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SUMMARY 

The Bethe-Bloch  stopping power r e l a t i o n s   f o r   i n e l a s t i c   c o l l i s i o n s   h a v e  
been  used t o  de te rmine   t he   abso rp t ion   o f  electron and proton energy  for   models  
of   graphi te ,   epoxy,   and  graphi te /epoxy composites. E l e c t r o n   e n e r g i e s  from 0.2 
to 4.0 MeV and   pro ton   energ ies   f rom 0.3 to 1.75 MeV, t h e   e n e r g i e s   t h a t   e x i s t  
i n   geosynchronous   Ea r th   o rb i t  (GEO) , were used.   Absorpt ion  prof i les   due to 
i n e l a s t i c   c o l l i s i o n s   f o r   m o n o e n e r g e t i c   e l e c t r o n s  were de te rmined   fo r   cu red   nea t  
epoxy res in ,   pure   g raphi te ,   and   graphi te /epoxy  composi tes .   E lec t ron   energy  
losses due to  bremss t rah lung  were determined  f rom  these  values .  The a b s o r p t i o n  
p r o f i l e s  due to i n e l a s t i c   c o l l i s i o n s   f o r   m o n o e n e r g e t i c   p r o t o n s  were determined 
o n l y   f o r   t h e   c u r e d   e p o x y   r e s i n .   F i n a l l y ,   t h e   d o s e - d e p t h   p r o f i l e s   i n  a cu red  
epoxy  res in  were de te rmined   fo r   an   env i ronmen t   o f   d i s t r ibu ted   e l ec t ron   and  pro- 
t o n   e n e r g i e s   t h a t   c l o s e l y   a p p r o x i m a t e d   t h e   e n e r g y   d i s t r i b u t i o n   i n  GEO. 

The a b s o r p t i o n   p r o f i l e s   f o r   m o n o e n e r g e t i c   p a r t i c l e s  showed t h a t   t h e   p r o t o n s  
d i d   n o t   p e n e t r a t e   d e e p e r   t h a n  0.005 c m .  They were absorbed a t   t h e   s u r f a c e   o f  
t he   r e s in ,   whereas   t he   e l ec t rons ,   even   fo r   t he  lowest e n e r g y ,   p e n e t r a t e d   i n t o  
the  bulk  of   the materials. Due t o   i n e l a s t i c   c o l l i s i o n s ,   g r a p h i t e   a b s o r b s   a p p r o x -  
imate ly  16 p e r c e n t  more e l e c t r o n   e n e r g y   p e r   u n i t   p a t h   l e n g t h   t h a n   d o e s   t h e   r e s i n .  
Consequen t ly ,   va ry ing   t he   f i be r  volume f r a c t i o n   o f  a s t ruc tura l  composite 
between  acceptable  limits w i l l  n o t   s i g n i f i c a n t l y  a l t e r  t h e  amount  of  energy  the 
composite w i l l  absorb.   Bremsstrahlung,   the  other   mechanism by wh ich   e l ec t rons  
lose e n e r g y   i n   t h e   t a r g e t  materials, is n o t   s i g n i f i c a n t .   E n e r g y  loss due to 
bremss t rah lung  is less than  3 p e r c e n t  of t h e  loss due to  i n e l a s t i c   c o l l i s i o n s .  

Two impor t an t   conc lus ions  were sugges t ed  by the   dose -dep th   p ro f i l e s  due 
t o  i n e l a s t i c   c o l l i s i o n s   i n   e p o x y   r e s i n   f o r   e l e c t r o n   a n d   p r o t o n   e n e r g y   d i s t r i b u -  
t i o n s   t h a t   a p p r o x i m a t e d   t h o s e   f o r  GEO. F i r s t ,   t h e   a b s o r b e d   d o s e  for a 10- to 
30-yr mis s ion   fo r   bo th   e l ec t rons   and   p ro tons  is equal to   doses   which  have  been 
shown i n   l a b o r a t o r y  s tudies  to cause  serious degrada t ion   of   mechanica l   p roper -  
ties of composites.   Second,  graphite/epoxy  composites are n o t   e f f e c t i v e   s h i e l d -  
ing materials. 

INTRODUCTION 

Recen t   pape r s   on   fu tu re   Ea r th -o rb i t a l   space   f l i gh t   have   d i scussed   concep t s  
f o r   l a r g e  space structures and  long  durat ion  missions.   These  concepts   inher-  
e n t l y   i n c l u d e  two impor t an t   ques t ions :  What materials should  be  used to b u i l d  
l a r g e  space structures? What e f f e c t s  w i l l  t h e  space environment  have  on  proper- 
ties o f   t hese  materials du r ing  a long   du ra t ion   mi s s ion?  

