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EFFECT O F  STRAIN RATE AND LOAD CYCLING ON THE TENSILE 
BEHAVIOR AND A I R  PERMEABILITY OF A COATED FABRIC 

By J. Skel ton and N. J. Abbott 

ABSTRACT 

The t e n s i l e  behavior and a i r  permeabi l i ty  of a l ightweight  

viton-coated Nomex f a b r i c  were determined a f t e r  exposure t o  

var ious l e v e l s  of c y c l i c  stress appl ied  a t  a range of s t r a i n  

r a t e s .  Specimens w e r e  s t r e s s e d  u n i a x i a l l y  t o  f a i l u r e ,  and 

a l s o  t o  25%, 50% and 75% of t h e i r  f a i l u r e  load f o r  one and t e n  

cycles  of s t r e s s ,  a t  s t r a i n  r a t e s  of 1, 10,  LOO, 1000 and 

10,00O%/sec; specimens were s t r e s s e d  b i a x i a l l y  a t  approx imte ly  

l % / s e c  t o  s i m i l a r  load l e v e l s .  The u n i a x i a l  t e n s i l e  behavior 

was shown t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  s t r a i n  r a t e .  The a i r  

permeabil i ty  of t h e  f a b r i c  was very low under a l l  condi t ions of 
p r e s t r e s s  and measurement load. This r e s u l t  i s  i n  c0ntras . t  t o  

the d a t a  presented i n  NASA TN 0-5931 f o r  a s i m i l a r  coated f&r i e ,  

I t  i s  suggested t h a t  t h e  d i f f e rence  between t h e  two f a b r i c s  i s  

r e l a t e d  t o  a c r i t i c a l  l e v e l  of coa t ing  mate r i a l  add-on. T h i s  

l e v e l  i s  t h e  amount of coa t ing  requi red  t o  f i l l  a l l  t h e  i n t e r -  

s t i c e s  and t o  provide,  i n  add i t ion ,  a continuous coherent  Layer 

over  the  f a b r i c  su r face .  



INTRODUCTION 

Studies  of t h e  dynamics of e n t r y  i n t o  low-density atmo- 
spheres  have demonstrated t h e  need f o r  t h e  development of 
dece le ra to r  systems capable of performing e f f i c i e n t l y  a t  high 
supersonic  speeds,  Current  parachute concepts a r e  n o t  su i t i lb l e  
under these  condi t ions s i n c e  t h e  high geometric poros i ty  required 
t o  give good s t a b i l i t y  r e s u l t  i n  low drag c o e f f i c i e n t s  ( r e f ,  l ) ,  
One system cur ren t ly  under cons idera t ion  i s  t h e  Attached 
I n f l a t a b l e  Decelerator  ( A I D )  , which i s  a low mass, i n f l a t a b l e  
canopy a t t ached  d i r e c t l y  t o  t h e  payload, such t h a t  on deployment 
t h e  f r o n t a l  a rea  of the  payload i s  considerably increased  with 
a corresponding inc rease  i n  drag c o e f f i c i e n t  ( r e f ,  2 ) ,  

The design requirements f o r  the  canopy m a t e r i a l  of low 
mass and packed volume and high s t r e n g t h  and f l e x i b i l i t y  a r e  
w e l l  met by t e x t i l e  f a b r i c s .  S tudies  of modeds of an A I D  configu- 
r a t i o n  s p e c i f i c a l l y  designed f o r  e n t r y  i n t o  low dens i ty  atmospheres 
have shown t h a t  t h e  f a b r i c  on t h e  r e a r  su r face  of t h e  A I D  musk be 
of very low permeabil i ty  i n  o rde r  t o  achieve t h e  l a r g e  f r o n t a l  area 
of the  design shape ( r e f .  3 )  . The requi red  low values of perms- 
a b i l i t y  can only be achieved by coat ing  t h e  f a b r i c  i n  order. to f i l l  
t h e  in ter -yarn  i n t e r s t i c e s .  Since supersonic  dece le ra t ion  ad high 
Mach numbers may cause severe  aerodynamic hea t ing  of t h e  deeelera-  
t o r ,  it i s  important t h a t  t h e  canopy f a b r i c  be thermally du,rable, 
The cur ren t ly  favored m a t e r i a l  i s  a l i g h t  p l a i n  weave Nomex fabric, 
coated with Viton. 

I n  a d d i t i o n  t o  t h e  a i r  permeabi l i ty ,  t h e  t e n s i l e  behaviqr of 
t he  canopy f a b r i c  i s  an important f a c t o r  c o n t r o l l i n g  t h e  design and 
performance of t h e  A I D ,  and r a t i o n a l  design procedures can be 
followed only i f  these  d a t a  a r e  a v a i l a b l e .  During deployment the 
canopy i s  subjec ted  t o  h igh-s t r a in  r a t e  b i a x i a l  Loading, followed 
by a r e l a t i v e l y  s teady load during t h e  a c t i v e  phase. Throughout 
the  load h i s t o r y ,  however, t h e  f a b r i c  may be subjec ted  t o  high 
s t r a i n  r a t e  o s c i l l a t o r y  s t r e s s  as a r e s u l t  of f l u t t e r  o r  o t h e r  
l o c a l  i n s t a b i l i t i e s ,  The most v a l i d  design d a t a  f o r  t h e  canopy 
f a b r i c  w i l l  be those obtained under stress condit ions s i m i l a r  t o  
those experienced by t h e  canopy under f l i g h t  condi t ions .  Since 
both the  polymer used i n  -the base f a b r i c ,  and t h e  Viton coat ing  
a r e  v i s c o e l a s t i c  it i s  to be expected t h a t  the  behavior of the  
coated f a b r i c  w i l l  be dependent on i ts  previous s t r a i n  h i s t o r y ,  
and t h e r e  i s  evidence ( r e f .  4 )  t h a t  the  a i r  permeabil i ty  of l i g h t -  
weight coated f a b r i c s  can be g r e a t l y  increased  under c e r t a i n  loading 
condit ions.  The c u r r e n t  r e p o r t  g ives  r e s u l t s  of a t e s t  program 
designed t o  determine the  e f f e c t  of s t r a i n  r a t e ,  load cyclilag a d  
stress l e v e l  on the  a i r  permeabil i ty  and the  t e n s i l e  behavior of 
t he  canopy f a b r i c .  I n  view of the experimental  d i f f i c u l t i e s  in -  
volved i n  ca r ry ing  o u t  b i a x i a l  t e n s i l e  t e s t s  a t  high s t r a i n  rates, 
t h e  major p a r t  of t h i s  i n v e s t i g a t i o n  was concerned with un iax ia l  
loading. However some b i a x i a l  loading condit ions were i n v e s t i g a t e d  
a t  low s t r a i n  r a t e s  i n  o rde r  t o  provide some measure of c o r r e l a t i o n  
between t h e  two s t r e s s  modes. 



DETAILS O F  COATED FABRIC 

The f a b r l c  used In t h i s  a n v e s t i y a t i o n  was snml l a r  t o  that 
which has  been used i n  a  v a r i e t y  of i n v e s t i g a t i o n s  a t  NASA LangLey 
Research Cente r ,  including t h a t  d e s c r ~ b e d  i n  r e f e rence  3 ,  The 
f a b r i c  was 2,4 ozm/ydZ ( Q , 0 8  kg/'m2) p l a n  weave, woven from 100 
d e n i e r  (I1 Tex) Nornex y a r n ,  Approximately 130 yards  ClY9rn) of 
f a b r i c  i n  t h e  scoured and h e a t - s e t  s t a t e  were r ece ived  from NASA 
Langley and were subsequent ly  calendered by Kenyon P iece  Dye Works, 
Kenyon, Rhode I s l a n d ,  A f t e r  ca i ende r ing ,  t h e  f a b r i c  w a s  coa ted  
wi th  Viton by t h e  Duracote Corporat ion,  Ravenna, Ohlo, FoLlawing 
t h e  removal of  s h o r t  samples a t  va r lous  s t a g e s  t o  s e r v e  a s  
r e f e r e n c e  m a t e r i a l s ,  and i n e v i t a b l e  p roces s ing  l o s s ,  appro:ximately 
l l 8  yards  (l08m) of u sab le  coated f a b r i c  were a v a i l a b l e  f o r  
t e s t i n g ,  

