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SUMMARY 

Fiber-reinforced  resin-matrix composites reportedly  suffer  significant 
degradation i n  their mechanical properties when they are exposed to hot, mist 
environments for extended periods. Moisture weakens the  fiber-matrix bond as, 
well  as  the  matrix  shear  strength.  Despite  the importance of measuring moisture 
content and its effects  on composite material  properties,  not enough data  are 
available on suitable  nondestructive  techniques  for  detecting and measuring 
moisture  diffusion i n  resin-matrix composite materials. T h i s  paper addresses 
the problem of measuring the  moisture  content of such materials, using t h e  posi- 
tron  lifetime technique. 

INTRODUCTION 

Low density and h i g h  strength of fiber-reinforced polymeric  composites 
make  them attractive  candidates  for  lightweight  structures i n  aerospace appli- 
cations. However, several  recent  studies have  shown that  these  materials  pick 
up moisture when exposed to  hot, moist environments for extended periods. (See 
refs. 1 to 5.)  The equilibrium  moisture pickup is a strong  function of the 
temperature and the relative humidity of the ambient a i r   a t  the  material 
surface. (See refs. 6 to  8 . )  The presence of moisture i n  these  materials 
degrades their mechanical properties. Water vapors migrate along the  fiber- 
matrix  interface,  thereby weakening the  fiber-matrix bond.  Water also  diffuses 
through the polymeric matrix i t s e l f  and degrades  the matrix-dominated properties 
of the composite materials. Furthermore,  the daily  absorption-desorption  cycles 
experienced by the  polymeric  composites i n  service cause cyclic  stress condi- 
tions i n  the  outer  layers of these  materials and produce fatigue damage i n  their  
mechanical properties. The rate of moisture  absorption i n  composites is con- 
trolled by the d i f f u s i v i t y  of the  matrix and the fiber,  volume fractions of the 
fibers,  and the  orientation of the  fibers w i t h  respect  to  the exposed surfaces. 
A proper  understanding of the  factors  affecting  moisture  absorption is necessary 
before any effective  steps can be taken to minimize the  degrading effects of 
environmental  moisture on the  polymeric  composites. Also necessary is the 
development  of sensitive  nondestructive  techniques  for measuring the  moisture 
content i n  composite materials.  Despite its importance,  not enough data  are 
available on suitable  nondestructive  techniques  for  detecting and measuring 
moisture  diffusion i n  polymeric  composites. Amongst the  techniques  that have 
been  used for  nondestructive measurement  of moisture  degradation i n  fiber- 
reinforced polymeric materials  are  ultrasonic methods, nuclear magnetic reso- 
nance pulse  relaxation  spectroscopy, and  microwave techniques.  Ultrasonic 
velocity measurement, coupled w i t h  moisture  evolution  analysis,  offers  the 
greatest   versat i l i ty  i n  providing  the  necessary  nondestructive scanning capa- 
b i l i t y  for  detection of environmental  aging effects  on large composite struc- 
tures. (See refs. 9 to 11 .) However,  none  of these  techniques is suitable  for 
simultaneous measurement  of moisture  content  as  well  as its depth distribution 
i n  the t e s t  specimens. A new technique has been developed which has the poten- 
t i a l  of providing  information on t h e  moisture  content  as well as  its depth 



dis t r ibu t ion   in   the   spec imen.   This   t echnique  is based on  the  dependence of 
p o s i t r o n   l i f e t i m e   o n   t h e   m o i s t u r e   c o n t e n t   o f   t h e  composite specimen. The posi- 
t r o n   l i f e t i m e   t e c h n i q u e  of moisture de te rmina t ion  and t h e  results o f   t h e   i n i t i a l  
s t u d i e s  are described i n   t h e   f o l l o w i n g   s e c t i o n s .  

MATERIALS 

The fol lowing materials, or some combination of them, were used i n   t h e  
present   s tudy .  

Narmco 5208 resin,   manufactured by Narmco Materials, a s u b s i d i a r y  of 
Celanese  Corporation 

Thornel 300 graphi te   f ibers   (T300) ,   manufac tured  by Union Carbide 
Corpora t ion  

Kevlar 49 aramid f ibers ,   manufactured by E. I. du Pont de Nemours & Co.,  
Inc . 

HBRF-55A epoxy  resin,  supplied by Hercules Incorporated 

Kapton  polyimide  resin,  manufactured by E. I. du  Pont de Nemours & Co., 
Inc. 