The choice   o f  materials w i l l  d e p e n d   s i g n i f i c a n t l y   o n   t h e   r e q u i r e m e n t s   f o r  
s t ructural  properties. The a u t h o r s   i n   r e f e r e n c e  1 have stated t h a t  a h igh  
d e g r e e   o f   s t i f f n e s s  w i l l  be r e q u i r e d   a n d   t h a t   l a u n c h   l o a d s  w i l l  n o t  be impor tan t  
because   cons t ruc t ion   o f   t he  s t r u c t u r e  w i l l  take place i n  space, e i t h e r  by modu- 
l a r  assembly or by a s t r u c t u r a l  component  manufacturing  technique.  Powell  and 



Browning (ref. 2) and  Goodwin (ref. 3) have suggested that a beam builder be 
transported  into low Earth orbit and  used to manufacture subassemblies for 
structures. The beam builder  described i n  reference 2 would use graphite/ 
thermoplastic  prepreg, whereas the beam builder i n  reference 3 would use precut 
aluminum. Since nondistorting  structures  are  desired  (ref. 4 ) ,  there is con- 
siderable  interest i n  us ing  graphite and aramid fibers. I n  reference 3, 
Goodwin dealt w i t h  a concept for  the  structure of a solar power sa te l l i t e  and 
suggested that graphite/epoxy composites be used i n  order to achieve high 
stiffness and small  thermal distortion w i t h  minimum weight penalty  for a large 
space structure. Thus i n  a majority of the  papers which  have dealt w i t h  the 
concepts  for  structure of large  spacecraft,  the  designers have recognized that 
graphite fiber/polymer resin composites can provide  the  required mechanical and 
physical  properties. The concept of long duration  missions, however,  adds a 
further requirement for  the  materials. The materials mus t  maintain a minimum 
level of property  values  for  the  duration of the mission; that is, they mus t  
be durable. Specifically, the  materials mus t  be durable i n  the radiation  envi- 
ronment  which exists i n  space. 

Studies of the durability of  an earlier  generation of polymer materials 
have  shown that  total  radiation doses that  are  typical of exposure for 10  or 
more years i n  an Earth-orbital environment do a l te r  mechanical and optical prop- 
ert ies.  A s  shown by data  presented i n  reference 5, exposure of a polyester  to 
an electron  fluence  equivalent  to exposure for 30 years i n  a geosynchronous 
Earth orbit (GEO) resulted i n  a decrease of 41 percent i n  tensile  strength and 
a decrease of 1 4  percent i n  elongation. A t  350 nm, optical  transmission of the 
polyester changed  from 70 percent  to 0. T h i s  material obviously was not stable 
i n  a radiation environment. Radiation effects  are not limited  to one class of 
material. For example, a simulation  (using gamma radiation) of 30 years of 
electron exposure i n  GEO for glass/epoxy composite materials caused a reduction 
i n  flexural  strengths by as much as 53 percent  (ref. 6) . I n  another s tudy 
(ref. 7 ) ,  an accelerated  electron exposure equivalent  to a 30-yr GEO mission 
caused cured neat epoxy resin  to  lose 33 percent of its tensile  strength and 
4 percent of its tensile modulus. I n  the same s t u d y ,  a 10-yr electron exposure 
was simulated  for a graphite/epoxy composite. The tensile modulus of the com- 
posite was reduced 8 percent and its flex modulus  was reduced 28 percent. A 
simulated 30-yr proton exposure for graphite/epoxy material reduced i ts  tensile 
modulus 22 percent. These data  suggest  that  radiation  seriously reduces the 
st iffness of graphite/epoxy Composites. These results  are  consistent w i t h  the 
literature  cited i n  reference 8. The available  literature  indicates t h a t  the 
properties of polymer materials  are  significantly  altered by radiation doses 
which are  typical of those  expected for 10- to 30-yr GEO missions. 

Not a l l  of the  radiation which strikes a large space structure w i l l  be 
absorbed by the  materials  that  are used for  structural components.  Depending 
on particle energy and material  thickness,  part of the  radiation w i l l  pass 
through exterior cmponents and  be absorbed by interior components. Most of 
the  interior of a spacecraft w i l l  contain electrical  and optical subsystems 
which may be susceptible  to  radiation damage. An example  of electronic sub- 
systems would be those for  personal communication, electronic  mail, and educa- 
tional  television  satellites  (discussed i n  ref. 9 ) .  Therefore,  the ideal 
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structural  materials m u s t  be durable and provide effective  shielding  to  radia- 
tion. If one or both of these  characteristics do not exist, one of a number of 
remedial measures ranging from engineering changes to  material  modifications 
may be required. 

The preceding discussion on material  durability and the need for  shielding 
emphasizes the need to demonstrate  the  space  worthiness of a material  before 
accepting it for  structural  applications. A knowledge  of the  characteristic 
absorption and transmission of radiation by a material is basic  to t h i s  demon- 
stration. T h i s  paper is a report of theoretical  calculations of the  absorption 
and transmission of electron and proton radiation  for a model of graphite/epoxy 
composite. These calculations were  made w i t h  the Bethe stopping power relations 
which  have frequently been applied and verified  for models  of simple atomic and 
molecular structures  (refs. 10 and 1 1 )  b u t  which have not been applied  for  the 
much more canplex epoxy molecular structures. The results of these  calculations 
w i l l  be useful  to  the  material  scientist  for determining  the radiation energy 
dose that would be absorbed and transmitted by an epoxy-like material. The 
absorption and transmission  profiles  for  the graphite/epoxy composite model are 
presented i n  t h i s  paper for t h e  GEO environment. 