Cons t ruc t iona l  d e t a i l s  of t h e  f a b r i c  I n  t h e  va r ious  s t a t e s  
a r e  given i n  Table 1, The t h i c k n e s s  of  t h e  fabrxc  i s  reduced 
cons iderab ly  by ca l ende r ing ,  b u t  1s r e s t o r e d  a lmost  t o  x t s  
o r i g i n a l  va lue  by coa t ing .  The ends and p i cks  p e r  u n i t  l e n g t h ,  
and hence t h e  weight  p e r  u n l t  a r e a ,  a r e  i nc reased  sXight ly  by 
ca l ende r ing ;  s d s e q u e n t  coa t ing  does n o t  change t h e  ends and 
p i cks  p e r  q n i t  l e n g t h  significantly. b u t  adds 0 -4 o ~ m / ~ d ~  
( 0 , 0 1  kg/m 1 to t h e  mass, The a i r  permeabi l i t y  1s reduced 
by a  f a c t o r  of approximately 2 - 5  by t h e  ca l ende r ing  p r o c e s s ,  
and by a  f u r t h e r  f a c t o r  of approxsmately 308 by t h e  c o a t l n y ,  
which e f f e c t i v e l y  s e a l s  up a l l  t h e  i n t e r - y a r n  i n t e r s t i c e s ,  
F igures  1 ( a )  and l (bj show s e c t i o n s  a long  t h e  warp and f f  l i ~ n g  
yarns  r e s p e c t i v e l y  of t h e  coa t ed  f a b r i c ,  and F igures  2 and 3 
show t h e  s u r f a c e  f e a t u r e s  of t h e  coa ted  and uncoated s i d e s  
r e s p e c t i v e l y ,  The f l a t t e n i n g  o f  t h e  i n d i v i d u a l  f i l amen t s  
can be  c l e a r l y  s een ,  a s  can t h e  d i s t o r t e d  yarn  p a t h s ;  bo th  
t h e s e  e f f e c t s  a r e  r e s u l t s  of  t h e  ca l ende r ing ,  The c o a t i n g  1s 
very t h i n  on t h e  s u r f a c e  of t h e  f a b r i c ,  and most of t h e  c o a t i n g  
m a t e r i a l  appears t o  b e  i n  t h e  spaces  between t h e  f i l a m e n t s ,  
Indeed,  t h e  i n c r e a s e  i n  t h i c k n e s s  no ted  on c o a t i n g  i s  caused 
p r i n c i p a l l y  by t h i s  p e n e t r a t i o n ,  r a t h e r  t han  t h e  d e p o s i t i o n  
of a  t h i c k  l a y e r  of  c o a t i n g  m a t e r i a l ,  

TEST P R O C E D U N S  AND CONDITIONS 

The gene ra l  scheme of  s t r e s s  h i s t o r y  and subsequent  t e s t i n g ,  
i l lca- t o  which a l l  specimens were s u b ~ e c t e d ;  c o n s i s t e d  of  t h e  a p r m  

t i o n  o f  c y c l e s  of  stress up t o  a  p a r t i c u l a r  f r a c t i o n  of t h e  
break ing  l o a d ,  fol lowed by t h e  measurement of  a i r  pe rmeab i l i t y  
under a  range of s t r e s s  c o n d i t i o n s ,  The c y c l i c  loads  were applied 
a t  s t r a i n  r a t e s  of I ,  L O ,  X O O ,  1 , 0 0 0 ,  and l 0  , 0 0 0  p e r c e n t  p e r  
second,  f o r  1 and f o r  1 0  cyc l e s  of l oad ,  The maximum stress Level 
dur ing  t e s t  c y c l i n g  was 2 5 % ,  50% o r  75% of t h e  break ing  load 
measured a t  t h e  1% p e r  second s t r a l n  r a t e ,  A f t e r  load  cycPlng 
t h e  specimens were s t r e s s e d  t o  var ious  l oad  l e v e l s  a t  approxi-  
mately 1% per  second s t r a i n  r a t e ,  and t h e  a i r  permeabi l i ty  was 
measured, The load  l e v e l s  app l r ed  du r ing  t h l s  phase of  t h e  
t e s t i n g  v a r i e d  somewhat from specimen t o  specimen, b u t  t y p i c a i  



values  were l o % ,  60% and 80% o f  t h e  b reak ing  load  measured a t  
t h e  s lowes t  s t r a i n  r a t e ,  I n  a d d i t i o n  t o  t h e  a i r  pe rmeab i l i t y  
measurements, t e n s i l e  tests  were c a r r i e d  o u t  a t  t h e  va r ious  
s t r a i n  r a t e s  on uncycled c o n t r o l  specimens,  and a t  I% p e r  second 
on specimens s u b j e c t e d  t o  l o a d  cyc l ing ,  

Load c y c l i n g  and t e n s i l e  t e s t s  a t  1 and 1 0 %  p e r  second 
w e r e  c a r r i e d  o u t  u s ing  t h e  I n s t r o n  t e n s i l e  t e s t e r  w i t h  an 8,3 
i nch  ( 2 1 J  cm) gauge l e n g t h  and 5  inch lminute  4 0 . 2 1  cm/s) and 
50 inch lminute  ( 2  -1 cm/s) jaw speeds  r e s p e c t i v e l y .  The l o a d  
c y c l i n g  cams of  t h e  I n s t r o n  were s e t  t o  c y c l e  between zero  
l o a d  and 25, 50 and 75% o f  t h e  break ing  load  measured a t  1% 
pe r  second,  The Foad c y c l i n g  t e s t s  w e r e  c a r r i e d  o u t  on 3 
i nch  (7 ,6  em) wide specimens t o  a l low f o r  subsequent  a i r  p e m e -  
a b i l i t y  measurements, wh i l e  t h e  t e n s i l e  tests  were c a r r i e d  o u t  
on 1 inch  ( 2  - 5  cm) wide r a v e l l e d  s t r i p  specimens,  

The I n s t r o n  t e n s i l e  t e s t e r  cannot  b e  used t o  provide 
s t r a i n  va lues  much i n  exces s  o f  10% pe r  second;  t h e  maximum 
s t r a i n  r a t e  i s  s e t  by t h e  maximum jaw speed (50 inches lminute ;  
2 . 1  cm/s) and t h e  s h o r t e s t  p r a c t i c a l  gauge l e n g t h  (approximate- 
l y  6 inches  ; l 5 , 2  cm) . I t  was o r i g i n a l l y  i n t ended  t o  use the 
FRLO l a r g e  P i s t o n  T e s t e r  f o r  a l l  s t r a i n  r a t e s  g r e a t e r  than  108 
pe r  second,  I n  f a c t ,  however, t h e  FRL@ t e s t e r  proved t o  be 
very inconven ien t  and t i m e  consuming a t  1 0 0 %  p e r  second,  and 
a  drop-weight method was dev ised  f o r  s t r e s s i n g  m a t e r i a l s  at 
t h i s  s t r a i n  r a t e ,  

The des ign  and o p e r a t i o n  of  t h e  FRLO Large P i s t o n  T e s t e r  
i s  f u l l y  desc r ibed  i n  r e f e r e n c e  5 ,  b u t  a  b r i e f  d e s c r i p t i o n  and 
s p e c i f i c a t i o n  w i l l  be  r epea t ed  h e r e ,  The specimen under t e s t  
i s  mounted s l a c k  between an upper jaw which i s  suspended from 
a  p i e z o e l e c t r i c  f o r c e  gauge a t t a c h e d  t o  a  r i g i d  frame, and 
a  lower -jaw c a r r i e d  by a  p i s t o n  t h a t  i s  d r i v e n  by t h e  r e l e a s e  
o f  compressed gas from an accumulator.  The p i s t o n  has  a  
s t r o k e  of 5  f t  (3.. 5m) , of  which approximately 2 f t  (0,6m) 
a r e  r equ i r ed  f o r  a c c e l e r a t i o n ,  and t h e  remaining 3 f t  (0,9m) 
a r e  t h e  working and d e c e l e r a t i o n  s t r o k e ,  The e x a c t  v a r i a t i o n  
of p i s t o n  speed over  t h e  f u l l  s t r o k e  depends on t h e  maximulnz 
v e l o c i t y  and t h e  t e n s i l e  behav io r  of  t h e  t e s t  specimen, wi th  
a  minimum working s t r o k e  o f  about 1 f t  (0,3m) ; t h e  maximum 
v e l o c i t y  a t t a i n e d  i s  c o n t r o l l e d  by t h e  gas p re s su re  i n  t h e  
accumulator,  

