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' I . SUMMARY 

Springborn L a b o r a t o r i e s ,  I n c .  is  engaged i n  a  s t u d y  of e v a l u a t i n g  p o t e n t i a l l y  

u s e f u l  low c o s t  e n c a p s u l a t i o n  m a t e r i a l s  f o r  t h e  F l a t - P l a t e  S o l a r  Array p r o j e c t  

(FSA) funded by t h e  ~ e ~ a r & e n t  o f  Energy and a d m i n i s t e r e d  by t h e  Je t  P r o p u l s i o n  

Labora to ry .  The g o a l  o f  t h e  program i s  t o  i d e n t i f y ,  e v a l u a t e ,  tes t  and re- 

commend e n c a p s u l a n t  m a t e r i a l s  and p r o c e s s e s  f o r  t h e  p r o d u c t i o n  o f  c o s t - e f f e c -  

t i v e ,  l o n g  l i f e  s o l a r  c e l l  modules. 

During t h e  p a s t  y e a r  t e c h n i c a l  i n v e s t i g a t i o n s  concerned t h e  development 

o f  advanced c u r e  c h e m i s t r i e s  f o r  l a m i n a t i o n  t y p e  p o t t a n t s ;  t h e  c o n t i n u e d  e v a l -  

u a t i o n  o f  s o i l  r e s i s t a n t  s u r f a c e  t r e a t m e n t s ,  and t h e  r e s u l t s  o f  a n  a c c e l e r a t e d  

a g i n g  tes t  program f o r  t h e  comparison o f  m a t e r i a l  s t a b i l i t i e s .  

New compounds were e v a l u a t e d  f o r  e f f i c i e n c y  i n  c u r i n g  b o t h  e t h y l e n e / v i n y l  

a c e t a t e  and e thy lene /methy l  a c r y l a t e  p o t t a n t s  i n t e n d e d  f o r  vacuum bay l a m -  

i n a t i o n  o f  s o l a r  c e l l s .  One compound i n  p a r t i c u l a r ,  d e s i g n a t e d  Luperso l  - TBEC 

(Lucid01 D i v i s i o n  o f  Pennwalt  Corp.)  w a s  found t o  b e  u n u s u a l l y  e f f e c t i v e  i n  

promoting t h e  r a p i d  c u r e  o f  b o t h  t h e s e  m a t e r i a l s .  Formulat ion o f  t h e s e  r e s i n s  

w i t h  TBEC r e s u l t e d  i n  compos i t ions  o f  v e r y  h i g h  g e l  c o n t e n t ,  lower temper- 

a t u r e s  o f  a c t i v a t i o n ,  and much lower c u r e  t i m e s ,  even i n  t h e  e thy lene /methy l  

a c r y l a t e  polymer t h a t  i s  more d i f f i c u l t  t o  c u r e .  I t  is e x p e c t e d  t h a t  TBEC 

modi f ied  p o t t a n t  f o r m u l a t i o n s  may p e r m i t  t h e  lamination/encapsulation s t e p  

t o  b e  o p e r a t e d  a t  lower t e m p e r a t u r e s ,  h i g h e r  speed ,  h i g h e r  t h r o u g h p u t  and a 

much wider  t o l e r a n c e  f o r  i n t e n t i o n a l  o r  a c c i d e n t a l  v a r i a t i o n s  i n  t h e  c u r e  sched- 

u l e .  I n v e s t i g a t i o n s  o f  t h i s  new c u r i n g  a g e n t  w i l l  b e  emphasized i n  t h e  develop-  

ment o f  f u t u r e  o f  f o r m u l a t i o n s .  