SYMBOLS 

C speed of l i g h t ,  cm/sec 

Ee electron  energy, MeV 

Eeo init ial   electron energy, MeV 

Ep 

EPo 

proton  energy, MeV 

in i t i a l  proton  energy, MeV 

e electron  charge, C 

I average ionization  potential, MeV 

mo electron  rest mass, g 

N atan  density 

Peu electron  penetration  for uniform energy loss, cm 

pP proton penetration, cm 

sb linear stopping power for bremsstrahlung, MeV/cm 

Sbi  linear stopping power for bremsstrahlung due to i t h  type atom center, 
MeV/cm 
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l i n e a r   s t o p p i n g  power f o r   e l e c t r o n s ,  MeV/cm 

l i n e a r   s t o p p i n g  power of composite f o r   e l e c t r o n s   h a v i n g   e n e r g y  E,, 
MeV/cm 

l i n e a r   s t o p p i n g  power o f   g r a p h i t e   f o r   e l e c t r o n s   h a v i n g   e n e r g y  E,, 
MeV/cm 

l i n e a r   s t o p p i n g  power f o r   e l e c t r o n s  due to  i t h   t y p e  atomic c e n t e r s ,  
MeV/cm 

l i n e a r   s t o p p i n g  power o f   r e s i n   f o r   e l e c t r o n s   h a v i n g   e n e r g y  E,, 
MeV/cm 

l i n e a r   s t o p p i n g  power f o r   p r o t o n s ,  MeV/cm 

l i n e a r   s t o p p i n g  power f o r   p r o t o n s  due t o  i t h  type atomic c e n t e r s ,  
MeV/cm 

l i n e a r   s t o p p i n g  power o f   r e s in   fo r   p ro tons   hav ing   ene rgy  %, MeV/cm 

p a r t i c l e   v e l o c i t y ,  cm/sec 

fiber volume f r a c t i o n  

d i s t a n c e ,  cm 

atomic number 

atomic number of i t h   t y p e  atom 

= v/c 

ANALYTICAL RELATIONS 

I n e l a s t i c   C o l l i s i o n s  

A s  a charged par t ic le  passes an atomic or molecular c e n t e r ,  it imparts an 
electrical p u l s e   w h i c h   e x c i t e s  or i o n i z e s   t h e   c e n t e r .   T h i s   i n t e r a c t i o n  is an 
i n e l a s t i c   c o l l i s i o n ,   w h i c h  is the  pr imary  means by which   the   charged  par t ic le  
loses energy.  The  amount  of  energy  transferred per c o l l i s i o n   d e p e n d s   o n   t h e  
ve loc i ty   o f   t he   cha rged   pa r t i c l e   and   t he   d i s t ance   o f  its closest approach.  The 
average  energy loss per u n i t   p a t h   l e n g t h   t h r o u g h   t h e   t a r g e t   m a t e r i a l  may be 
d e t e r m i n e d   f o r   e l e c t r o n s  and p r o t o n s   f r o m   e x p r e s s i o n s   f o r   t h e   s t o p p i n g  power. 

E lec t rons . -  The e l e c t r o n   l i n e a r   s t o p p i n g  power is t h e   a v e r a g e   e l e c t r o n  
energy loss per u n i t   p a t h   l e n g t h   d u e  to t a r g e t   e x c i t a t i o n  or i o n i z a t i o n  by 
i n e l a s t i c   c o l l i s i o n .  An e x p r e s s i o n   f o r   s t o p p i n g  power was developed by Bethe 
i n   t h e   e a r l y  1 9 3 0 ' s  ( r e f s .  1 2  and 1 3 )  and la ter  r e f i n e d   ( r e f .  1 4 )  to  the   fo rm 
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+ 1 - 62 + -(1 1 8 - J i - B z ) z )  

where Se h a s   u n i t s  of MeV/cm. The e l e c t r o n   v e l o c i t y  is r e p r e s e n t e d  by 

v = c [1 - moc2/( E, + moc2)2T/2 , where mo is t h e   e l e c t r o n  rest  mass, N i s  
t h e   e l e m e n t a l  atomic d e n s i t y ,  Z is t h e  atomic number, I is t h e   a v e r a g e  
atomic i o n i z a t i o n   p o t e n t i a l ,  e is t h e   e l e c t r o n   c h a r g e ,  E, is t h e   e l e c t r o n  
energy,  c is t h e  speed o f   l i g h t ,   a n d  6 is v/c .   Relat ion (1 )  is for rela- 
t i v i s t i c   e l e c t r o n   e n e r g i e s   a n d  is n o t  applicable f o r   e l e c t r o n   e n e r g i e s  less than  
100 keV.  Energ ies  less than  100 keV were no t   impor t an t   fo r   t he   pu rpose  of t h i s  
paper, so t h e   n o n r e l a t i v i s t i c   e x p r e s s i o n  for Se is n o t   i n c l u d e d   i n   t h i s   p a p e r .  
I f  t h e   t a r g e t   m a t e r i a l   c o n s i s t s  of more than   one   e lement ,   the   s topping  power of 
t h e  material is t h e  sum of t h e  atomic s topp ing  powers, t h a t  is 

where  Sei is f o r   t h e   i t h  type atom. Simple a d d i t i o n  is j u s t i f i e d  by t h e  addi- 
t i v i t y   r u l e   o f  Bragg ( ref .  11 ) . 

