatibility test results. Liquid FLOX temperature, -320" F; gaseous FLOX temperature, 20" 
to 40"F; pressure, atmospheric. (These results should not be used as a guide in selecting materials for use under 
dynamic conditions or  for pressures greater than atmospheric. I 
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Figure 6. - Static liquid FLOX compatibility test for 
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Neoprene O-ring Fiim speed, 24 frames per second 

29 




30 




c-65-3501 

Figure 8. - Dynamic FLOX compatibility test for Lucite. Film speed, 24 frames per second; time interval  between frames 3 and 4, 9 seconds. 







C-65- 3604 

c ~ m p a t i b ~ l i ~ yFigure 11. - Dynamic f l u o r i ~ ~  test for Rulon A. Film speed, 24 frames per second. 
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c 

a 

c 

I I I I I I I T 
-	 0 Reaction point 

0 Highest nonreaction test point 
- Experimental l imi t  l i ne  (based on lowest 

nonreaction test point) 
- --Maximum nonreactivity l im i t  (p. 8) 

Experimental l im i t  l i ne  and maximum 

100 - nonreactivity l im i t  (p. 8) 

c (a) Viton A. Pressure range, 5.0 to 400 pounds per lb) Kynar. Pressure range, 200 to 400 pounds per square

a

2 square i nch  gage; 0.16-inch tubular  ori f ice speci- i nch  gage; 0.25- and 0.56-inch tubular ori f ice specimens. 

a 
n mens. 

x- 100 s 
Y 

.-c 

.-	c 
b W3 
-
L 

L 
0 
c'' 60P 
c 

c
a 

V 
0 

- 4 0  
(c) Kel-F 82. Pressure range, 200 to 400 pounds per 

square i nch  gage; 0.25- and 0.56-inch tubular  square i nch  gage; 0.25-inch tubular ori f ice specimens. 
ori f ice specimens. 

100 

60 

0 40 80 120 160 200 0 40 120 160 200 

Flow velocity, ftlsec 

(e) Halon TVS. Pressure range, 300 to 400 pounds per (f) Rulon A Pressure range, 200 to 400 pounds per 
square i nch  gage; 0.25-inch tubular  ori f ice speci- square i n c h  gage; 0.25-inch tubular ori f ice specimens. 
mens. 

Figure 12. - Liquid FLOX reactivity profile. Test temperature, -320" F. 
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L 

0 Reaction point 
0 Highest nonreaction test point 

Experimental l imit l ine (based on 
Itmest nonreaction test point) 

---Maximum nonreactivity l imit (p. 8) 
Experimental l imit l ine and maximum 

nonreactivity l imit (p. 8) 

80 


60 


40 

(g) Kel-F 81. Pressure range, 300 to 650 pounds per square inch gage; 0.125- and 0.25­

inch tubular orifice specimens. 

100 

I 

c
c 


ry 

s (h) Plaskon 2400. Pressure range, 5 0 0 t O  700 pounds per square inch gage; 0.25-inch 
tubular orifice specimens. 

(i)Teflon TFE, MIL-P 19468 (Lewis shelf stock). Pressure range, 650 to 1100pounds per 
square inch gage; 0.125-inch tubular orifice specimens. 

Reactivity region­lE60 

(j) Teflon TFE, AMS 3656. Pressure range, 800 to 1250 pounds per square inch gage; 
0.125-inch tubular orifice specimens. 

IEl I 
Reactivity region 

Flow velocity, ft/sec 

(k)Halon TFE, G-80, high crystallinity. Pressure range, Wto 1250 pounds per square 
inch gage; 0,125-inch tubular orifice specimens. 

Figure 12. - Concluded. 
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I I I I I I 
Maximum nonreadiv i ty  limit; 

reactivity region; region below and to left i s  non­
readiv i tv  reqiop 

.-c 

. . . 
0 40 80 120 160 200 240 280 

Flow velocity, ftlsec 

Figure 13. - Composite l iquid FLOX reactivity profiles. (This composite intended for com­
parison purposes only; for details, see individual reactivity profiles.) 

-Fluorine concentration 
m////z Maximum flow rate without reaction+ Readion 

Lucite 

I I I I I I I !U 
0 20 40 60 80 100 

Concentration of f luor ine in FLOX, percent by weight
I I I I I I I I 1 ­
0 40 80 120 160 200 

Flow rate, ftlsec 

Figure 14. - Dynamic l iquid FLOX compatibility tests (single data points). 
Pressure range, 100 to 400 pounds per square i nch  gage; temperature, 
-320" F; specimen configuration, 0.25-inch orifices. 
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I	 0l 
0 

100 

80 

60 

40 


20 
0 100 i 

' l lReaction mint l l l l l l ~ 
Highest nonreaction test point 
Experimental l imi t  l ine (based o n  

lowest nonreaction test point) 
Maximum nonreacti y l imi t  (p. 9) 

Reactivity region-

Sonic velocity 
. , I 

700 800 
Flow velocity, ftlsec 

Figure 15. - Gaseous FLOX reactivity profile for Viton A. Temperature, 60" F; 0.20-inch 
tubular orifices. 

I I I I I I I I 
Crystal l ine

ci- -Amorphous+-Amorphous (heat treated) 
Maximum nonreactivity limit; regi 

above and to r ight  i s  reactivity 
region; region below and to leftiis nonreactivity region 

Open symbols denote nonreactivity 
Solid symbols denote reactivity 

110 120 130 140 150 160 170 180 
Flow velocity, ftlsec 

Figure 16, - Liquid FLOX compatibility profiles for crystal l ini ty effects for 
Kel-F 81. 
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[a i  Teflon i f� .  (!I) Teflon FEP. 

J 


Figure 17. - X-ray ~i f f raCt i~ndiagrams. 
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