The p o s i t i o n  of  t h e  lower j a w ,  and hence t h e  s t r a i n  i n  
t h e  specimen, i s  deduced from t h e  measurement of  a  magnetic 
t a p e  wi th  a  pre-recorded s i g n a l  o f  known frequency,  p u l l e d  
p a s t  a  pick-up head by t h e  movement of  t h e  p i s t o n ,  The l o a d  
and p i s t o n  s i g n a l s  are d i s p l a y e d  on a  Tekt ron ix  dual-beam 
o s c i l l o s c o p e ,  and a r e  recorded w i t h  a  Po la ro id  camera, The maxi- 
mum des ign  t e n s i l e  l o a d  i s  approximately 1 0 0 0  l b f  (4450Nb , and 
t h e  maximum speed i s  approximately 2 0 0  f t / s  (61  m / s ) ,  An ctverall 
view of  t h e  equipment i s  shown i n  F igure  3 ,  

I n  o r d e r  t o  t e s t  ove r  a  wide range of  s t r a i n  r a t e s  it i s  
necessary  t o  vary bo th  t h e  gauge l e n g t h  and t h e  p i s t o n  v e l o c i t y .  
The s h o r t e s t  a v a i l a b l e  gauge l e n g t h  t h a t  can be  t e s t e d  i s  



2 ft ( 0  . 6 m )  , and t h i s ,  t o g e t h e r  wi th  a ma-ximum j aw speed of 
200 f t / s  ( 6 l m / s )  g i v e s  t h e  maximum a v a i l a b l e  s t r a i n  r a t e  oE 
1 0 , 0 0 6  %/s . Various combinations of  jaw speed and gauge 
l e n g t h  can be used t o  achieve a s t r a i n  r a t e  of  1 0 0 0 %  p e r  second; 
112 t h e  c u r r e n t  s e r i e s  o f  tests  28' f t / s  ( 6 m / s )  and a 2 f t  (0,6m) 
gauge l eng th  were used.  The minimum s t r a i n  r a t e  t h e o r e t r c a l l y  
a t t a i n a b l e  i s  1 0 0 %  p e r  second,  achieved wi th  t h e  minimum j a w  
speed of LO ft/Psec (3mis) and a LO f t  (3m) gauge l e n g t h ,  b u t  
a s  was p rev ious ly  desc r ibed  t h e  t e s t e r  was n o t  used a t  t h i s  
s t r a i n  r a t e  du r ing  t h i s  program, 

S ince  t h e  p i s t o n  t e s t e r  does n o t  have t h e  l o a d  cyc l ing  
f a c i l i t y  of t h e  Enstron tes ter  an a l t e r n a t i v e  means of L i m i t s n g  
the Load exper ienced  by t h e  specimen was dev ised ,  The main 
problem a s s o c i a t e d  w i t h  l oad  c y c l i n g  on an in s t rumen t  such as 
t h e  p i s t o n  t e s t e r  i s  t h a t  t h e  maximum load  t o  which t h e  s p e c i -  
men i s  s & j e c t e d  cannot be  c o n t r o l l e d  by s topp ing  t h e  moving 
j a w ,  s i n c e  t h e  i n e r t i a  o f  t h e  moving system i s  t o o  h igh  t o  
permit  r a p i d  d e c e l e r a t i o n .  S e v e r a l  means of l i m i t i n g  t h e  maxi - 
aiGm Toad were t r i e d ,  The nzethod f i  i-mlly adopted invoLved t he  
i n c o r p o r a t i o n  of a "weak l i n k "  ",n s e r i e s  w i t h  t h e  specimen, 
which would break a t  t h e  d e s i r e d  l o a d ,  The s i m p l e s t  and most 
r e l i a b l e  v e r s i o n  o f  t h i s  t echnique  used a dumbbell shaped tail 
of t h e  same f a b r i c  sewn i n  s e r i e s  w i t h  t h e  t e s t  specimen, the 
nar rowes t  p a r t  of t h e  dumbbell be ing  c u t  t o  25%, 5 0 % ,  o r  75% 
of t h e  f u l l  width of  t h e  specimen. Thus when t h e  Load rose  
t o  t h e  decided upper l i m i t ,  t h e  t a i l  broke and t h e  load  was 
immediately removed from t h e  specimen, I n  o r d e r  t o  c y c l e  t h e  
specimen r e p e a t e d l y ,  l O  such t a i l s  were sewn t o  t h e  specimen 
as shown i n  F igure  4 .  These were gr ipped  s u c c e s s i v e l y  i n  t h e  
lower jaw and broken i n  sequence u n t i l  1 0  l oad ing  c y c l e s  were 
completed, 

The method appeared t o  work very w e l l ,  Uniform d i s t r i b u t i o n  
sf load  i n  t h e  t e s t  specimen above t h e  dumbbell s t r ip  was assured 
by sewing a very s t i f f  seam between t h e  two com~onents  . T h e  
r e p r o d u c i b i l i t y  of t h e  r e s u l t s  may b e  seen  i n  Figure  5 which 
shows t y p i c a l  o s e i  l l o scope  t r a c e s  from fou r  s u c c s s i v e  l o a d  
cyc l e s  t o  75% of  r u p t u r e  l o a d  a t  1 0 0 0 %  p e r  second f o r  warp s p e c i -  
mens. The lower curve i n  each case  r e p r e s e n t s  t h e  bui ld-up s f  
l o a d  i n  t h e  t e s t  specimen; i n  t h e  fou r  cases  i l l u s t r a t e d  t h e  
maximum loads  were 205, 205, 2 1 0  and 203 l b s ,  a l l  very c l o s e  t o  
t h e  c a l c u l a t e d  va lue  o f  2 0 4  I b s  based on 75% of t h e  break ing  
Load of t h e  m a t e r i a l ,  The upper curve shows t h e  s i g n a l  f r o n  the 
magnetic t a p e  pick-up head from which t h e  s t r a i n  r a t e  i n  t h e  
specimen may be  c a l c u l a t e d ,  The magnetic t a p e  i n  t h e  t e s t s  was 
a t t a c h e d  t o  t h e  lower end of  t h e  specimen, and t h e  jaw speed 
was a d j u s t e d  du r ing  t r i a l  s h o t s  t o  g i v e  t h e  proper  s t r a i n  r a t e  
w i t h i n  t h e  specimen i t s e l f .  

The Load c y c l i n g  a t  1 0 0 %  p e r  second was c a r r i e d  o u t  us~vrg 
t h e  same technique  o f  l o a d  l i m i t a t i o n ,  b u t  t h e  load  was app l i ed  
t o  t h e  specimens by means o f  a f a l l i n g  weight .  I f  a weight i s  
a t t a c h e d  t o  a specimen o f  l e n g t h  R and i s  dropped from a height 
s i t  i s  apparen t  t h a t  i n  o r d e r  t o  s e t  up an i n i t i a l  s t r a i n  
r a t e  of l O O %  p e r  second w i t h i n  t h e  specimen t h e  fo l lowinq  re-* - 
l a t i o n s h i p  must ho ld :  

- 
2 



Thus f o r  a  f o u r  f o o t  ( l e 2 m )  long specimen, t h e  weight  
should  f a l l  3 inches  ( 7 , 6  ern) b e f o r e  apply ing  load  t o  t h e  
specimen. The exper imenta l  arrangement i s  shown i n  Figure  6, 
The t e s t  specimen, i n c l u d i n g  t h e  d e l i b e r a t e  weak l i n k ,  i s  
sewn i n  p a r a l l e l  w i t h  a  s h o r t e r  s t r i p  o f  t h e  same f a b r i c  which 
suppor t s  t h e  we igh t ,  When t h e  suppor t ing  f a b r i c  i s  c u t ,  Ute 
weight  f a l l s  a  predetermined amount be fo re  break ing  t h e  weak 
l i n k .  The p r e c i s e  d i s t a n c e  of  f a l l  was a d j u s t e d  dur ing  each 
t e s t  s e r i e s  t o  g ive  a  measured s t r a i n  r a t e  of 1 0 0 %  pe r  second 
i n  t h e  specimen, Because of  t h e  non-uniform v e l o c i t y  of  the 
weight  d u r i n g  t h e  s t r a i n i n g  o f  t h e  specimens, which v a r i e s  
somewhat w i t h  t h e  s t r e n g t h  o f  t h e  weak l i n k ,  t h e  s t r a i n  rate 
was n o t  as  c o n s t a n t  du r ing  t h i s  s e r i e s  of  t e s t s  as i n  t h e  t e s t s  
a t  o t h e r  s t r a i n  r a t e s .  However, s i n c e  prev ious  work a t  1, 1 0 ,  
1 , 0 0 0 ,  and 1 0 , 0 0 0 %  p e r  second had shown t h a t  t h e  behavior  of 
t h e  f a b r i c  was very i n s e n s i t i v e  t o  s t r a i n  r a t e ,  t h i s  s l i g h t  
v a r i a t i o n  i n  r a t e  was n o t  cons idered  t o  b e  s i g n i f i c a n t ,  