Two component a l i p h a t i c  u r e t h a n e  c a s t i n g  s y r u p s  were e v a l u a t e d  f o r  s u i t a b i l i t y  

a s  s o l a r  module p o t t a n t s  on t h e  b a s i s  o f  o p t i c a l ,  p h y s i c a l  and f a b r i c a t i o n  c h a r -  

a c t e r i s t i c s .  One f o r m u l a t i o n  w a s  s e l e c t e d  as b e i n g  a c c e p t a b l e  f o r  i n d u s t r i a l  

e v a l u a t i o n .  Th is  compound, d e s i g n a t e d  2-2591, i s  a  p r o t o t y p e  s o l a r  c e l l  e n c a p s u l a n t  

manufactured by Ijevelopment A s s o c i a t e s ,  I n c . ,  N. Kingstown, R I ,  and is' a v a i l a b l e  

i n  p i l o t  p l a n t  q u a n t i t i e s .  Th i s  u r e t h a n e  i s  c h a r a c t e r i z e d  by h i g h  t r a n s p a r e n c y ,  

low mix v i s c o s i t y ,  f a s t  c u r e  t ime  and s u r p r i s i n g  l a c k  o f  m o i s t u r e  s e n s i t i v i t y  

t h a t  h a s  g i v e n  t r o u b l e  w i t h  p r e v i o u s  u r e t h a n e  compos i t ions .  Th i s  m a t e r i a l  i s  

produced w i t h  a n  u l t r a v i b l e t  s t a b i l i z e r  sys tem a l r e a d y  b lended  i n  and similar 



fo rmula t ions  have a h i s t o r y  of  use i n  outdoor  a p p l i c a t i o n s .  Commercial 

q u a n t i t i e s  a r e  a v a i l a b l e  f o r  module f a b r i c a t i o n .  

Mild s t e e l  i s  a r e a d i l y  a v a i l a b l e  and e a s i l y  worked m a t e r i a l  t h a t  ho lds  

t h e  promise of b e i n g  a c o s t - e f f e c t i v e  s u b s t r a t e .  Its major d e f i c i e n c y  i s  

t h a t  of  c o r r o s i o n  s e n s i t i v i t y .  Experiments a r e  underway t o  a s s e s s  t h e  dur-  

a b i l i t y  and c o s t  e f f e c t i v e n e s s  of  c o a t i n g s  f o r  p r o t e c t i o n  of s t e e l .  Tes t  

specimens were p repared  wi th  a v a r i e t y  o f  f i l m s ,  p a i n t s  and p o t t a n t s  and then 
0 

exposed t o  35 C S a l t  Spray (ASTM B-117) and outdoor  weathering cond i t ions .  

The specimens were eva lua ted  f o r  degree  of  c o r r o s i o n ,  delaminat ion and o t h e r  

d e s t r u c t i v e  e f f e c t s  a t  r e g u l a r  i n t e r v a l s .  The s a l t  sp ray  and outdoor  r e s u l t s  

g e n e r a l l y  c o r r e l a t e d  w e l l ,  excep t  f o r  t h e  degree  o f  a t t a c k ,  which was much 

more s e v e r e  i n  t h e  hea ted  s a l t  rug. Untreated c o n t r o l  specimer~s survived 

t h r e e  hours  under s a l t  sp ray  b e f o r e  e x t e n s i v e  c o r r o s i o n  became apparen t .  The 

most s u c c e s s f u l  c o a t i n g  i d e n t i f i e d  s o  f a r  i s  laminat ion wi th  an EVA/Scotchpar 

p o l y e s t e r  combination which has  endured 5,000 hours  o f  s a l t  sp ray  wi th  no 

s i g n s  o f  change. Other c o a t i n g s  based on EVA modified wi th  z i n c  chromate have 

a l s o  survived t h i s  p e r i o d  wi thout  change. These c o a t i n g s  a r e  c u r r e n t l y  t o o  

expensive  t o  be p r a c t i c a l  (approx. $10/m2), however they s e r v e  t o  demonstrate 

proof  o f  concept  and show t h e  e f f e c t i v e ~ l e s s  o f  chromate modi f i ca t ion .  