Protons.-  An expres s ion   fo r   p ro ton   ene rgy  loss per u n i t   p a t h   l e n g t h   i n  a 
m a t e r i a l ,   p r o t o n   l i n e a r  s topp ing  power Sp, was also developed by Bethe 
( r e f s .   1 2   a n d  1 3 ) .  The e x p r e s s i o n  is simllar to  t h a t  for e l e c t r o n s ,  

where Sp is i n  MeV/cm. The l inear s topp ing  power f o r   p r o t o n s  Sp is an  aver-  
age  energy loss as it is for e l e c t r o n s .   R e l a t i o n  ( 3 )  is f o r  r e l a t lv i s t i c  p ro ton  
v e l o c i t i e s   a n d  is no t  applicable f o r   p r o t o n   e n e r g i e s  less than  100 keV.  I f   t h e  
target material c o n s i s t s  of more than   one   type  of e l e m e n t a l   c e n t e r ,   t h e n  

where Spi is t h e   l i n e a r   s t o p p i n g  power for t h e   i t h  type c e n t e r .  
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Bremsstrahlung 

Energy loss from energetic  electrons i n  the form  of bremsstrahlung becomes 
significant  for  electron  energies  greater than 10  to 100 MeV.  The energy value 
above  which significant bremsstrahlung losses occur depends on the target mate- 
r ia l .  Bremsstrahlung is based on the  classical theory that charged particles 
passing a t  high speed close  to  the nucleus of  an  atom w i l l  decelerate and radi- 
ate  electromagnetic energy i n  the form  of gamma radiation and X-radiation. The 
amount  of electron energy loss due to bremsstrahlung may  be  compared to  inelas- 
t ic  losses  (ref.  15) by the  relation 

Se 81 9 MeV 

MATERIAL MODEL 

Neat Resin 

The resin  selected  for modeling was tetraglycidyl 4 , 4 '  diamino diphenyl 
methane ( T G  4 , 4 '  DDM) epoxy cured w i t h  diamino diphenyl  sulfone (DDS) . Figure 1 
is a depiction of the epoxy  model.  The dashed l ine encloses  the  repeat cured 
u n i t .  The technique of selecting a repeat u n i t  for modeling of molecular struc- 
tures has been previously used i n  the  determinations of Se and Sp for much 
simpler polymer systems (ref. 1 1  ) . The  model is given  the name CNOSHl , where 
the  letters  represent  the atomic constituents and the number represents  the num- 
ber of lG 4 , 4 '  D m  molecules i n  each repeat u n i t .  Table I contains  the  values 
of the atomic parameters  for CNOSHl that  are  required  for using the  equations 
presented i n  the  preceding  section. The stopping powers for each type of atomic 
center were determined and the  results were  added for each electron and proton 
energy. The sums, Ser (E,) and Spr (Ep) , are the electron and proton linear 
stopping powers  of the  resin model. 

Graphite  Fibers 

The electron stopping power  of graphite  fibers was determined from the 
stopping power  of carbon. The carbon parameters were the same as given for 
carbon i n  table I except  the  value of N was 9.036 x 1 022 atoms/cm3.  The 
results, S q ( E e ) ,  were used as the  stopping power of graphite. 

Graphite/Epoxy  Composite 

Electron  stopping power  of the composite was determined from the relation 
Sec (E,) = vfSq (E,) + (1 - Vf)Ser (Ee) where vf is the composite fiber volume 
fraction. This equation  expresses  the combined electron stopping power  of resin 
and fiber, wi th  each value weighted for its volume content,  as a weighted aver- 
age of energy absorption of the composite. 
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RESULTS AND DISCUSSION 

Electron  Inelastic  Collisions 

Resin.- The electron stopping power for CNOSHl is plotted i n  figure 2 for' 
several  electron  energies. Stopping power curves  included i n  figure 2 are from 
data i n  reference 11 for  three  other polymer systems. The values of stopping 
power for  these  three simpler systems were also  calculated wi th  the Bethe-Bloch 
equation. The stop ing power for W S H 1  is highest because the  density of the 
epoxy  was 1.32 g/cm P , whereas the densities used for  lyethylene,  polystyrene, 
and polyvinyl  chloride were 0.95, 1.02, and 1.25 g/cmy respectively. As demon- 
strated i n  figure 2, the epoxy is much  more effective  for absorbing electron 
radiation, hence a better  radiation  shield, than the  other  materials. The  mass 
stopping powers, obtained by normalizing  the  stopping powers i n  figure 2 with  
respect  to  their polymer masses, would be nearly  the same for a l l  four com- 
pounds.  Moreover, the mass stopping power of CNOSHl is similar  to those tabu- 
lated i n  reference 10  for oxygen, iron, and  aluminum. Indeed, the  stopping 
powers for any material may  be estimated by multiplying  the mass stopping power 
of  any standard, such  as aluminum, by the  density of the  material i n  question. 
Aluminum, because of its higher  density, is a more effective  shield than is 
epoxy.  However, a trade-off mus t  be made  between shielding  effectiveness and 
other  properties, such as weight and stiffness, when deciding which material 
to  use. The stopping powers for CNOSH1 and  aluminum are  plotted i n  figure 3 
to canpare the shielding provided by the two materials. 