T e n s i l e  t e s t s  a " c 0 0 % ,  l , O O O %  and l 0 , 0 0 0 %  p e r  second were 
c a r r i e d  o u t  on E i nch  (2,s cm) r a v e l l e d  s t r i p  specimens u s ing  
t h e  FRL@ sma l l  p i s t o n  t e s t e r ,  This  i s  a sma l l  v e r s i o n  o f  the 
t e s t e r  p rev ious ly  d e s c r i b e d ,  and use8 t h e  same load  and e l o n g a t i o n  
measurement t echniques  ( r e f e r e n c e  6 )  , 

The b i a x i a l  l oad  c y c l i n g  and t e n s i l e  t e s t i n g  were e a r r r e d  
o u t  u s ing  a  b i a x i a l  t e s t e r  i n  which a  c ruc i form specimen i s  
loaded through a  mechanical  Linkage by a  manually opera ted  hy- 
d r a u l i c  pump ( r e f e r e n c e  7 )  . Because of  t h e  unbalanced n a t u r e  
of t h e  f a b r i c  and t h e  vary ing  l o a d  r a t i o  i n  t h e  two d i r e c t i o n s  
of stress a  s i n g l e  va lue  o f  s t r a i n  r a t e  can n o t  b e  given fclr 
t h e  b i a x i a l  tests;  however, t h e  s t r a i n  r a t e  f e l l  w i t h i n  t he  
range 1 - 1 0 %  p e r  second f o r  a l l  specimens t e s t e d ,  The e l o n g a t i o n s  
i n  t h e  two d i r e c t i o n s  were measured from photographs of a g r i d  
marked i n  t h e  c e n t e r  o f  t h e  specimen, 

The a i r  pe rmeab i l i t y  measurements under t e n s i l e  l o a d  were 
c a r r i e d  o u t  us ing  a technique developed a t  FKL@ f o r  t h e  measure- 
ment of f a b r i c s  w i t h  very low p e r m e a b i l i t y .  The equipment i s  
shown i n  F igure  7 ;  t h e  specimen i s  clamped between "cwo f l a t  
p l a t e s  hav ing  a  c e n t e r  h o l e  of a r e a  e x a c t l y  0 , 0 2 0  f t 2  (18 6 cmZ) 
Compressed a i r  i s  supp l i ed  th rsugh  a  p r e s s u r e  reducing va lve  
and a flowmeter t o  a  smal l  r e s e r v o i r  i n  t h e  bottom p l a t e  and 
thence  f lows through t h e  f a b r i c  t o  t h e  ambient a i r .  The p r e s s u r e  
can b e  r e g u l a t e d  and h e l d  consisant w i t h i n  t h e  range 0-35 inches  
of water (0-8.7 K N / ~ ~ )  and t h e  amount of  flow can b e  measured t o  
t h e  n e a r e s t  0 . 0 0 1  f t 3  ( 2 8 , j  cm3) . I n  t h e  pe rmeab i l i t y  measurements 
on t h e  Viton coa ted  Nomex f a b r i c ,  t h e  t e n s i l e  l o a d s ,  either mi- 
a x i a l  o r  b i a x i a l ,  w e r e  app l i ed  by means of  t h e  l oad ing  dev ice  
shown i n  F igure  8 ,  which c o n s i s t s  o f  f o u r  i d e n t i c a l  h y d r a u l i c  
c y l i n d e r s  equipped w i t h  wide jaws f o r  ho ld ing  t h e  f a b r i c .  'The 
a i r  pe rmeab i l i t y  o f  t h e  c o n t r o l  f a b r i c  was low f o r  a l l  c o n d i t i c n s  
of  t e s t  s o  t h a t  no meaningful measurement could b e  made a t  a 
p r e s s u r e  d i f f e r e n t i a l  of  0 . 5  inch  of  wa te r  ( 1 2 4  ~ / m ~ )  , I n s t e a d  
measurements were made a t  5-10 inches  of  wa te r  (1,224-2 -48 K N P ~ ~ )  
and t h e  va lues  o f  pe rmeab i l i t y  were c o r r e c t e d  t o  0,s  inch  of  water 



2 ( 1 2 4  N/m ) , us ing  l i n e a r  p r o p o r t i o n a l i t y  between flow and pressure, 
This l i n e a r  r e l a t i o n s h i p  i s  t h e o r e t i c a l l y  v a l i d  f o r  impermeable 
s h e e t  m a t e r i a l s ,  and i t s  v a l i d i t y  was checked exper imenta l ly  for 
t h e  coa ted  f a b r i c .  

A l l  c y c l i n g  and t e n s i l e  t e s t s  w i th  t h e  except ion  of the Load 
c y c l i n g  a t  1 0 0 ,  1 , 0 0 0  and 1 0 , 0 0 0 %  p e r  second were c a r r i e d  o u t  a t  
70'2OF and 65'2% RH; t h e  c y c l i n g  noted above was c a r r i e d  o u t  a t  % O L 4 l 0 F  
and an e s t i m a t e d  range of 55-70% RH. I n  view of t h e  complete pene- 
t r a t i o n  o f  t h e  c o a t i n g  m a t e r i a l s  i n t o  t h e  f a b r i c ,  it  9s n o t  thsu9h.t 
t h a t  t h e  d e v i a t i o n  from s t a n d a r d  mois ture  cond i t i ons  'could affect the 
f a b r i c  s i g n i f i c a n t l y .  

TENSILE BEHAVIOR 

Typica l  u n i a x i a l  load-e longa t ion  curves f o r  t h e  f a b r i c  at 
var lous  s t r a i n  r a t e s  a r e  given i n  F igures  9 through 13 ,  Results 
f o r  b reak ing  load  and break ing  e longa t ion  a r e  given i n  Table 2 
and t h e  v a r i a t i o n  of t h e s e  p r o p e r t i e s  w i t h  s t r a i n  r a t e  i s  sSaowrr 
i n  F igure  24, A t  a l l  s t r a i n  r a t e s  t h e  f a b r i c  has  a  h ighe r  mnodui,us 
in t h e  warp d i r e c t i o n  than  i n  t h e  f i l l i n g  d i r e c t i o n ;  t h i s  a s  a 
consequence of t h e  g r e a t e r  crimp i n  t h e  f i l l i n g  d i r e c t i o n ,  as 
demonstrated by t h e  c r o s s  s e c t i o n s  shown i n  F igure  1, The curves 
f o r  t h e  warp d i r e c t i o n ,  i n  which t h e  crimp i s  s m a l l ,  a r e  i n  sub-- 
s t a n t i a l  agreement w i t h  t h e  d a t a  f o r  Nomex yarns  r e p o r t e d  in 
r e f e r e n c e  8 ,  and t h e  r e s u l t s  f o r  bo th  warp and f i l l i n g  d i r e c t i o ~ ~  
show t h e  expected i n c r e a s e  i n  i n i t i a l  modulus wi th  i n c r e a s i n g  
s t r a i n  r a t e ,  The v a r i a t i o n  of b reak ing  load  and break ing  elonga-- 
t i o n  wi th  s t r a i n  r a t e  show some unexpected t r e n d s .  Measurer~zents 
on Namex yarn  showed no change i n  b reak ing  load  wi th  s t r a i n  rates 
over  t h e  range cons idered  h e r e ,  and showed evidence of  a  maximum 
i n  break ing  e l o n g a t i o n  a t  approximately lO%/sec folLowed by a 
r eg ion  i n  which t h e  break ing  e  Jonga t ion  decreased wi th  i n c r e a s i n g  
s t r a i n  r a t e ,  F i n a l l y ,  a t  approximately 1 0  ,OOO%/second t h e  break ing  
e longa t ion  aga in  i n c r e a s e d ,  The r e s u l t s  f o r  f a b r i c  b reak ing  
e l o n g a t i o n  show a  s i m i l a r  maximum a t  low s t r a i n  r a t e s ,  b u t  t h e  
f i n a l  i n c r e a s e  a t  h igh  s t r a i n  r a t e s  i s  n o t  p r e s e n t  f o r  t h e  warp 
d i r e c t i o n .  The break ing  load  curves f o r  t h e f a b r i c  a l s o  show a 
maximum a t  low s t r a i n  r a t e s ,  The response o f  a  f a b r i c  t o  t-ensile 
Load depends i n  a  complex manner on t h e  i n t r i n s i c  polymer response 
and t h e  geomet r ica l  c o n f i g u r a t i o n  of  t h e  ya rns ,  and t h e  measured 
v a r i a t i o n  f o r  t h e  f a b r i c  presumably r e f l e c t s  t h e  i n t e r a c t i o n s  of 
t h e s e  i n f l u e n c e s ,  Perhaps t h e  impor tan t  a s p e c t  of t h e  r e s u l t s  for 
des ign  purposes i s  t h a t  no s e r i o u s  degrada t ion  of  f a b r i c  p r o p e r t i e s  
occurs  a t  h igh s t r a i n  r a t e ,  