I n v e s t i g a t i o n s  a r e  c o n t i n u i n g  w i t h  commercial maintenance c o a t i n g s  based on 

f luorocarbon  and s i l i cone-a lkyd  c h e m i s t r i e s .  T e s t s  of  t h e s e  c o a t i n g s  show 

good s a l t - s p r a y  r e s i s t a n c e  t o  4,UUU hoiirs and t h e  cost, i l ~ c l i i d i n g  t h e  s t c c l  

and bo th  s i d e s  c o a t e d ,  i s  i n  t h e  o r d e r  o f  $3.50/mL. Th i s  i s  we l l  w i t h i n  t h e  

$7. 00/m2 upper l i m i t  f o r  s u b s t r a t e  c o s t .  

Wood p roduc t s ,  such as hardboard,  a r e  p o t e n t i a l l y  t h e  lowest  c o s t  cand ida te  
6 

s u b s t r a t e s  i d e n t i f i e d  t o  d a t e .  The high modulus (0 .5  t o  1.0 x 10 p s i )  and 
2 

low c o s t  (approximate ly  $0.14/f t  ) s a t i s f y  t h e  c o s t  and load  d e f l e c t i o n  re -  

quirements .  The d i f f i c u l t y  wi th  the u s e  o t  t h e s e  inaferiafs, l i e s  i l l  Llie very 

high hygroscopic  expansion c o e f f i c i e n t s .  Per iods  o f  dryout  followed by sub- 

sequen t  mois tu re  r e g a i n  r e s u l t s  i n  l a r g e  expansions and c o n t r a c t i o n s  t h a t  

r e s u l t  i n  c e l l  f r a c t u r e  when t h e s e  m a t e r i a l s  a r e  used a s  s u b s t r a t e s .  Ex- 

per iments  were conducted t o  determine t h e  e f f e c t i v e n e s s  of  o c c l u s i v e  coa t -  

i n g s  t o  p reven t  t h i s  e f f e c t .  Both meta l  f o i l s  and o r g a n i c  f i l m s  bonded t o  

t h e  hardboard w i t h  a p p r o p r i a t e  adhesives  were found t o  d r a m a t i c a l l y  dec rease  

t h e  hygroscopic response  and lower t h e  expansion c o e f f i c i e n t  by f o u r  o r d e r s  



o f  magnitude. These r e s u l t s  improve t h e  p o s i t i o n  o f  wood products  a s  po- 

t e n t i a l l y  u s e f u l  s u b s t r a t e s  and f u t u r e  experiments w i l l  con t inue  t o  a s s e s s  

t h e  v i a b i l i t y  o f  t h i s  approach and i d e n t i f y  c o s t  e f f e c t i v e  c o a t i n g  m a t e r i a l s  

and techniques.  

An experimental  program cont inued t o  determine t h e  u se fu lnes s  o f  s o i l  re- 

s i s t a n t  coa t ings .  These coa t ings  a r e  in tended  t o  be  s u r f a c e  t r ea tmen t s  

app l i ed  t o  t h e  s u n l i g h t  s i d e  o f  s o l a r  modules and func t ion  t o  p reven t  t h e  per -  . 
s i s t e n t  adhesion o f  s o i l  t o  t h e  s u r f a c e ,  a i d  i n  i t s  removal, and consequent ly  

keep t h e  power o u t p u t  high.  These t rea tments  have been a p p l i e d  t o  "Sunadex" 

g l a s s ,  Tedlar  and o r i e n t e d  a c r y l i c  f i lm.  The t r ea tmen t s  a r e  based on s i l i c o n e ,  

a c r y l i c ,  and f l u o r o s i l a n e  chemis t r i e s .  Af t e r  one y e a r  of  outdoor  exposure,  

t h e  most e f f e c t i v e  t rea tment  f o r  Sunadex g l a s s  appears  t o  be  a  f l u o r o s i l a n e  