HTS graphi te   f ibers ,   manufac tured  by Hercules Incorporated 

PMR-15, NASA-developed poly imide   res in  

I d e n t i f i c a t i o n   o f  commercial products i n   t h i s  report is to  adequately 
describe t h e  materials and does no t   cons t i t u t e   o f f i c i a l   endor semen t ,   exp res sed  
or implied,  of  such products or manufacturers by the   Nat iona l   Aeronaut ics   and  
Space Adminis t ra t ion.  

THEORY 

Before d e s c r i b i n g   t h e   p o s i t r o n   l i f e t i m e   t e c h n i q u e  and t h e   i n i t i a l  results 
obtained so f a r ,   t h e  basic phenomenon o f   p o s i t r o n   a n n i h i l a t i o n   i n  molecular 
substances is reviewed  br ief ly .  A more detailed accoun t   o f   pos i t ron   ann ih i l a -  
t ion   in   condensed  matter can be found in   re fe rences   12   and   13 .  A p o s i t r o n  is 
t h e   a n t i p a r t i c l e   o f  an e l e c t r o n .  A s  such, it has   the  same mass as t h e   e l e c t r o n  
b u t  equal and oppos i te   charge  and  magnetic moment. When a f r e e   p o s i t r o n  encoun- 
ters an   e l ec t ron ,   t he  two ann ih i l a t e   each   o the r   w i th  a l i f e t i m e  of 125 ps, 
re leas ing   an   energy   of  2%c2,  which is t h e  total  rest energy of t h e  a n n i h i l a t -  
i n g  pair. When a p o s i t r o n   e n t e r s  a molecular medium, the   fo l lowing   events  take 
p l a c e  : 
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(1) Energetic  positrons  injected  into  a  condensed  medium  rapidly slow down 
to  thermal  energies  by  collisions  with  electrons  and  ions.  After  coming  to 
thermal  equilibrium,  the  positrons  may  annihilate  with an electron  from  the  sur- 
rounding  medium  into  two  511  -keV  photons.  The cross section  for  the  2-photon 
annihilation  of  a  free  positron  with  a  stationary  electron  u(2  photons)  was 
shown by Dirac (ref. 

TI ro2 

Y + l  
0 (2  photons) = - 

14)  to  be  expressed  as 

J 

where 

V velocity  of  positron 

C velocity of light 

r0 classical  electron  radius, 

At  low  positron  energies  (typically  a 
section  inversely  proportional  to  the 

mo2c 
CJ (2  photons) = - 

V 

few  electron  volts),  an  annihilation  cross 
positron  velocity  is  obtained;  that  is, 

This  leads  to  an  annihilation  rate  r(2  photons)  given  by  the  following 
express  ion : 

r (2  photons) = u (2  photons)vne = TIro2cne ( 3 )  

The  annihilation  rate  is  clearly  independent  of  the  positron  velocity  and  is 
directly  proportional  to  the  electron  density  ne.  Thus  a  measurement  of  the 
annihilation  rate  provides  direct  information  about  the  electron  density  at  the 
positron  annihilation  site. 
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(2) The positron,  after having come t o  thermal  equilibrium a t  the end  of 
its range, may pair up wi th  an electron  to form a  positronium at0m.l  These 
positronium atoms move i n  the  free volume i n  t h e  polymeric materials and exis t  
i n  the  following two forms: 

(a) The s inglet  (1 lSo)  state or  parapositronium. The lifetime of para- 
positronium for  self-annihilation  into two photons is equal t o  125 PS, the same 
as  for  free  positrons. 

(b) The t r i p l e t  (1 3S1) s t a t e  or orthopositronium. The orthopositronium 
atoms i n  vacuum  would decay by 3-photon emission w i t h  a  lifetime of about 
140  ns. A competing mechanism, called pick-off annihilation  (refs. 13, 15, 
and 1 6 ) ,  causes  orthopositronium to  suffer  a  relatively  faster 2-photon decay i n  
condensed materials. I n  the  pick-off  process,  the  positron bound i n  an ortho- 
positronium atom undergoes a 2-photon annihilation w i t h  a  "foreign"  electron 
having opposite  spin. The lifetime  for t h i s  process is typically from 2 to  4 ns  
w i t h  intensi t ies  comprising 1 0  t o  30 percent of all   annihilations.  