The break ing  loads  and e l o n g a t i o n  measured a t  a  s t r a i n  
r a t e  of l % / s e c  f o r  specimens exposed t o  load-cyc l ing  a t  va r ious  
s t r a i n  r a t e s  a r e  given i n  Tables  3 through 7. The breaking 
load  and e l o n g a t i o n  of  t h e  warp specimens a r e  e s s e n t i a l l y  
una f f ec t ed  by t h e  p r e s t r e s s i n g ,  w i th  t h e  excep t ion  t h a t  t h e  
p r e s t r e s s i n g  a t  lOO%/s&cond appears  t o  Lett& t o  an i n c r e a s e  i n  
b reak ing  load  and e l o n g a t i o n ,  p a r t i c u l a r l y  f o r  s i n g l e  cyc l e s  
of  p r e s t r e s s .  I n  t h e  f i l l i n g  d i r e c t i o n  t h e  f a b r i c  i s  more 
s e n s i t i v e  t o  t h e  e f f e c t s  of p r e s t r e s s i n g .  S p e c i f i c  t r e n d s  are 



d i f f i c u l t  t o  d i s c e r n ,  b u t  a  t y p i c a l  Loss o f  approximately 10% 
i n  b reak ing  load  i s  observed,  The break ing  e longa t ion  i n  t h e  
f i Z l i n g  d i r e c t i o n  i s  a l s o  cons ide r&ly  reduced by p r e s t r e s s i n g ,  
a  30% r educ t ion  be ing  t y p i c a l ,  This  f a l l  i n  b reak ing  e longa t ion  
i n  t h e  f i l l i n g  d i r e c t i o n  i s  a  f u r t h e r  consequence of t h e  h~gher 
crimp i n  t h e  f i l l i n g  ya rns  whrch i s  i r r e v e r s i b l y  removed b y  
p r e s t r e s s i n g ,  g l v i n g  a  r e s i d u a l  b reak ing  ehongat lon s ~ m i l a r  t o  
t h a t  found i n  t h e  warp d i r e c t i o n ,  I n  view of  t h e  s e v e r i t y  o f  
t h e  p r e s t r e s s i n g  schedule  t h e  deg rada t ion  En f a b r i c  t e n s f  le 
behavior  i s  remarkably s m a l l ,  

Typ ica l  b i a x r a l  load-e longa t ion  curves  f o r  t h e  f a b r i c  fo r  
va r ious  r a t i o s  of  (warp l o a d / f i l l x n g  load )  axe shown i n  
F igures  15  through 1 7 .  These f i g u r e s  a r e  drawn t o  t h e  same 
s c a l e  as F igu res  9-13 t o  f a c i l i t a t e  comparisons of t e n s i l e  
behav io r ,  There i s  no s a t i s f a c t o q  way o f  determining t r u e  
break ing  Loads and e l o n g a t i o n s  under b i a x s a 1  l o a d ,  and aPL 
t h e  curves  shown were t e m i n a t e d  by  t e a r i n g  f a i l u r e  o r i g i n a t j n g  
a t  t h e  r e e n t r a n t  co rne r s  o f  t h e  crl.xcfform specimen, 

Figure  15 shows t h e  t y p i c a l  b i a x s a l  t e n s i l e  behav io r  for 
a  (warp l o a d / f i l l i n g  l o a d )  r a t i o  of 1:I, A 1 1  t h e  specimen:; 
t e s t e d  under t h e s e  condf t lons  f a i l e d  I n  t h e  warp d i r e c t i o n  a t  
a  l o a d  l e v e l  of  approximately 6 7 lb / ineh  ( E l ,  7 kN/m) , The curves 
a r e  s t e e p e r  t han  t h e  corresponding curves  under u n i a x i a l  load ing .  
This i s  a  consequence o f  t h e  f a c t  t h a t  t h e  mechanism of crimp 
in t e r change  i s  h inde red  under b i a x i a l  l oad ing  c o n d i t i o n s ,  Since 
t h e  curves  a r e  bo th  s t e e p e r ,  and end a t  a lower l o a d  l e v e l ,  the 
e l o n g a t i o n s  a t  f a i l u r e  a r e  much lower t han  under u n i a x i a l  Load, 

The t e n s i l e  behavior  f o r  a (warp Soad/Yfil l ing load )  ratio 
of 2 : 1  i s  shown i n  F igure  1 6 .  The specimens broke i n  t h e  warp 
d i r e c t i o n  a t  approximately 7 0  1b / in  Bl2,J kN/m), Since t h e  
T i l l i n g  yarns  a r e  n o t  under a s  great.  a  t e n s i o n  as t h e  warp y a r n s ,  
t h e  crimp in te rchange  i s  n o t  a s  s e v e r e l y  h inde red  as  it i s  mder 
a  1: I load  r a t i o ;  consequent ly  t h e  warp curve i s  less s t e e p  and 
t h e  f i l l i n g  curve s t e e p e r  t han  t h e  corresponding curves  under 
a  l:l l o a d  r a t i o .  

Figure  1 7  shows t h e  t e n s i l e  behavior  f o r  a (warp load/ '  
f i l l i n g  l o a d )  r a t i o  o f  l : 2 ,  In  t h i s  ca se ,  t h e  g r e a t e r  load 
i s  on the f i l l i n g  y a r n s ,  which p u l l  s t r a i g h t  w i t h  r e l a t i v e  e a s e  
and have a  l o a d  e l o n g a t i o n  c h a r a c t e r i s t i c  q u i t e  c l o s e  t o  t h a t  
found f o r  u n i a x i a l  l o a d ,  The warp y a r n s ,  however, whi ch a r e  
under s m a l l e r  l o a d ,  become more crimped a s  t h e  f i l l i n g  yarns  
s t r a i g h t e n ,  and t h e  f a b r i c  shows a  c o n t r a c t i o n  i n  t h e  warp 
d i r e c t i o n ,  Th i s  c o n t r a c t i o n  i s  mainta ined up t o  Load l e v e l s  
of approximately 30 l b / i n  ( 5 , 3  k N / r n j  a t  which p o i n t  t h e  i n c r e a s i n g  
a x i a l  ex t ens ion  o f  t h e  warp ya rns  ba lances  t h e  geomet r ica l  eon- 
t r a c t i o n ,  The specimen f a i l e d  i n  t h e  f i l l i n g  d i r e c t i o n  a t  
approximately 80 l b / i n  (14-0 kN/mj , 

asy ,  t h e  b i a x i a l  t e n s i l e  behavior  i s  c o n s i s t e n t  
w i th  p r e d i c t a b l e  p r i n c i p l e s ,  Any degree of e l o n g a t i o n  i s  
achieved a t  t h e  lowes t  l oad  when t h e  crosswise  d i r e c t i o n  rs free 



from tension ( m i a x i a l  loadxayl ,  That load i n c r e a s e s  as  the 
load  i n  t h e  c rosswise  d1ree"i;ion rs ~mcreased. ,  Thus, for 
example, t h e  loads  r equ i r ed  for 5 % elongation in each dnrecLnon 
were as  fol lows:  

LOADS W Q U L R E D  TO PRODUCE 5 %  ELONGATION UNDER VARIOUS 
STATES OF BIAXTZtS, LOAD 

Crosswise Load1 -- P 

o ad 
7 

-- Ib/ 1n --- (kW/m) 

5 3 4 - 3  14 2 - 5  
6 0  16.5 2 3  4,8 
62 P0,9 2 7 4 - 7  

brake at 2% 3 4  6 - 0  
e l o n g a c i s r i  due 
to f l l l s n g  f a i l u r e =  