Figure 4 is a plot, i n  terms of path  length, of electron stopping power i n  
CNOSHl for  several  initial  electron  energies from 0.2 to 4.0 MeV. These ener- 
gies  are  typical of  most electrons i n  the space environment. The energy loss 
per unit path length is nearly  constant along  the initial  portion of the  path 
for  electrons w i t h  i n i t i a l  energies  greater than 0.5 MeV.  The length of path 
for  constant energy loss depends on the in i t i a l  energy of the electron. The 
loss  rate  increases  rapidly  for approximately the l a s t  0.2 cm of path length, 
regardless of the in i t i a l  energy. Calculations of electron energy loss were 
not made for remaining electron  energies of less than 0.1 MeV because rela- 
tion (1)  is not applicable  for  energies  less than 100 keV  and because the 
remaining 100 keV does not  appreciably alter  the  estimate of path  length. 

Total path length of  an electron is defined i n  t h i s  paper as the travel 
distance  required  to  lose a l l  b u t  0.1 MeV of energy and is plotted  as a func- 
tion of init ial   electron energy i n  figure 5. The data  points have a straight- 
l ine f i t :  

Path length  (resin) = -0.04 +. 0. 41Ee0 (6 1 

where path length is i n  cm and init ial   electron energy Eeo is i n  MeV.  The 
depth of penetration  -(practical mean free  path) is approximately eight-tenths 
of the  path  length  (refs. 1 1  and 15). Therefore,  the depth of penetration  for 
which uniform energy loss occurs is determined by subtracting 0.2 cm from rela- 
tion (6)  and then multiplying  the  difference by 0.8. The  amount 0.2 cm is sub- 
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tracted because   t he  absorption for approximately t h e  l as t  0.2 cm of to ta l  p a t h  
l e n g t h  is nonuniform. Hence, t h e   p e n e t r a t i o n  of an e l e c t r o n  for which  the 
absorp t ion   of   energy  is approximately  uniform is 

Pe" ( r e s i n )  = 0.8(-0.24 + O.4IEeo) (7) 

The  shape   of   the   energy  loss c u r v e s   f o r  electrons ( f ig .   4 )   and  relations (6)  
and (7) may b e   a p p l i e d   f o r   a n   a c t u a l  TG 4,4 '  DDM epoxy  cured  with DDS, because 
t h e   c a r b o n  centers dominate   the   energy  loss process. The r a t io  o f   t h e  number of 
c a r b o n   c e n t e r s  to t h e  t o t a l  number of atomic c e n t e r s   i n  CNOSHl a n d   i n   t h e   a c t u a l  
epoxy are n o t   s i g n i f i c a n t l y   d i f f e r e n t .   F o r   e x a m p l e ,   t h e  r a t io  is 0.41 f o r  
CNOSHl and  0.39 f o r  CNOSHl 000. 

Graphi te . -   F igure  6 is a plot  of e l e c t r o n   e n e r g y  loss i n   g r a p h i t e   f o r  dis- 
tance a l o n g   t h e   p a t h   l e n g t h .  The i n i t i a l   e l e c t r o n   e n e r g i e s  are t h e  same a s  
shown i n   f i g u r e  4 .  The uniform  energy loss is 3.0 MeV/cm. The uniform loss 
per u n i t   p a t h   l e n g t h   i n   g r a p h i t e  is approx ima te ly   16   pe rcen t   h ighe r   t han   i n   t he  
r e s i n   m d e l .  The t o t a l  p a t h   l e n g t h   f o r   a n   e l e c t r o n   w i t h   a n   i n i t i a l   e n e r g y   o f  
4.0 MeV is 1.3 cm, which is 18 percent s h o r t e r   t h a n   t h e   p a t h   l e n g t h  i n  t h e   r e s i n  
model. T h i s   p a t h - l e n g t h   d i f f e r e n c e  is mre s i g n i f i c a n t   f o r  lower i n i t i a l  elec- 
t r o n   e n e r g i e s .   I n   g r a p h i t e  for example ,   t he   t o t a l   pa th   l eng th  of e l e c t r o n s   w i t h  
i n i t i a l   e n e r g y  of  0.2 MeV is 0.3 cm, or 40 percent less t h a n   t h e  t o t a l  p a t h  
l e n g t h   i n   t h e   r e s i n  model. 

The t o t a l  pa th - l eng th   da t a  from f i g u r e  6 is p l o t t e d  i n  f i g u r e  7 as a func- 
t i o n  of i n i t i a l   e l e c t r o n   e n e r g y .  The data have a s t r a i g h t - l i n e  f i t ,  wi th  

P a t h   l e n g t h   ( g r a p h i t e )  = -0.04 + 0. 33Ee0 ( 8  1 

where  path  length is i n  cm and Eeo is i n  MeV. A r e l a t i o n  for p e n e t r a t i o n   w i t h  
uniform  energy loss is found   i n   t he  manner d i s c u s s e d  for t h e   r e s i n  model: 

Peu ( g r a p h i t e )  = 0.8(-0.24 + 0.33Ee0) (9 )  