The free-positron  annihilation and parapositronium decay are not  very 
interesting  for  the purpose of t h i s  investigation  since  they do not reflect   the 
effects of electron  distribution  perturbed by the d i f f u s i n g  water. However, the 
pick-off annihilation of othropositronium atoms (delayed  positron  annihilation) 
is important since it includes  the  effects of positronium  interaction w i t h  the 
surrounding medium and responds sensitively  to  the changes i n  the  properties 
of the medium produced by the d i f f u s i n g  water.  (See refs. 13, 15, and 16.)  
An alternative  explanation  fcr  the delayed positron  annihilation  involves  the 
trapping of positrons i n  the  free volume  of the composite system. When the  free 
volume is reduced by the  diffusion of water i n  the specimen, some of the  posi- 
trons  trapped  there  are  forced  into  the  region where "normal" electrons  attached 
to  the l a t t i ce  molecules are  present. T h i s  increases  the chances of annihila- 
tion of the  positrons, which reduces their   l ifetime. However, there is some 
experimental  evidence (ref. 13) involving  annihilation photon angular correla- 
tion which supports  the  formation of positronium atoms i n  free volume i n  poly- 
mers. Regardless of the mechanism responsible  for  delayed  positron  annihila- 
tion - whether pick-off by orthopositronium atoms or trapped positrons being 
forced  into  the excluded region - the lifetime is expected t o  show a  correla- 
tion wi th  the  moisture  content of the  test  sample. 

EXPERIMENTAL PROCEDURE 

Most positron  lifetime  studies make use of positron  radioactive  sources, 
which, by the  emission of a  simultaneous gamma ray,  provide  a  "reference" time 
for the  positron  lifetime measurement. The time delay between the  detection of 
t h i s  reference gamma ray i n  detector 1 a t  time t l  and the subsequent positron 

lThe formation of positronium atoms is energetically  possible i n  polymeric 
materials. Experimental  evidence (ref. 1 3 ) ,  based on angular correlation of 
annihilation photons, supports  the  formation of positronium atoms i n  the poly- 
mer i c mater i a l s  . 
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a n n i h i l a t i o n   p h o t o n   d e t e c t i o n   i n  detector 2 a t  time t 2  is a measure of   the 
p o s i t r o n   l i f e t i m e   i n   t h e  medium where t h e   p o s i t r o n s   a n n i h i l a t e .   F i g u r e  1 is 
a schematic  diagram of the   f a s t - s low  co inc idence   sys t em  used   fo r   pos i t ron   l i f e -  
time measurement .   The  operat ion  of   this   system  has   been  descr ibed  e lsewhere 
( r e f .   17 ) ,  and o n l y   t h e   e s s e n t i a l  details are br ie f ly   rev iewed  here .  The f a s t  
" t iming"  channels   include  t iming  discr iminators   and a t ime-to-pulse  height con- 
v e r t e r  (TPHC) which produces s igna l s   w i th   an   ampl i tude   p ropor t iona l  to  t h e  time 
i n t e r v a l   ( t 2  - t 1 )  between t h e   d e t e c t i o n  of t h e  two e v e n t s   i n   d e t e c t o r s  1 and 2. 
The slow " e n e r g y "   d i s c r i m i n a t i n g   c h a n n e l s   p r o v i d e   f u r t h e r   i d e n t i f i c a t i o n   o f   t h e  
pair of  events  between  which  the time i n t e r v a l  is being  measured.  The  l ifetime 
spectrum o o n s i s t s  of the number of   events  as a f u n c t i o n  of the  time de lay  
between t h e i r   a r r i v a l  a t  t h e   r e s p e c t i v e  detectors. The l i fe t ime  sys tem  reso lu-  
t i o n  was approximately 450 ps, as measured wi th  a Co60 source  which emits two 
almost simultaneous  (0.7-ps) gamma rays.  A 1 0-l.ACiNa22 source (Na22C1) placed 
between two t h i n   g o l d   f o i l s   ( 2 . 4  mg/cm2) was used as a p o s i t r o n  emitter i n   t h e  
present   s tudy.   (1  C i  = 3.7 x 1 O1 Bq. ) The gold   fo i l s   p revented   contaminat ion  
of  the test  samples   with  radioact ive material. The e m i t t e d   p o s i t r o n s  have 
e n e r g i e s  u p  to 0.54 MeV and  can e a s i l y   p e n e t r a t e   t h r o u g h   t h e   p r o t e c t i v e   g o l d  
f o i l s .  The source assembly was sandwiched  between t w o  tes t  composite coupons 
(25.4 x 25.4 x 3.2 mm3) for m e a s u r i n g   p o s i t r o n   l i f e t i m e   i n  them.  The source- 
test  coupon  sandwich was wrapped i n   t h i n  (0.025 mm) aluminum f o i l  and sealed 
wi th   v inyl  tape to  p reven t  moisture p i ckup / los s   du r ing   t he   pos i t ron   l i f e t ime  
measurement. The source- target   assembly was f u r t h e r  sealed i n  a polyethylene 
bag  and  placed  between  the t w o  detectors. A des i ccan t  was inc luded   in   the   po ly-  
e thy lene  bag for  dry  specimen  measurements,  whereas a water-saturated paper w i c k  
was included for the   sa tura ted   spec imen.  A t yp ica l   pos i t ron   l i f e t ime   expe r imen t  
r equ i r ed  a b o u t  24 hours   for  a lifetime-measurement statist ical  accuracy  of 
s l .5   percent .   L i fe t ime  measurements  were made on d r y ,   p a r t i a l l y  saturated 
(approximately  uniform),   and  ful ly  saturated test specimens.  Completely  dry 
specimens were prepared by h e a t i n g   t h e  t es t  samples to 120° C i n  a vacuum desic-  
cator until   the  specimen  weight became cons tan t .   Fu l ly  water-saturated speci- 
mens were prepared by b o i l i n g   t h e  test samples   in  d i s t i l l ed  water f o r   s e v e r a l  
days   un t i l   t he re  was no f u r t h e r   i n c r e a s e   i n   w e i g h t .   P a r t i a l l y  saturated 
(approximately  uniform) samples were prepared by repeated b o i l i n g   i n  water f o l -  
lowed by d r y i n g   i n   t h e  desiccator u n t i l  a predetermined  amount of water was l e f t  
i n   t h e  sample. P a r t i a l l y  saturated (uniform) samples i n   s a n e  of t h e  la ter  mea- 
surements were also prepared by suspending  the  specimen  in a uniform-temperature 
enc losu re   con ta in ing  a saturated s o l u t i o n  of an a p p r o p r i a t e  s a l t  a t  t h e  bottom. 
The specimen was allowed to s t a n d   i n   t h i s   e n c l o s u r e   u n t i l   t h e r e  was no f u r t h e r  
weight  gain.  Some a p p r o p r i a t e  salts and t h e i r   c h a r a c t e r i s t i c s   ( r e f .   1 8 )  are 
l i s t e d   i n  table  I. 