A I R  PERMEABILITY 

The alr permeabi Pr ty values  ior t h e  Vr ton-coated N0me.i;: 
f & r i c  a f t e r  va r ious  cycles of u n v a x i a l  pLestress a t  a 
range of s t r a i n  rates are  getren .L& Tables  8-12  and t he  d a t a  
a r e  p l o t t e d  in Figures  18-29. I n  e&ch o f  t h e s e  flgeares, Lp 
s i g n i f i e s  t h e  Load l e v e l  t o  which the  specllnens were cycled, 
and %m t h e  t e n s i o n  under which t h e  speelmen was heEd when t h e  
p e m e & i l i t y  w a s  x~easured ,  Both of t h e s e  loads  a r e  expressed  
as  a  percentage of the bre&ing  load a t  1% f s e c  s t r a i n  r a t e ,  
The a i r  pe rmeab i l i t y  va lues  for t h e  bhaxiaLly cycled f a b r i c s  
are given in Table 1 3  and p l o t t e d  nn Fegures 30-35, Far casn- 
p a r i s o n  purposes, the permeab~llty of uncyc led  f&r l c  unde~: 
var ious  l oad  c a n d i t l o n s  x s  given r n  T&Ze 1 4 ,  

E x m i n a t i o n  of t h e  data r e v e a l s  several i n t e r e s t i n g  trends, 
Under aEE cond i t i ons  of p r e s t r e s s ,  t h e  a b s o l u t e  va lue  of the 
a i r  perme&iXity remains very low, and the m a t e r i a l  i s  e s s e n t i a l l y  
impemeable  t o  a i r ,  Neve r the l e s s ,  a l l  speenmens show an iricrease 
i n  a i r  permeability w i t h  increasing stress l e v e l  du r ing  measure-- 
ment,  w i t h  the filling speclznen generally showing a g r e a t e r  
i n c r e a s e  t han  t h e  warp specimesls under a gaven Load, Since 
t h e r e  i s  no evidence a f  c o a t i n g  breakdown, t h e  measured i n c r e a s e s  
i n  a i r  pe rmeab i l i t y  presumibly  r e f l e e t  t h e  decrease  i n  
t h i ckness  of  t h e  c o a t i n g  under stress ; t h e  filling specimem.~, 
wi th  t h e i r  lower modulus, are a f f e c t e d  to a g r e a t e r  e x t e n t  than 
t h e  warp specimens a t  a given load  l e v e l ,  

The a i r  p e m e a b i l i t y  at a given l oad  l e v e l  g e n e r a l l y  i n -  
c r e a s e s  w i t h  i n c r e a s i n g  Level of  and number of c y c l e s  of  p r e s t r e s s .  
The i n c r e a s e  i n  pernteabi.$ity i s  g r e a t e s t  for specnmens p r e s t r e s s e d  
a t  low s t r a i n  r a t e s  t h a n  a t  h igh  stram r a t e s ,  This  t ype  of 
behavior  i s  c o n t r a r y  t o  the a n t i c i p a t e d  behav io r ,  s i n c e  it was 
expec ted  t h a t  t h e  possibility of d i f f e r e n t  s t r a i n  r a t e  s e n s i t i v i t y  



i n  t h e  f ab rxe  and t h e  eoa t lng  mater ra1  might l ead  t o  mismatches 
r n  e longa t ion  a t  high s t r a i n  r a t e s ,  wnth subsequent  breakdown i n  
t h e  coa t ing  adhesion,  In f a c t ,  t h e  amount of rnc rease  i n  alr 
p e r m e h i l r t y  appears t o  be  r e l a t e d  t o  t h e  t o t a L  tune s p e n t  under -- - 
p r e s t r e s s  crondltlons , This sugges t s  t h a t  some r r reversrcble  creep 
i s  t a k i n g  place i n  t h e  coating matersa  h ,  l eadzng t o  Local t n i n n i n g  
s f  t h e  coating, and hence t o  an  i n c r e a s e  I n  permneability, 

The specimens p r e s t r e s s e d  a t  hagh s t r a i n  r a t e s  could  n s t  
be h e l d  urider a Load of more than  approximately 6 0 %  of t h e  breaking 
load  when stressed i n  the a i r  p e r m e a b i l ~ t y  appa ra tus ,  whi le  epecx- 
mens s t r e s s e d  a t  l o w  s k r a l n  r a t e s  were able t o  s u s t a e n  Loatls up 
t o  80% of the bre&lung Laad of the fabrsc ,  Thus t h i s  a spec t  o f  
t h e  t e n s i l e  behav io r ,  which 1s conkroLLed by  t h e  b a s e  f&r~i.c, 
c o n t r a s t s  with t h e  a i r  permeability behav io r ,  which as  con-- 
trolled by t h e  c o a t l n g  matewlal ,  However, as  was prev ious ly  
no ted ,  the breakang Load of t h e  f a b r i c  measured under a  
standard set of  condrtsons  IS not s r g n l f i c a n t l y  a f f e c t e d  by 
t h e  p r e s t r e s s  c s n d l t i o n s  , 

T h e  a?i r permeabr l i ty  under b e a x ~ a l  l oad  condr t rons  i s  
in genera l  agreement with the t r e n d s  t e  be  an t ec ipa t ed  on 
t h e  b a s j  s s f  the k r a x i a l  tensile behavior, With (warp k o a d i f x l l - ~ n g  
Eoad) rcatlos of I : l  and l : 2  the behavior i s  dominated by t h e  I n -  
f l uence  of t h e  more r e a d i l y  extensebhe f l l l i n g  d l r e e t i o n ;  with a 
Load r a t r o  of 2:1 the behavior 1s predominantly enf luenced by the 
warp c h a r a c t e r i s t i c s ,  

The a i r  p e m e a b i l i t y  behavior  found f a r  t h e  Vnton-coated 
Nomex f a b r i c  i s  i n  complete c o n t r a s t  w ~ t h  t h a t  deser rbed  i n  r e f -  
erence 4 for a slmiLar m a t e r i a l ,  S ~ n e e  t h e  a i r  permeabi l i ty  i s  
a  c r i t s c a l  parameter f o r  t h e  in tended  end-use some reason for 
t h i s  d iserepeney was sough t ,  Samples of bo th  f a b r i c s  were d u p l i - -  
cat;e t e s t e d ,  us ing bo th  t h e  Gurley aia: pemeometer  as  descr ibed  
In r e f e rence  4 and t h e  a i r  f law meter a s  desc r ibed  i n  t h i s  report, 
No d i f f e r e n c e  was  observed between t h e  two methods of test, both 
i n d i c a t i n g  e s s e n t i a l l y  zero p e r m e a b i l i t y ,  However, du r ing  the 
course  of  t h e  t e s t i n g ,  specimens from p a r t i c u l a r  a r e a s  of the 
o r i g i n a l  f a b r i c  were found t o  have t h e  high permeability values  
prev ious ly  r epo r t ed ,  The only explanatnon f o r  t h i s  type  af 
behavior  appears  t o  b e  a r e a l  variability i n  t h e  p r o p e r t i e s  
of t h e  f a b r i c ,  and a d e t a i l e d  examlnatson of t h e  p h y s i c a l  p.roper- 
ties of t h e  f a b r i c s  sugges t s  how such a v a r i a b i l i t y  might a : r lse ,  
The photomicrographs of t h e  c u r r e n t  f a b r i c  shown i n  F igure  1, 
and s i m i l a r  photomicrographs of t h e  o r i g i n a l  f a b r i c ,  show that  
a h o s t  all t h e  coating m a t e r i a l  i s  h e l d  w i t h i n  t h e  i n t e r s t i c e s  
of t h e  base f a b r i c ,  

The e a r l i e r  f a b r i c  was  made frttsi-. 100 d e n i e r  ( l B  Tex] N o m e x ,  
woven 81x75  y a m s  p e r  inch ( 3 2 x 3 0  yarns  per em). This  exact: 
fiZS3ric was r%navail&Jbe for t h e  p re sen t  work, I n  i t s  p l a c e ,  a 
f a b r i c  made from 100 den ie r  (11 Texj Nomex woven 83x9 3 ya rns  per 
i nch  (32,7x36 -6 yarns  per  em) was used,  This fabric was obv~ous -  
Ly s l i g h t l y  heavier btit  , more import an-tly , more t i g h t l y  woveln thar? 
t h e  e a r l i e r  fabric, B o t h  were coated w i t h  &out 0,s  oz/yd2 
( 0 . 0 2  kg/rn2) of V x t o n .  I t  1s likely t h a t  t h i s  was t h e  minimum 



amount needed t o  provide t h e  d e s ~ r e d  low l e v e l  o f  permeabi l r ty  
i n  t h e  l i g h t e r ,  more open f a b r i c ,  That i s  t o  s a y ,  r t  rs the  
amount r e q u i r e d  t o  f i l l  t h e  pores  of t h e  woven f a b r i c ,  w i t o h  o n l y  
a s l i g h t  excess  on the s u r f a c e  a s  a film, Because the second 
f a b r i c  was more t i g h t l y  woven, t h a t  rs , r t s  pores  were smal.ler,  
and t h e  amount of c o a t i n g  requnred t o  f l1L them was undoubtedly 
l e s s  t han  f o r  t h e  more open f a b r r e ,  l e av ing  a thncker  f r l r l  on 
t h e  s u r f a c e ,  