des igna ted  L.-1668, and f o r  bo th  t h e  o rgan ic  f i l m s ,  a  s i l a n e  modif ied adduct  

o f  p e r f l u o r i c  a c i d  gave t h e  b e s t  r e s u l t s .  These t rea tments  gave improvements 

o f  2 .5  t o  4% i n  power t ransmiss ion  measured wi th  a  s t anda rd  c e l l .  Th.e su r -  

f ace  t r ea tmen t s  w e r e  found t o  be  " s e l f  c l ean ing"  and power t r ansmis s ions  

v a r i e d  wi th  t h e  degree of r a i n f a l l .  Af t e r  one yea r  o f  t i m e  t h e r e  i s  evidence 

t h a t  t h e  t rea tments  a r e  s lowly being l o s t  and consequent ly  a  maintenance 

schedule  may be  r equ i r ed  t o  maintain e f f e c t i v e n e s s  over  long p e r i o d s  o f  time. 

Pr imers  w e r e  eva lua t ed  f o r  e f f e c t i v e n e s s  i n  bonding cand ida t e  p o t t a n t s  t o  

o u t e r  covers ,  g l a s s  and s u b s t r a t e  m a t e r i a l s .  The bond S t r e n g t h s  w e r e  d e t e r -  

mined by s t anda rd  methods and measured i n  pounds p e r  inch  of  bond l i n e .  

Success fu l  p r imers  w e r e  a l s o  t e s t e d  a f t e r  two weeks of water  immersion and 

two hours  of  b o i l i n g  water .  Good pr imers  have been i d e n t i f i e d  f o r  bonding 

EVA (9918) t o  a lmost  a l l  candida te  m a t e r i a l s  and a  new primer t h a t  i s  e f f e c -  

t i v e  wi th  p o l y e s t e r  f i lms  was i d e n t i f i e d  that gave bonds of  .35 p s i .  Despi tc  

t h e  s i m i l a r i t y  i n  chemistry,  t h e  EMA is  much more d i f f i c u l t  t o  bond and ,  t o  

d a t e ,  succes s fu l  r e s u l t s  have only  been ob ta ined  wi th  g l a s s  and mild s t e e l .  

The polyurethane c a s t i n g  syrup  has  been e f f e c t i v e l y  bonded t o  Sunadex, Tedlar  

and Korad b u t  a d d i t i o n a l  work i s  r equ i r ed  on s tee l  and p o l y e s t e r .  The b u t y l  

a c r y l a t e  syrup  i s  t h e  most d i f f i c u l t  p o t t a n t  o f  a l l  t o  bond and i s  add i t i on -  

a l l y  complicated by i t s  inhe ren t ly  low t e n s i l e  s t r e n g t h .  Bonds t o  Tedlar  

and Sunadex g l a s s  t h a t  su rv ive  t h e  water immersion and b o i l i n g  tests have 

been achieved,however they a r e  both low i n  bond s t r e n g t h ,  and do n o t  exceed 

1 t o  2 pounds p e r  inch  of width.  



I n  o r d e r  t o  a s s o s s  t h e  r e l a t i v e  s t a b i l i t y  o f  i n d i v i d u a l  polymers and t o  

de te rmine  t h e  e f f e c t i v e n e s s  o f  varying formula t ions ,  Springborn Labora to r i e s  

is  conduct ing  a  program o f  a c c e l e r a t e d  ag ing . and  l i f e  p r e d i c t i v e  s t r a t e g i e s  

t h a t  should  be  u s e f u l  f o r :  (a)  gene ra t i ng  empi r i ca l  and p r a c t i c a l  d a t a  re- 

l a t i n g  t o  l o n g e v i t y ,  and (b )  gene ra t i ng  d a t a  t h a t  may be  used i n  a  scheme 

t o  p r e d i c t  p r o p e r t i e s  a s  a  func t ion  o f  exposure t i m e  and condi t ion .  