F igu re  2 shows a t y p i c a l   l i f e t i m e  spectrum i n   d r y  HBRF-55A epoxy. Two 
prominent  l ifetime  components are seen. The s h o r t - l i f e  component is associated 
wi th   f r ee -pos i t ron   ann ih i l a t ion  and parapositronium  decay.  The  long-life canpo- 
nent arises from  pick-off   annihi la t ion  of   or thoposi t ronium. A s  i n d i c a t e d  pre- 
v ious ly ,   t he   l ong- l i f e  component  shows s e n s i t i v i t y  to t h e   m o i s t u r e   c o n t e n t   i n  
t h e  test  specimen. 
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RESULTS 

The e x p e r i m e n t a l l y   o b s e r v e d   p o s i t r o n   l i f e t i m e  spectra are t h e  sum of a t  
least two exponential   components.   These  components  have  different  l ifetimes 
and i n t e n s i t i e s  and, as indica ted   p rev ious ly ,  result from d i f f e r e n t   d e c a y  pro- 
cesses. The experimental  data were f i t t e d  by t h e   l e a s t - s q u a r e s  method, to a 
two-component expression  of   the  fol lowing  form: 

where n is t h e  total  c o u n t   i n  a channe l   on   t he   r i gh t  side of zero time, n1 
and  n2 are ex t r apo la t ed   ze ro - t ime   i n t e rcep t s  for t h e  t w o  components, X1 and 
h 2  are the   respec t ive   decay   cons tan ts ,  t is time, and b is cons tan t   chance  
coincidence  background. 