The d i s c u s s i o n  p re sen ted  above i n d i c a t e s  t h e  p o s s i b s l i t y  
t h a t  t h e  pe rmeab i l i t y  of coa ted  Zabrrcs a f t e r  l oad  c y c l i n g  
might show a  r eg ion  of h igh  s e n s i t i v i t y  t o  t h e  amount of 
c o a t i n g  m a t e r i a l ,  c en t e red  on a  p a r t i c u l a r  e o a t l n g  weight  a t  
which t h e  i n t e r s t i c e s  were j u s t  f r l l e d .  Under t h e s e  c o n d i t ~ o n s  
sma l l  changes i n  f a b r i c  c o n s t r u c t i o n  o r  coatnng cond i t i ons  
would have a  d i s p r o p o r t i o n a t e  e f f e c t  on t h e  behavior  o f  t h e  
f a b r i c ,  and l a r g e  p o r n t  t o  p o i n t  varnatnons sn p r o p e r t i e s  
could occur .  Thes p o s s i b i l i t y ,  suppored a s  it e s  by l a r g e  
range i n  measured a i r  pe rmeab i l i t y  values  xrr t h e  e a r l ~ e r  fabr f  c, 
makes c l e a r  t h e  d e s i r a b i l i t y  f o r  1 0 0 %  i n s p e c t i o n  of f a b r i c  In -  
tended f o r  use i n  such c r i t i c a l  a p p l i c a t i o n s  as  A I D S ,  A l t e r n a t i v e l y ,  
it may be more d e s i r a b l e  t o  over-engineer t h e  f a b r i c  and accept a 
sma l l  weight pena l ty  i n  t h e  form of s l i g h t  excess  c o a t i n g  materxal 
r a t h e r  t han  r i s k  t h e  p o s s i b i l i t y  of mechanical breakdown, parts eu- 
l a r l y  s i n c e  t h e  c u r r e n t  work shows t h e  extremely high depe~nd&xlxty 
of  t h e  c o a t i n g  i f  i n t e g r r t y  can be maintarned,  A s tudy  of t h e  
d e t a i  l e d  v a r i a t i o n  of c o a t i n g  i n t e g r i t y  under c y c l i c  stress wf 
c o a t i n g  weight f o r  such l i gh twe igh t  f a b r i c s  would form a very 
use£ ul e x t e n s i  on of t h e  p r e s e n t  work, 

eoNeLus I O N S  

The t e n s i l e  behavior  and a i r  permeability measured ai; a 5 p r e s s u r e  d i f f e r e n t i a l  of 0 , 5  i n  wate r  I l 2 4 0 N / m  ) and conver ted 
t o  a p r e s s u r e  d i f f e r e n t i a l  of 0 , s  i n  wate r  ( 1 2 4  N/m2)  , were 
determined f o r  a  l i g h t w e i g h t  Viton coa ted  Nomex f a b r i c  a f t e r  
exposure t o  va r ious  l e v e l s  of c y c l i c  stress a p p l i e d  a t  a  range 
of  s t r a i n  r a t e s .  Specimens were s t r e s s e d  u n r a x i a l l y  t o  b reak ,  
and a l s o  t o  25%, 50% and 75% o f  t h e i r  b reak ing  load  f o r  one and 
f o r  t e n  cyc l e s  of  s t r e s s ,  a t  s t r a i n  r a t e s  of l ,  L O ,  1 0 0 ,  l , O 0 0 ,  
and 1 0 , 0 0 0  p e r c e n t  p e r  second,  and b i a x i a l l y  t o  25%, 50% and 6 5 %  
of t h e  break ing  load  wi th  (warp l o a d / f i l l i n g  load )  r a t i o s  of 
l:l, 2 : 1  and 1 : 2  a t  a  s t r a i n  r a t e  of  approximately 1% p e r  second, 
The un i  a x i a l  t e n s i l e  behavior  of  a l l  t h e  u n i a x i a l l y  s t r e s s e d  
specimens was measured a t  a  s t r a i n  r a t e  of 1% p e r  second and t h e  
a i r  pe rmeab i l i t y  of a l l  specimens was measured under va r ious  Load 
cond i t i ons .  

The u n i a x i a l  load-elongat ion behavior  of t h e  f a b r i c  i s  
d i f f e r e n t  i n  t h e  warp and f i l l i n g  d i r e c t i o n s ,  as  a  r e s u l t  of the 
g r e a t e r  crimp i n  t h e  f i l l i n g  ya rns .  The d i f f e r e n c e s  between the 
two d i r e c t i o n s ,  marked mainly by t h e  g r e a t e r  e longa t ion  i n  the  
f i l l i n g  d i r e c t i o n  under a  given l o a d ,  p e r s i s t  a t  a l l  s t r a i n ,  rates 
and t h e  g e n e r a l  form o f  t h e  curves a r e  r e l a t n v e l y  i n s e n s i t i v e  t o  



str~in r a t e s ,  The end p o i n t s  of t h e  curves show some s t r a i n  r a t e  
s e n s i t i v i t y ,  w i th  bo th  t h e  breaking loads  and break ing  eloregatlrsns 
passing through maxima a t  approximately 1 0 0 %  p e r  second. The 
biaxjhal behavior  is consistent w i t h  t h e  u n i a x l a l  d a t a ,  bo th  
d i r e c t i o n s  showing an i n c r e a s e  i n  t e n s i l e  modulus over t h e  u n l a x l a l  
v a l u e s ,  as a r e s u l t  o f  t h e  b i n d ~ a n c e  of t h e  crimp i n t e r c h a n g e ,  
The break ing  loads and e longa t ions  a r e  cons iderab ly  reduced under 
b i a x i a l  l oad ing  c o n d i t i o n s ,  

The a r r  pe rmeab i l i t y  of t h e  f a b r i c  under zero load  i s  very 
I ,#w and i t  remains low under a l l .  cond i t i ons  of p r e s t r e s s  and 
slabsequent measurement I s a d ,  The pe rmeab i l i t y  i ncceases  wi th  
increasing l e v e l  and number of cyc l e s  of p r e s t r e s s ,  shows a 
smaller r a t e  of i n c r e a s e  w i th  i n c r e a s i n g  s t r a i n  r a t e ,  and general- 
l y  increases more r a p i d l y  w i t h  stress i n  t h e  f i l l i n g  d i r e c t i o n  
t h a n  i n  t h e  warp direction. This behavior  i s  i n  g e n e r a l  q u a l i t a -  
t l v e  agreement wrLh t h e  t r e n d s  prevlousPy found f o r  a simijlar  
fabric, though a t  a very much Power l e v e l  of  p e r m e A i l i t y .  I t  
seer-etb p~ok~ tab l e  t h a t  t9re two types ot behavior found are  cha~cac t e i -  
i s t i  :, of c a a t i n g   eights a L i t t l e  below and a  l i t t l e  above the 
c r i i r c a l  va lue  needed t o  fill a l l  t h e  i n t e r s t r c e s ,  and t o  c rea te  
a ccfierent l a y e r  of c o a t i n g  m a t e r i a l  which w i l l  w i th s t and  repeace3 
siwessing , 
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TABLE 2 

UNIAXIAL T E N S I L E  BEHAVIOR O F  VITON-COATED NOMEX 
FABRIC AT VARIOUS STRAIN RATES 

Warp F i l l i n g  
Strain B r e a k i n g  B r e a k f  ng 

R a t e  B r e a k i n g  L o a d ,  E l o n g a t i o n ,  B r e a k i n g  L o a d ,  Elongation , 
(%/s) l bp in  (kN/rn) ( % I  I b / i n  (kN/m) ( % I  



TABLE 3 

UNIAXIAL TENSILE BEHAVIOR OF VITON-COATED NOMEX FABRIC  AFTER 
PRESTRESS AT 1% PER SECOND STRAIN RATE 

Cycling 
Load, 

Number of Lp, % of 
Cycles of Breaking 
P - Load %/in (kN/m) 
Uncgreled 
Control  
Average 



TABLE 4 

UNIAXIAL TENSILE BERNIOR OF VICTON-COATED PTOL\/IEX FABRIC JWTER 
PRESTRESS AT 10% PER SECOND STRAIN RATE 

Cycling 
Load. 