The c o n d i t i o n s  be ing  used f o r  t h e  exposure of  cand ida t e  encapsu la t i on  mate- 

r i a l s  i n c l u d e  outdoor  ag ing ,  thermal  ag ing  ( a i r  o v e n ) ,  RS/4 sunlamp expo- 

s u r e ,  RS/4 sunlamp wi th  i n t e r m i t t e n t  water  s p r a y ,  Cont ro l led  Environment 

Reac tors  (JPL equipment) and outdoor  photothermal  ag ing  racks .  The l a s t  

mentioned cond i t i on  i nvo lves  t h e  exposure o f  t e s t  specimens t o  n a t u r a l  sun- 

l i g h t  b u t  a t  e l e v a t e d  tempera tures  t o  a c c e l e r a t e  t h e  degrada t ion  r e a c t i o n s .  

D a t a  i s  r epo r t ed  f o r  t h e  RS/4 and thermal  ag ing  cond i t i ons  on ly .  T e s t  r e s u l t s  

from c o n t i n u a t i o n  o f  t h e s e  tests and t h e  o t h e r  cond i t i ons  w i l l  be  r epo r t ed  as 

it becomes a v a i l a b l e .  

R/S 4  sunlamp exposure is a  widely used i n d u s t r i a l  method of a s s e s s i n g  t h e  

r e l g t i v e  s t a b i l i t y  of  p l a s t i c s  t o  t h e  degrading e f f e c t s  o f  u l t r a v i o l e t  l i g h t .  

The r e s u l t s  a r e  u s e f u l  f o r  t h e  rankirly arid c o i ~ ~ p a r i s o n  of t h e  s t a b i l i t i e s  

o f  polymeric  m a t e r i a l s  and t h e  e f f e c t i v e n e s s  o f  a d d i t i v e s  and formula t ions .  

The EVA formula t ion  A9918 is  performing extremely w e l l  and has  surv ived  27,000 

hour s  exposure t o  d a t e  w i th  no s i g n i f i c a n e  change ~ I I  pruper Lies. 11, colnpari- 

son ,  t h e  uncompounded r e s i n  begins  t o  degrade i n  about  500 hours .  The o t h c r  

p o t t a n t s  a r e  a l s o  s u r v i v i n g  wi thou t  change., however they have n o t  y e t  accum- 

u l a t e d  t h e  same number of hours .  The f u l l y  compounded EMA has  eridured 10,000 

h o u r s ,  and t h e  c a s t i n g  sy rups ,  po lyure thane  and b u t y l  a c r y l a t e ,  have been 

exposed f o r  8 ,600 and 5,700 hour s ,  r e s p e c t i v e l y .  Pigmented back cover  f i l m s  

o f  Ted la r  and Scotchpar  and o u t e r  cover  f i l m s  of  t r a n s p a r e n t  Tedlar  (IUUBG30U11') 

show no s i g n s  of d e t e r i o r a t i o n  t o  d a t e .  The low c o s t  b i a x i a l l y  o r i e n t e d  

a c r y l i c  f i l m ,  Acry la r  ( 3 M  Corpora t ion)  has  been exposed t o  12,000 hours  s o  f a r  

and shows no' change i n  u s e f u l  p r o p e r t i e s ,  except  t h a t  a  40% dec rease  i n  t e n s i l e  

s t r e n g t h  (from 24,000 p s i  t o  14,500 p s i )  occurred w i t h i n  t h e  f i r s t  1,5UU hours .  



This  is  be l i eved  t o  be due t o  s t r e s s  r e l a x a t i o n  i n  t h e  polymer and t o  have 

no e f f e c t  on t h e  f i n a l  performance and in tended  use  of t h e  f i lm.  