S i n c e   t h e   l o n g - l i f e  component is t h e   c r u c i a l   m o i s t u r e - s e n s i t i v e  parameter 
of i n t e r e s t   i n   t h i s   s t u d y ,   o n l y   t h e  measured va lues   o f   the   long   l i fe t ime 

(T2 = k) are considered. The results of   moisture- induced  reduct ion  in   long 

component l i f e t i m e   f o r   s e v e r a l  composite samples  (refs.   16  and  17) are summa- 
r i z e d   i n   f i g u r e s  3 and 4. I t  is a p p a r e n t   t h a t   t h e   p o s i t r o n  lifetime decreases 
l i n e a r l y   w i t h   t h e  moisture con ten t  of the  specimen.' The statist ical  accuracy 
of t h e  lifetime data is about  1 .5  percent,  which is adequate to  measure 10  per- 
cen t  or more o f   t he   s a tu ra t ion  water content   in   the  epoxy  and  polyamide c o m p o s -  
ites. Measurements  with  polyimides  (Kapton  and HTS/PMR-15) indicate (ref. 1 6 )  
t h a t   t h e   i n t e n s i t y  of the   l ong- l i f e  component is too low to rende r   t h i s   t ech -  
nique usable f o r   s u c h  materials. (See f i g .  5 . )  T h i s  may be t h e   r e s u l t   o f  
t igh ter   po ly imide  structure, which inh ib i t s   pos i t ron ium atom f o r m a t i o n   i n  
them. Table I1 is a summary of t h e  results (refs. 1 6  and 17)  of p o s i t r o n   l o n g  
component l i f e t i m e   c h a n g e s   f o r   s a t u r a t i o n  water c o n t e n t   i n  four d i f f e r e n t  types 
of  specimen. 

The p o s i t r o n  lifetime technique  has  been  used t o  measure the   mois ture  
conten t   o f   severa l   exper imenta l   samples   in  order to  v e r i f y  its a n t i c i p a t e d  
accuracy. The follawing  example i l lustrates typical r e s u l t s   a t t a i n a b l e   w i t h  
th i s   t echn ique .  An experimental  Narmco 5208/T300 graphite-epoxy composite panel  
with 55 volume p e r c e n t   f i b e r  was exposed to  normal outdoors environment  for 
several   months.  The panel  was b rough t   i n to   t he   l abo ra to ry   and   s eve ra l  1 x 1 VI 

test coupons were qu ick ly  c u t  from it. These  coupons were qu ick ly   we ighed   i n  
the  as-received  condi t ion.   Lifet ime  measurements  were then  made i n  two coupons 
in   t he   a s - r ece ived  state. Other  coupons were used t o  ob ta in   t he   l i f e t ime-ve r sus -  
mois ture-content   ca l ibra t ion   curve  for t h e  sample material. U s i n g   t h i s   c a l i b r a -  
t ion  curve,   the   tes t -specimen moisture con ten t  was calculated to  be 16 f 7 per- 
cen t   o f   t he   s a tu ra t ion   va lue  as opposed to a d i r e c t l y  measured  value  of 
19.2 r 0.6  percent .  The experimental  results are summarized i n  table I11 and 
shown i n   f i g u r e  6. 

So f a r ,   t h e  tes t  samples dealt with  have  involved  uniform  moisture d i s -  
t r i b u t i o n s .  For such cases, cont inuous-energy   pos i t ron-emi t te r   rad ioac t ive  
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sources are p e r f e c t l y   a c c e p t a b l e .  However, when t h e   m o i s t u r e   d i s t r i b u t i o n  is 
nonuniform,  the  use of cont inuous ly   tunable   monoenerge t ic   pos i t ron  beams should 
make it possible to probe the  nonuniform  moisture   content  as a func t ion   of   depth  
i n   t h e  test materials. Pos i t rons   o f   wel l -def ined   energy  come to rest and  decay 
a t  the   end   of   the i r   range   in   the  tes t  material. Thei r  lifetime t h u s   r e f l e c t s  
t h e   f r a c t i o n a l  moisture con ten t  a t  the   end   of   the i r   range .  By using  continu- 
ous ly   tunable   monoenerge t ic   pos i t ron  beams, it should be p o s s i b l e  t o  measure 
t h e   m o i s t u r e   c o n t e n t  a t  d i f f e r e n t   d e p t h s   i n   t h e  sample. A t echn ique   fo r   ob ta in -  
ing   and   us ing   monoenerge t ic   pos i t ron  beams of   var iab le   energy  i s  d e s c r i b e d   i n  
r e fe rence  1 9. It  involves   magnet ic   ana lys i s  of Na22 pos i t rons   be fo re   t hey  are 
allowed to e n t e r   t h e  test  spec imen.   Calcu la t ions   ind ica te   tha t   the   pos i t ron  
energy spread AE/E f o r  2.54-cm-diameter targets located 220 an f r a n   t h e  cen- 
ter o f   t he   magne t i c   f i e ld  is less than 1 0  percent ,   whereas   the  corresponding 
p o s i t r o n   t r a n s i t - t i m e  spread is 1100 ps. These data suggest t h a t  it is possi- 
b l e  to cont inue to r e f e r   t h e   p o s i t r o n   l i f e t i m e  to the  s imultaneous  (<lo ps) 
emission  of   the 1.28-MeV gamma ray   fo l lowing   the   pos i t ron   emiss ion .  