Campsite.- F i g u r e  8 is a plot  of e l e c t r o n   e n e r g y  losses i n   t h e   r e s i n ,  
g raph i t e ,   and  canposite models   for  a f i b e r  volume f r a c t i o n  vf of 0.62  and 
a n   e l e c t r o n   w i t h   a n   i n i t i a l   e n e r g y   o f  4.0 MeV. The v a l u e  of 0.62 was chosen 
because   t h i s   va lue   co r re sponds  to t h e   t y p i c a l   v f   f o r   g r a p h i t e / e p o x y   p r e p r e g  
a n d ,   t h e r e f o r e ,  vf f o r  a composite would be a t  least  t h i s   l a r g e .  The  uni- 
form energy loss f o r  vf = 0.62 is approximate ly   12   percent   g rea te r   than  for  
n e a t  resin,  and t o t a l  p a t h   l e n g t h  for vf = 0.62 is 1 4  p e r c e n t  less t h a n   f o r  
n e a t  resin.  The t o t a l  p a t h - l e n g t h   d a t a   i n   f i g u r e  8 can also be  used to d e t e r -  
mine t h e  t o t a l  p e n e t r a t i o n   o f   e l e c t r o n s   i n  a composite. F igu re  9 is a plot  of 
t h e  t o t a l  pa th- length  data as a func t ion   o f   v f  for 4.0 MeV e l e c t r o n s .  The 
da ta   have  a s t r a i g h t - l i n e   f i t  when 
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Pa th   l eng th  (composite) = 1.59 - 0.29vf 

A more g e n e r a l   e x p r e s s i o n  for path l e n g t h  may be found from r e l a t i o n s  ( 6 )  
and (8 ) :  

P a t h   l e n g t h  (composite) = -0.04 + (0.41 - 0.08vf)Eeo  (10) 

The   pene t r a t ion  for a n   e l e c t r o n   w i t h   u n i f o r m   e n e r g y  loss from r e l a t i o n s   ( 7 )  
and (9), is 

Pe, (composite) = 0.8[-0.24 + (0.41 - 0.08vf)Eeo] (1 1 1 

R e l a t i o n  (1 1 )  may be  used to d e t e r m i n e   t h e   r a d i a t i o n   s h i e l d i n g   g r a p h i t e /  
epoxy composite would   p rovide .   Given   in   t ab le  I1 are t h e  minimum e n e r g i e s  
r e q u i r e d  for n o r m a l l y   i n c i d e n t   e l e c t r o n s  to  pass t h r o u g h   d i f f e r e n t   t h i c k n e s s  
composites wi th  vf = 0.62.  The t r a p p e d   e l e c t r o n  spectra shown i n   f i g u r e   1 0  
are for s e l e c t e d   o r b i t s   ( r e f .  8, p. 47).  Comparison of data i n   t a b l e  I1 and 
f i g u r e   1 0   s u g g e s t s   t h a t  a m a j o r i t y  of t h e   e l e c t r o n s   i n   a n y  orb i ta l  environment  
w i l l  pass through composites of t h e   t h i c k n e s s e s   t a b u l a t e d .  

P r o t o n   I n e l a s t i c   C o l l i s i o n s  

Resin.-   Figure 11 is a plot o f   p ro ton   ene rgy   abso rp t ion  as a f u n c t i o n   o f  
path l e n g t h   i n  CNOSH1 for s e v e r a l   i n i t i a l   p r o t o n   e n e r g i e s   f r o m  0.31 to 1.74 MeV. 
This   energy  is typical of t h a t   f o u n d   i n  space ( r e f .   8 ) .  Because p r o t o n s  are 
n o t   a p p r e c i a b l y   d e f l e c t e d ,   p a t h   l e n g t h   a n d   p e n e t r a t i o n  are approx ima te ly   t he  
same. The c a l c u l a t i o n s  were n o t  made f o r   e n e r g i e s  less than  0.1 MeV because 
r e l a t i o n  (3 )  is n o t  appropriate f o r   p r o t o n   e n e r g i e s  less than  0.1 MeV. The 
immediate   observat ion from f i g u r e  11 is t h a t   p r o t o n   a b s o r p t i o n   o c c u r s   a t   t h e  
s u r f a c e .   F i g u r e   1 2  is a plot o f   p r o t o n   p e n e t r a t i o n   i n  CNOSHl as a func t ion   o f  
i n i t i a l   p r o t o n   e n e r g y .  The data have a power c u r v e   f i t   o f  

1.59 
Pp = 1.84 (1 0)-3Epo 

Graph i t e  and composites.- Because   p ro ton   ene rgy   t yp ica l  of t h e  o rb i ta l  
environment is absorbed a t  t h e   s u r f a c e  of r e s i n s ,   t h e  proton a b s o r p t i o n  w i l l  
also be a t  t h e   s u r f a c e  of g r a p h i t e   a n d  composites. If t h e  composite has  a 
r e s i n - r i c h  surface, t h e   p r o t o n   r a d i a t i o n  would p r o b a b l y   n o t   r e a c h   t h e   f i b e r s .  
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Different composite values of vf would not affect  the proton  absorption pro- 
f i l e  i n  the canposite. 

Bremsstrahlung 

Resin.- The loss i n  energy due to bremsstrahlung is applied only for  elec- 
trons. For protons wi th  = 1.75 MeV,  no significant energy loss occurs 
through bremsstrahlung. Re ation (5) is used to determine  the ratio of loss 
due to  bremsstrahlung to  loss due to  inelastic  collisions. For the  resin, 

P 

Ee 

where the summation is over the different atomic types. The ratios S d S e  for 
CNOSHl are  plotted i n  figure 13 for  several  electron  energies up to and includ- 
ing 20 MeV. A t  4 .O MeV, the amount  of electron energy loss i n  CNOSH1 'due to 
bremsstrahlung is 3.0 percent of the loss due to  inelastic  collisions. O f  
course i f  higher energy electrons  are used to  simulate space radiation of com- 
posites, bremsstrahlung may  become a significant  factor. The ratios would not 
be expected to differ  appreciably  for TG 4 ,4 '  DDM cured w i t h  DDS, because the 
carbon atoms  dominate the  absorption of electron energy. Indeed, i f  the  ratios 
S d S e  for CNOSHl are  substituted  into  relation ( 5 ) ,  the  effective atomic num- 
ber is 6.1 .  