A new cand ida t e  o u t e r  cover  f i l m  from American Hoechst ha.s r e c e n t l y  been in-  

cluded i n  a c c e l e r a t e d  ag ing  t e s t s . .  Th i s  product  i s  named "Hostaphan" (EH- 

7 2 3 )  and i s  claimed t o  be a permanently s t a b i l i z e d  p o l y e s t e r .  No r e s u l t s  

a r e  a v a i l a b l e  y e t .  

Based.on a rough c a l c u l a t i o n  of accumulated UV energy,  one yea r  o f  RS/4 

exposure is  approximately equa l  t o  6 .7  yea r s  o f  outdoor  exposure i n  a h o t  

c l imate .  This  i n d i c a t e s  t h a t  the.EVA 9918 specimen has  surv ived  the equiva- 

I..ent. of 21. yea r s  of outdoor  exposure. 

Thermal aging was performed on t h r e e  candida te  p o t t a n t  compounds; EVA, EMA 

and t h e  a l i p h a t i c  polyurethane.  The specimens were aged a t  t h r e e  temperatures  

(80°c, 1 0 5 ~ ~  and 1 3 0 ~ ~ )  and i n  atmospheres of  bo th  a i r  and n i t rogen  t o  d i s -  

c r imina t e  between p l a i n  thermal  i n s t a b i l i t y  ( t he rmolys i s )  and r e a c t i o n  wi th  

h e a t  and oxgen ( o x i d a t i o n ) .  

EVA and EMA bo th  behaved. s i m i l a r l y  under t he se  cond i t i ons .  Nei ther  were 

p a r t i c u l a r l y  a f f e c t e d  by t h e  lower temperatures , .however  bo th  developed 
0 

s l i g h t  yellow c o l o r a t i o n  a f t e r  400 hours  a t  t h e  130 C exposure.  This  e f f e c t  

was probably due t o  thermolysis  (c leavage  of t h e  ester groups) due t o  t h e  

f a c t  t h a t  it was observed i n  both.  atmospheres. The c o l o r a t i o n  i s  n o t  

thought  t o  p r e s e n t  a l i m i t a t i o n  t o  t h e  use of  t h e s e  m a t e r i a l s  a s  p o t t a n t s  
0 

and a d d i t i o n a l l y  t h e  130 C cond i t i on  i s  an extreme cond i t i on  t h a t  is  n o t  

l i k e l y  t o  be  encountered i n  f i e l d  s e r v i c e ;  The polyure thane  was much more 

a f f e c t e d  by exposure t o  thermal ag ing  than  e i t h e r  of t h e  two p o l y o l e f i n s .  
0 

Even a t  80 C ,  t h e  urethane developed s l i g h t  yellow c o l o r a t i o n ,  even though 
0 

t h e  p h y s i c a l  p r o p e r t i e s  d i d  no t  c h a n g e .  A t  105 C ,  t h e  t e n s i l e  s t r e n g t h  and 

modulus s t e a d i l y  decreased t o  approximately 40% o f  t h e  c o n t r o l  v a l u e s ,  b u t  . 

only  i n  t h e  n i t rogen  a tmosphe re , - t he  a i r  exposed specimens remaining i n t a c t .  

I n  bo th  atmospheres,  however, t h e  specimen developed s t r o n g  c o l o r a t i o n  and 

t h e  s u r f a c e s  became s t i c k y ,  i n d i c a t i n g  cha in  s c i s s i o n  a t  t h e  s u r f a c e .  The 
0 

130 C cond i t i on  was s eve re  and t h e  t e s t  specimens l o s t  t h e i r  p h y s i c a l  i n t e g -  

r i t y  a f t e r  t h e  100 hour mark wi th  t h e  development o f  dark brown c o l o r a t i o n .  

A t  400 hours ,  t h e  specimens had melted t o  amporphous brown r e s inous  masses 

t h a t  were beyond t e s t i n g .  