CONCLUDING REMARKS 

P o s i t r o n   l i f e t i m e   i n   r e s i n s  and f ibe r - r e in fo rced   r e s in -ma t r ix  composites 
has  been shown to  be a l i n e a r l y   d e c r e a s i n g   f u n c t i o n   o f   t h e  moisture content   of  
the  specimen,   being minimum a t  t h e   s a t u r a t i o n  moisture l e v e l .  Thus, f o r  
uniformly d i s t r i b u t e d  moisture   in   the  specimen,   radioact ive  source-der ived 
cont inuous-energy  posi t rons  provide a use fu l  means of   nondes t ruc t ive ly  measur- 
ing  its f r a c t i o n a l  moisture content .  For specimens  having  nonuniform  moisture 
d i s t r i b u t i o n ,  it w i l l  be necessary  to  u s e  magnet ica l ly   ana lyzed   pos i t ron  beams 
to def ine   the   loca t ion   where   the   pos i t rons  c o m e  t o  rest  i n  order t o  measure  the 
f r a c t i o n a l   m o i s t u r e   c o n t e n t   t h e r e .  By us ing   cont inuous ly   tunable   energy  mono- 
e n e r g e t i c   p o s i t r o n  beams, it should be p o s s i b l e  to map the   mois ture   depth  
d i s t r i b u t i o n   i n   t h e  test specimen.  Thus, it would appear t h a t   t h e   p o s i t r o n  
l i f e t i m e   t e c h n i q u e  is a v i a b l e  method for nondes t ruc t ive ly   measur ing   the  mois- 
ture  c o n t e n t   w i t h   p o t e n t i a l   f o r  its d e p t h   d i s t r i b u t i o n   i n  polymeric substances.  

Langley  Research  Center 
Nat ional   Aeronaut ics   and Space Adminis t ra t ion  
Hampton, VA 23665 
May 9, 1980 

7 



REFERENCES 

1.  Browning, C. E.; and  Hartness,  J. T.: E f f e c t s  of Mois tu re   on   t he   P rope r t i e s  
of High-Performance  Structural   Resins   and Cuqwsites. C a n p o s i t e  Materials: 
Testing  and  Design  (Third  Conference),  ASTM Spec. Tech.  Publ. 546, c.1974, 
pp. 284-302. 

2. Bergmann, H. W.; and D i l l ,  C. W.: E f f e c t  of Absorbed  Moisture  on  Strength 
a n d   S t i f f n e s s   P r o p e r t i e s  of Graphite-Epoxy Canposites. B icen tenn ia l  of 
Materials, Volume 8 of Na t iona l  SAMPE Technica l   Conference   Ser ies ,  SOC. 
Advance. Mater. & Process  Eng., 1976, pp. 244-256. 

3. Verette, R. M.: Tempera turef iumidi ty   Ef fec ts   on   the   S t rength  of Graphi te /  
Epoxy Laminates. J. Aircr., vol.  14, no. 1 , Jan.  1977, pp. 90-94. 

4. Springer,   George S.; and  Shen, Chi-Hung: E f f e c t s  of Moisture and  Temperature 
o n   t h e   T e n s i l e   S t r e n g t h  of Composite Materials. AFML-TR-77-82, U . S .  A i r  
Force, May 1 977. (Avai lable   f rom DTIC as AD A044 038. 

5. Pr ide,   Richard A.: Environmental   Effects   on Composites for Aircraft. CTOL 
Transport   Technology - 1978, NASA CP-2036, P t .  I, 1978, pp. 239-258. 