Graphite and caposite.- The atomic number 2 for graphite is 6.0 .  The 
ratio of S d S e  for Z = 6 .0  and electron  energies up to and including 
20.0 MeV is almost identical  to the ratios  for  the  resin model CNOSHl shown i n  
figure 13. 

The percentage of electron energy loss i n  a graphite/epoxy composite  due 
to bremsstrahlung is almost identical  to  that of the  resin,  since  the  value of 
z for  graphite, 6 . 0 ,  and the effective value of Z for CNOSHl , 6.1 , are approx- 
imately  the same. Therefore,  electron energy losses due to bremsstrahlung w i l l  
not vary appreciably w i t h  v f .  

Absorption and Penetration of Particulate Radiation i n  Epoxy 

for Geosynchronous Earth  Orbit 

The plans  for  potential long duration f l i g h t  of large space structures have 
frequently  cited GEO as the orbit  necessary for accomplishing mission goals. 
For the mission t o  be successful,  the  structure and the subsystems wi th in  must  
be capable of withstanding  the total  radiation dose. Therefore,  designers m u s t  
know what  dose w i l l  be absorbed by the  structure and how  much radiation energy 
w i l l  pass through the structure. The absorbed dose and the amount  of energy 
transmitted  are  presented i n  this section  for epoxy resin i n  a GM) environment. 
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Calculations  are  not  included  for  graphite and graphite/epoxy composites 
because, as was discussed i n  the  preceding section,  the path length and linear 
energy absorption of electrons  for  these  materials do not differ  appreciably 
fran those for the resin. The calculations of absorption and transmission were 
made using equations (1)  and (3) and the  data  for  distribution of particle 
energy given i n  reference 8 (pp. 37-62). 

Electrons.- The amount of electron energy calculated  to be absorbed and 
transmitted by cured epoxy resin i n  GEO is shown i n  figure 14. The.calculations 
d id  not  include  the l a s t  100 keV  of energy for each electron. The  epoxy is the 
same  model as  described  earlier. For reference, the nominal thicknesses of 4- 
and 8-ply canposites  are  included i n  the  figure. The large amount  of absorption 
near the  surface  occurs because of the large number  of lower energy electrons. 
Thus, a cured resin would experience a higher dose i n  the  front  portion of its 
b u l k  and  no dose i n  i ts  final  portion i f  it were sufficiently  thick. I n  fig- 
ure 1 4 ,  the dose r a t e   a t  the  front  surface is approximately 2.2 x l o 3  rads/hr 
and a t  0.04 cm the dose rate is 2.7 x 103  rads/hr.  After 30 years, the absorbed 
doses a t  these two depths are 5.8 x l o 8  and 7.2 x l o 8  rads. These are  the doses 
discussed i n  the introduction  for which  polymer materials began to shcw serious 
mechanical property  deterioration i n  the  laboratory. These values could easily 
be doubled by the radiation a large space structure would experience  during  the 
6 to 1 2  mnths  required  for  transition from  low Earth orbit  to GM). Conse- 
quently, the total  dose a t  some intermediate  period of a long duration mission 
could cause serious  structural  failure. However, other  failures may precede 
structural  failures simply because of the electron  radiation  that may  be trans- 
mitted by a composite. 

Energy transmitted through a structural wall and into the interior of a 
spacecraft may degrade the subsystems wi th in  the  spacecraft. The  amount  of 
transmitted energy may  be substantially high as shown i n  the dose-depth profile 
(fig.  1 4 ) .  Thicknesses of resin  equivalent  to 4- and 8-ply composites would 
transmit approximately 70 and 40 percent,  respectively, of the incident  radia- 
tion. These values would be approximately 15 percent  less  for a composite 
because of the  higher  absorption of the  graphite  content. B u t  s t i l l ,  the amount 
of transmitted  radiation would be sufficient  to damage interior  electrical  and 
optical systems. For  example, glass w i l l  deteriorate  at  doses as low as 
l o 5  rads (ref. 8, pp. 403-431). Consequently, thin  graphite/epoxy composites 
are not good shields  to  electron  radiation. 