For a l l  t h e  p o t t a n t s ,  no adverse  e f f e c t s  from t h e  presence o f  meta ls  (60/40 

s o l d e r ,  aluminum and copper)  was not iced  wi th  t h e  conspicuous except ion  of 

copper .  S l i g h t  r e a c t i o n  ( c o l o r a t i o n )  i n  t h e  presence o t  copper was naciced 

i n  bo th  EVA and EMA a t  tempera tures  a s  low a s  t h e  80°C exposure. A t  t h e  

130°c, t h e  degrada t ion  r e a c t i o n s  r e s u l t i n g  from t h e  presence of copper a r e  

s eve re .  A t  t h e  400 hour p o i n t ,  s t r o n g  c o l o r a t i o n ,  debonding and flow of  t h e  

r e s i n s  i s  n o t i c a b l e  i n d i c a t i n g  severe  degrada t ion  o f  t h e  polymer. I n  t h e  

polyure thane  p o t t a n t ,  t h e s e  r e a c t i o n s  were even more pronounced. Exposure 

t o  1 0 5 ~ ~  f o r  400 hours  r e s u l t e d  i n  complete degrada t ion  of  t h e  r e s i n  i n  t h e  

presence  o f  copper,  and r e s u l t e d  i n  dark  c o l o r a t i o n  and flow. 

During t h e  p a s t  y e a r ,  Springborn Labora tor ies  a l s o  conducted some a c t i v i t i e s  

i n  suppor t  of t h e  FSA program by p repa r ing  t e s t  samples f o r  two o t h e r  con- 

t r a c t o r s .  Two c e l l  experimental  modules were cons t ruc t ed  f o r  Clemson Univer- 

s i t y  w i th  a v a r i e t y  of  candida te  encapsu la t ion  m a t e r i a l s  and modules were 

f a b r i c a t e d  i n  bo th  s u b s t r a t e  and s u p ~ r s t r a t e  des igns .  These t e s t  modules a r e  

be ing  used f o r  de te rmina t ion  of c e l l  e l e c t r i c a l  parameters  under thermal/  

humidity aging and t o  examine t h e  e f f e c t  of t h e  p o t t a n t .  

S p e c i a l t y  modules were a l s o  prepared t o r  s c l e n e e  ~ p p l i c a r i o n s ,  Iric. dr~d cull- 

s i s t e d  of l a r g e  a r r a y s  o f  i n d i v i d u a l l y  w i r e d . c e l l s  encapsula ted  us ing  g l a s s  

s u p e r s t r a t e s  of  vary ing  th i ckness .  'I'hese t e s t  modules a r e  being used Lo 

v e r i f y  t h e  p r e d i c t i o n s  of computer o p t i c a l  a n a l y s i s  concerned wi th  che pas s ive  

concen t r a t ion  o f  s u n l i g h t  by i n t e r n a l  l i g h t  t r app ing .  



I I. INTRODUCTION 

The goal  of t h i s  program i s  t o  i d e n t i f y  and evaluate  encapsulat ion materi-  

a l s  and processes f o r  t h e  p ro tec t ion  of s i l i c o n  s o l a r  c e l l s  f o r  se rv ice  i n  

a  t e r r e s t r i a l  environment. 

Encapsulation systems a r e  being inves t iga ted  c o n s i s t e n t  with theDOEobjec- 

t i v e s  of achieving a photovoltaic f l a t - p l a t e  module o r  concentrator  a r r a y  
2 

a t  a  manufactured c o s t  of  $0.70 pe r  peak watt  ($70/m )(1980 d o l l a r s ) .  The 

p r o j e c t  i s  aimed a t  establishingtheindustrial c a p a b i l i t y  t o  produce s o l a r  

modules within the  required c o s t  goals  by the  year  1986. 