6. Unnam, J.; and  Tenney, D. R.: A n a l y t i c a l   P r e d i c t i o n  of Moisture  Absorption/ 
Desorp t ion   i n   Res in   Ma t r ix  Composites Exposed to Aircraft  Environments. 
Volume A - St ruc tu res   and  Materials, AIAA/ASME 1 8 t h   S t r u c t u r e s ,   S t r u c t u r a l  
Dynamics & Materials Conference, Mar. 1977, pp. 227-235. (Avai lable  as 
AIAA Paper No.  77-400.) 

7.  Tompkins, Stephen S.; Tenney, Darrel R.; and Unnam, J a l a i a h :   P r e d i c t i o n  
of Moisture  and  Temperature  Changes i n  Composites During  Atmospheric 
Exposure. NASA TM-78711 , 1978. 

8.  Augl, J. M.; and  Berger, A. E.: The E f f e c t  of Moisture  on  Carbon  Fiber 
Reinforced Composites. I11 - Pred ic t ion  of Mois ture   Sorp t ion   in  a Real 
Outdoor  Environment. NSWC/WOL/TR-77-13, U.S. Navy, June 1 4, 1977. 
(Available  from DTIC as AD A046 294.) 

9. Kaelble, D. H.; and  Dynes,  P. J.: Methods for Detecting  Moisture  Degrada- 
t ion   in   Graphi te -Epoxy Composites. Mater. Evaluat ion,   vol .  35, no. 4, 
Apr. 1977, pp. 103-108. 

10.  Kaelble, D. H.; Dynes, P. J.; and Maus, L.: Hydrothermal  Aging of Composite 
Materials. Part 1 : I n t e r f a c i a l  Aspects. J. Adhes., vol .   8 ,  no. 2, 1976, 
pp. 121 -1 44. 

11. Yip, H. W. C.; and S h o r t a l l ,  J. B.: The I n t e r f a c i a l  Bond S t r e n g t h   i n  Glass 
Fibre-Polyester   Resin Composite Systems. Part 2: The E f f e c t  of Surface  
Treatment. J. Adhes., vol. 8, no. 2, 1976, pp. 155-1 69. 



13. West, R. N.: Posi t ron  Studies   of   condensed Matter. Advan. Phys., ~01. 22, 
no. 3, May 1973, pp.  263-383. 

14. Dirac, P. A. M.: On the   Ann ih i l a t ion   o f  Electrons and  Protons.  Proc. 
Cambridge  Philos. SOC., vol. XXVI, 1930, pp. 361-375. 

15.   Brandt ,   Werner:   Posi t ron  Annihi la t ion  in  Molecular Substances  and Ionic 
CEysta l s .   Pos i t ron   Annih i la t ion ,  A. T. Stewart   and E. 0. Roel l ig ,   eds . ,  
Academic  Press,  Inc. , 1967, pp. 155-1 82. 

16.  Singh,  Jag J. ; H o l t ,  William H.; Mock, Willis, Jr . ;  and  Buckingham, 
Richard D.: Posi t ron  Lifet ime  Technique  of  Moisture Measurement i n  
Composites. Paper   presented a t  American Ceramic Socie ty   Conference  on 
Cmposites and  Advanced Materials (Cocoa Beach, Flor ida) ,   Jan.   1978.  

17. Holt, W. H.; and Mock, W. ,  Jr.: P o s i t r o n  Lifetime Technique for Nondestruc- 
t ive   Evalua t ion   of  Materials. NSK/DL-TR-3573, u.S. Navy, Dec. 1976. 
(Avai lable   f rom DTIC as AD A038 305.) 

18.  Augl,  Joseph M.; and  Berger,  Alan E.: The E f f e c t  of Moisture  on  Carbon 
Fiber   Reinforced Epoxy Composites. I - Diffusion.  NSWC/WOL/TR 76-7, 
U . S .  Navy, Sept .  27, 1976.  (Available f r m  DTIC as AD A034 787.) 

19.  Singh,  Jag J. (appendix  by  Gerald H. Mall): Computational  Methods  for 
Analyz ing   the   Transmiss ion   Charac te r i s t ics  of a Beta P a r t i c l e   M a g n e t i c  
Analysis  System. NASA TM-80179, 1979. 