Protons.- Graphite/epoxy composites w i l l ,  however, provide  shielding  for 
proton  radiation. The dose-depth profile  for the cured epoxy resin i n  a GEO 
proton environment is shown i n  figure 15. The l a s t  100 keV  of energy for each 
proton is not  included i n  the profile. The proton energy is absorbed i n  approx- 
imately 0.005 cm, a thickness  equal  to one-tenth of a composite ply.  After 
30 years,  the total  dose a t  the  surface would be lo1  rads which,  based on the 
laboratory  studies  discussed  earlier, may seriously reduce the  stiffness of 
graphite/epoxy. The extremely large  surface dose suggests  that problems may 
occur even i f  a protective thermal coating were used. Generally,  these  coatings 
are t h i n ,  hence proton energy would be absorbed a t  the interface of the  coating 
and the composite. A t  doses as high as 1 O 1 O  rads,  the  interface could rupture 
and lead  to.remova1 of the  coating  as well as  deterioration of the optical prop- 
er t ies  of the  coating. 
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CONCLUDING REMARKS 

The Bethe-Bloch stopping power relations  for  inelastic  collisions have 
been  used for cured epoxy  and graphite  to determine their  absorption of energy 
from electron and proton  space  radiation. The calculations were  made for mono- 
energetic  particles and for  the energy distribution which exists i n  geosynchro- 
nous Earth orbit. 

The results  for monoenergetic particles show that proton energy is absorbed 
near the surface, whereas electrons  penetrate and their  energies  are absorbed i n  
the bulk  of the  material. The absorption of electron energy i n  pure graphite is 
only 16 percent  higher than i n  cured neat  resin.  Therefore,  absorption of energy 
w i l l  not vary appreciably  for  the  practical range of fiber  content i n  structural 
graphite/epoxy composites. Electron energy losses due to bremsstrahlung, which 
were determined from the  losses due to  inelastic  collisions, were less than 
3 percent of the total energy loss  for energy values which occur i n  space. 
Therefore,  bremsstrahlung is not an important process  for  graphite/epoxy com- 
posites i n  space. 

The results  for energy distributions  for  electron and proton radiation 
i n  geosynchronous Earth orbit  (GEO) suggests  that minimum dose levels of 
7.2 x 1 O8 rads for  electrons and 10’  rads for  protons may occur for a 30-yr 
mission. Laboratory studies have  shown that  these dose values w i l l  cause ser- 
ious deterioration of mechanical properties of graphite/epoxy composites. For 
electron  radiation i n  GEO, a significant  portion of radiation energy would pass 
through even  an 8-ply composite and t h u s  could damage electrical  and optical 
systems w i t h i n  a spacecraft  structure. For proton radiation i n  GEO, the dose 
profile  suggests  that t h i n  coatings  for thermal control could degrade and rup- 
ture due to energy absorption a t  the interface of the coating and the composite. 

Langley Research Center 
National  Aeronautics and Space Administration 
Hampton, VA 23665 
October 10 ,  1979 
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TABLE I .- V24LUES OF ATOMIC PARAMETERS FOR CNOSHl 

Parameters 

A t m  dens i ty ,  N,  
1022 atoms/cm3 

A t a n i c  number, 2 

I o n i z a t i o n   p o t e n t i a l ,  I ,  
1 0'4 MeV 

Carbon 

4.3294 

6 

.78 

1 Nitrogen 

0.4810 

7 

.88 

Oxygen 

0.7216 

8 

1.01 

16 1 

1 .54   1 .80  

TABIS 11.- MINIMUM ENERGY REQUIRED Fow ELECTRONS 

To PASS THROUGH COMPOSITESa 

Thickness, 
c m  (number of p l i e s )  

I 

Minimum energy, 
MeV 

0.025 (2)  
.OS0 (4)  
,075 (6)  
. l o 0  (8 )  

0.21 
.30 
.40 
.49 

aFiber volume frac t ion ,   v f  = 0.62 .  
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Figure 1 . -  Model, CNOSHl, of t e t r a g l y c i d y l  4 , 4 '  diamino  diphenyl methane  epoxy  cured 
with  diamino  diphenyl  sulfone. 
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Figure 2.-  Electron stopping powers for CNOSHl and several-other 
polymer systems. 
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Figure 4.- Loss of electron  energy in CNOSHl epoxy r e s i n  model. 
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Figure 5.- Electron  path  length  in CNOSHl r e s i n  model a s   funct ion  of i n i t i a l   e l e c t r o n   e n e r g y .  



1 5  

l2 
1 0  

Energy loss, 
MeV/cm 

5 

.5 1 2 3 4 I n i t i a l  e l e c t r o n  
energy ,  MeV 

I I I I 1 
0 1 2 

Pa th   l eng th ,  cm 

Figure 6 . -  Loss of electron  energy  in  graphite model. 
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Figure 7.- Electron  path   length   in   graphite  model as funct ion of i n i t i a l   e l e c t r o n   e n e r g y .  
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Figure 8.- Energy loss of 4 . 0  MeV e l e c t r o n s   i n   r e s i n ,   g r a p h i t e ,  
and composite models. 

23 



P a t h  l e n g t h ,  
c m  

0 .  

X C a l c u l a t e d   r e s u l t s  

- L i n e a r   f i t  t o  r e s u l t s  

I I I I I I I I I 
0.5  1.0 

Compos i t e   f i be r   vo lume   f r ac t ion ,  vf 

F igure  9.- Pa# l e n g t h  of 4.0 MeV e l e c t r o n s   i n   g r a p h i t e / e p o q  model. 
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Figure  10.- Trapped e l e c t r o n  spectra i n   E a r t h  orbital environment.  
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F igu re  11.- Proton   energy   absorp t ion   in  CNOSHl. 
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Figure 12.- Path  length of protons in C N O S H l .  
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F igu re  13.- Ratio of e l e c t r o n   e n e r g y  loss i n  CNOSH1 due t o  bremsstrahlung 
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