Number of L p ,  % of 
Cycles of Breaking 
Prestress Load 

Uncycled 
Control  
Average 



TABLE 5 

UNIAXIAL TENSILE BEHAVIOR OF VITON-COATED NOPIEX FABRIC AFTER 
PRESTRESS AT 100% PER SECOND STRAIN RATE 

Cycling 
Load, 

Nusnber of L p ,  % of Warp Filling --------- 
Cycles of Breaking Breaking Load, Elongation, ~reaking Load, E l s n g i ~ t l o n ,  
Prestress Load Ib/in (kN/rn) % % 
* - -----a- 

Uncycled 
Control 
Average 



TABLE 6 

UNIAXIAL TENSILE BEHAVIOR OF VITON-COATED NOMEX FABRIC AFTER 
PRESTRESS AT 1,000% PER SECOND STRAIN RATE 

Cy c l i  ng 
L o a d ,  

Number of L p ,  % of 
C y c l e s  of B r e a k i n g  
P r e s t r e s s  L o a d  & / in  (kN/m) % 

U n c y c l e d  
C e n t r o l  
A v e r  age 



TABLE 7 

UNIAXIAL T E N S I L E  BEHAVIOR O F  VITON-COATED NOMEX FABRIC AFTER 
PRESTRESS AT 10,000% PER SECOND STRAIN RATE 

C y c l i n g  
L o  ad, 

N u m b e r  of L p ,  % of Warp 
C y c l e s  of B r e a k i n g  B r e a k i n g  L o a d ,  E l o n g a t i o n ,  
P r e s t r e s s  L o a d  l b / i n  (kN/rn) % l b / i n  (kN/m) --- % 

U ~ . c y c l e d  
C c l n t r o l  
A v e r a g e  



TABLE 8 

A I R  PERMEABILITY O F  VLTON-COATED NOMEX FABRIC S T m S S E D  UNlAXIRELY 
AT A  STRRIN RATE OF 1% P E R  SECOND 

C y c l i n g  
Load, 

Nurrlber  of Lp, % of L o a d  A t  W h i c h  A i r  P e m e a b i I . a t y ,  

C y c l e s  of B r e a k i n g  P e r m e a b i l i t y  M e a s u r e d ,  
P r e s t r e s s  Load Lm, % of B r e a k i n g  Load - 



TABLE 8 ( C o n c l u d e d )  

A I R  PERMEABILITY O F  VITON-COATED NOMEX FABRIC STRESSED UNiCAXIALLY 
AT A STRAIN RATE O F  1% PER SECOND 

C y c l i n g  
L o a d ,  

N u m b e r  of L p ,  % of L o a d  A t  Which 
C y c l e s  of B r e a k i n g  P e r m e a b i l i t y  M e a s u r e d ,  
P r e s t r e s s  L o a d  Lm, % of B r e a k i n g  L o a d  



TABLE 9 

A I R  PERMEABILITY O F  VITON-COATED NOMEX FABRIC STRESSED UNIAXIALLY 
AT A STRAIN RATE OF 1 0 %  PER SECOND 

C y c l i n g  
L o a d ,  

N u m b e r  of L p ,  % of L o a d  A t  Which A i r  P e m e a b i l r t y ,  

C y c l e s  of B r e a k i n g  P e r m e a b i l i t y  M e a s u r e d ,  
P r e s t r e s s  L o a d  Lm, % of B r e a k i n g  L o a d  - 



TABLE 9 ( C o n c l u d e d )  

A I R  PERMEABILITTJ O F  VITON-COATED NOMEX FABRIC STRESSED U N I m I A L L Y  
AT A STRAIN RATE OF 1 0 %  P E R  SECOND 

C y c l i n g  
L o a d ,  

N u m b e r  of L p ,  % of  L o a d  A t  Which A i r  P e m e a b i P i t y  , 
C y c l e s  of B r e a k i n g  P e r m e a b i l i t y  Bleasured, 
P r e s t r e s s  L o a d  Lm, % of B r e a k i n g  L o a d  - 



TABLE 1 0  
,' 

A I R  PERMEABILITY OF VITON-COATED NOMEX FABRIC S T m S S E D  UNIAXIALLY 
AT A STRAIN RATE OF 1 0 0 %  PER SECOND 

C y c l i n g  
L o a d ,  

Number of L p ,  % of L o a d  A t  Which A i r  P e r m e a b i  l . i t y ,  

C y c l e s  of B r e a k i n g  P e r m e a b i l i t y  M e a s u r e d ,  
P r e s t r e s s  L o a d  Lm, % of B r e a k i n g  L o a d  - 



TABLE LO ( C o n c l u d e d )  

A I R  PERMEABILITY OF VITON-COATED NOMEX FABRIC STRESSED UNI .UZALLY 
AT A STRAIN RATE OF 1 0 0 %  PER SECOND 

C y c l i n g  
L o a d ,  

N u m b e r  of L p ,  % of L o a d  A t  Which A i r  P e r m e a b i l i t y  , 
C y c l e s  of B r e a k i n g  P e m e a b i l i  t y  Measured, 
P r e s t r e s s  L o a d  Lm, % of B r e a k i n q  L o a d  - 



TABLE 11 

A I R  PERMEABILITY O F  VITON-COATED NOMEX FABRIC STRESSED UNLMIALLY 
AT A S T M I N  RATE OF 1,000% P E R  SECOND 

C y c l i n g  
L o a d ,  

N u m b e r  of L p ,  % of L o a d  A t  Which A i r  P e m e  ab i  1C.i ty , 
C y c l e s  of B r e a k i n g  Pemeabi l i  t y  M e a s u r e d ,  
P r e s t r e s s  - L o a d  Lm, % of B r e a k i n g  L o a d  



TABLE 11 ( C o n c l u d e d )  

A I R  PERMEABILITY O F  VITON-COATED NOMEX FABRIC STRESSED UNIAXIALLY 
AT A STRAIN RATE OF 1,000% P E R  SECOND 

C y c l i n g  
L o a d ,  

N u n b e r  of L p ,  % of L o a d  A t  Which A i r  P e r m e a b i l i t y ,  

C y c l e s  of B r e a k i n g  P e m e a b i  l i t y  M e a s u r e d ,  f t  3 / m i n / f t 2  (m 
P r e s t r e s s  L o a d  Lm, % of B r e a k i n g  L o a d  - Warp 



TABLE 1 2  

A I R  PERP1EABILITX OF VITON-COATED PJOJIEX FABRIC STPBSSED UNIAXIALLY 
AT A STRAIN RATE OF 1 0 , 0 0 0 %  P E R  SECOND 

Cycling 
L o a d ,  

Nurriber  of L p ,  % of L o a d  A t  Which A i r  PermeabiILrty, 

Cyc:les of Breaking 
Prestress L o a d  - - 



TABLE 1 2  ( C o n c l u d e d )  

A I R  PERMEABILITY OF' VITON-COATED NOMEX FABRIC STRESSED U N I A X I A L L Y  
AT A STRAIN RATE OF 10,000% PER SECOND 

C y c l i n g  

0 . 5  0,4 
0.2 0,s 
r i ~ ' ~  ( o . ~ x ~ o - ~ )  (0. 2 x 1 ~ - 3 )  

30 1.0 1.0 
1 . 2  I.1 
0,4 I . 1 

(0-4) rn (0 , s )  
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TABLE 1 4  

ABILITY OF VITON-COATED NOMEX 
FABRIC - UNSTRESSED CONTROL 

Load A t  Which 
Permeabi li t y  !/leasured, 
Lm, % of  Breaking Load 

A i r  Permeabi Li t v  , 

I , 0 ,  r ange  0 , 6  - 4,QxlO -2 
( 0 . 5 ,  range 0 .3  - 0.8~10'~) 

* Large number of  measwements made a t  z e r o  l o a d .  



Warp 

F i l l i n g  

Figure 1, Sec t ions  a long  Yarns i n  
Viton-Coated N o m e x  F a b r i  G 



Coated Side 

Uncoated Side 

Figure  2 .  Surface Features of Viton-Coated Nomex Fabric 



Figu re  3 ,  O k e r a l k  V i e w  o f  E'RSS P~rstcnr? 
Tester 

F igure  4, T e s t  Spec~men for $4111 t i p l e  Load 
Cycl ing at Mxgh S t r a i n  Rates 

37 





Figure 6, Experimental Arrangement for 
Drop-Weight Test 



F i g u r e  7, A i r  P e r m e a i  L i t y  Apparatus 

F i g u r e  8, B i a x i a l  Tensioning Device 
far Perme&i l i t y  Measure- 
mencs 
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