9 



TABLE I.- SOME OONSTANT  RELATIVE  HUMIDITY SALTS AND THEIR 

RESPECTIVE  CHARACTERISTICS 

Sal t   (chemical   form) 

MgCl2 

NaBr a 

Na2Cr207- 2H20 

NH4 C l  

Temper a t  ur e of 
enc losure ,  

oc 
30 to 75 

. " 

50 to 80 

30 to 60 

30 t o  45 

Relative humidity 
i n   e n c l o s u r e ,  

per c e n t  

29 to 33 

50 

55 

80 

aSince moisture d i f f u s i o n   i n   r e s i n  matrices is a strong f u n c t i o n  
of   temperaturer  NaBr offers  t h e  most convenient   quick means of intro- 
ducing  50-percent   saturat ion moisture c o n t e n t   d i s t r i b u t e d   u n i f o r m l y  
i n   t h e  tes t  sample. 

TABLE 11.- SUMMARY OF POSITRON LIFETIME: CHANGES FOR SATURATION 

MOISTURE  CONTENT I N  MOLECULAR SUBSTANCES 

Material Sa tu ra t ion   mo i s tu re ,  
weight   percent  

~ 

Narmco 5208 (pu re   r e s in )  5 

I HBRE"55A (pure   r e s in )  4 

Narmco 5208/T300 (62.5  volume 
p e r c e n t   f i b e r )  

a. 9 

Change i n   l i f e t i m e   w i t h  
sa tu ra t ion   mo i s tu re ,  

p e r c e n t  
I 

" - 

12 

11  

8 

HBF@-5SA/Kevlar 49 (43  volume 
1 7  

15 
~~ - ~ "" ~~ ". - - 

aThe s a t u r a t i o n   m o i s t u r e   c o n t e n t  of Narmco 5208/T300 is cons iderably  lower 
than   t he   va lue  expected on t h e   b a s i s  of t h e   s a t u r a t i o n  moisture c o n t e n t   i n  
Narmco 5208 r e s in .   Th i s  is probably  caused by t h e   d i f f e r e n t   c u r i n g   h i s t o r i e s  
of t h e  two samples tested. 
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TABLE 111.- SUMMARY OF  TEST RESULTS ON A NARMCO 5208/T300 

COMPOSITE SAMPLE 

(a) Pos i t ron  lifetime values  i n  test sample 

Condit ion of 
specimen 

As rece ived  ( test)  
Completely d r y  
F u l l y   s a t u r a t e d  

P o s i t r o n   l i f e t i m e ,  Moisture   content ,  
PS percent of s a t u r a t i o n   v a l u e  

1780 f 35 
1793 f 20 
1696 f 21 

1 6  ?r: 7 ( c a l c u l a t e d )  
0 (measured) 
100  (measured) 

(b) Comparison of calculated  and  measured  moisture   content   values  

Moisture c o n t e n t   c a l c u l a t e d  
mois ture   conten t ,  u s ing   pos i t ron  lifetime da ta ,  
Direct ly   measured 

weight   percent  

0.62 f 0.02 0.52 f 0.22c 

weight   percent  
- 

16 f 7 pe rcen t  of sa tu ra t ion   va lued   19 .2  f 0.6 pe rcen t   o f   s a tu ra t ion   va lued  

shou ld   be   no ted   t ha t   t he   pos i t ron   l i f e t ime   va lues  shown i n   f i g u r e   3 ( d )  
are n o t   i d e n t i c a l  to those  shown i n   t h i s  table. Th i s  is due to  t h e   f a c t   t h a t  
the  specimens  used for t h e s e  two tests came f rom  d i f f e ren t   sou rces  and  had d i f -  
f e r e n t   c u r i n g   h i s t o r i e s .  

h h i s   v a l u e   h a s  been   ca lcu la ted   us ing   the   fo l lowing   express ion:  

F r a c t i o n a l   m o i s t u r e   c o n t e n t  of test  )=C d r y  - ‘test 

d r y  - 3 ‘sat specimen i n   t h e   a s - r e c e i v e d   c o n d i t i o n  

where T is the  measured  value of t h e  lifetime of positrons and T is t h e  
mean value.  The errors i n   t h e   c a l c u l a t e d   v a l u e  reflect t h e  errors i n   t h e  cal- 
i b r a t i o n  data. 

- 

CError i n   t h e   c a l c u l a t e d   v a l u e  reflects errors i n   t h e   c a l i b r a t i o n  data. 
dThe s a t u r a t i o n  moisture con ten t  of t h e  sample material was 3.22 weight  

percent .  
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Figure 1.- Fast-slow coincidence system for measuring  pssitron lifetime spectra. 
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