To insure  high r e l i a b i l i t y  and long-term performance, t h e  func t iona l  com- 

ponents of t h e  s o l a r  c e l l  module must be adequately p ro tec ted  from t h e  en- 

vironmentby some encapsulat ion technique. The p o t e n t i a l l y  harmful elements 

t o  module functioning include moisture, u l t r a v i o l e t  r a d i a t i o n ,  hea t  build-  

up, thermal excursions, dus t ,  h a i l ,  and atmospheric p o l l u t a n t s .  Addition- 

a l l y ,  the  encapsulat ion systemmust provide mechanical support  f o r  t h e  c e l l s  

and corrosion p ro tec t ion  f o r  the  e l e c t r i c a l  components. 

Module design must be basedon t h e  useof  appropr ia te  cons t ruct ion  m a t e r i a l s  

and design parameters necessarytomeet  the  f i e l d o p e r a t i n g  requirement, and 

t o  maximize cost/performance. 

Assuming a module e f f i c i ency  of t en  p e r c e n t , w h i c h i s  equivalent  t o  a  power 
2 

output  of 100 wat ts  per  m i n  midday sun l igh t ,  t h e  c a p i t a l  c o s t  of the  mod- 
L 

u l e s  may be ca lcu la ted  t o  be $70.00 pe r  m . Out of t h i s  c o s t  goal ,  only 20 

percent  i s  ava i l ab le  f o r  encapsulation due t o  t h e  high cos t  of  the  c e l l s ,  

in terconnects ,  and o the r  r e l a t e d  components. The encapsulat ion c o s t  a l l o -  
2 c a t i o n a '  may then be s t a t e d  a s  $14.00 per  m which included a l l  coat ings,  

po t t an t s ,  and mechanical supports  f o r  t h e  s o l a r  c e l l s .  

a. JPL  Document 5101-60 

The former cos t  a l l o c a t i o n  f o r  encapsulat ion m a t e r i a l s ,  was $2.5Q/m 2 

(0.25,/ft2) i n  1975 d o l l a r s i  or  $3.50/m2 ($0.35/ft2) in 1980 d o l l a r s .  
The cur ren t  c o s t  a l l o c a t i o n  of $14/m2 i s a n  aggregate a l l o c a t i o n  f o r  
a l l  encapsulat ion mate r i a l s  including an edge s e a l  and gasket .  



Assuming the flat plate collector to be the most efficient design, photo- 

voltaic modules are composed of seven basic construction elements. These 

elements are (a) outer covers; (b) structural and transparent superstrate 

materials; (c) pottants; (d) substrates; (e) back covers; (f) edge seals and 

gasket compounds; and, (g) primers. Current investigations are concerned 

with identifying and utilizing materials or combinations of materials for 

use as each of these elements. 

Throughout this program, extensive surveys have been conducted into many 

classes of materials in order to identify a compound or class of compounds 

optimum for use as each construction element. 

The results of these surveys have also been useful in generating first-cut 

cost allocations for each coristruction element, which are estimated to be 

as follows (1980 dollars) : 

Approximate Cost 

Allocatj on (a) 

Construotion Elements ( S/m2 

Substrate/Superstrate 
(Load Boaring Component) 

Pottant 

Primer 

Outer Cover 

Back Cover 

Edge Seal & ~akket 

2 
(a) Allocation for combination of constructiun elements: S14/m . 

From the previous work, it became possible to identify a small number of 

materials which had the highest potential as candidate low cost encapsula- 

tion materials. The followiriy chart shows the materials of aurrent interest 

and' their anticipated functions. 



Status of Candidate Encapsulation Materials 
(~dentiiied in Springborn Labs Program) 

1. Surface materials & modification Under development . ('Springborn) 

2. Top Covers 

(with UV screening property) 

a. Glass 

b. Tedlar XOO BG 30 UT 

c. Acrylar Acrylic filni 
(X-2241-6, -7) 

3. Pottants 

a. Ethylene Vinyl Acetate 
(A9918) 

Ava'ilable 

Available (DuPont) 

Available (3M Corp. ) 

Available (springborn) 

b. Ethylene Methyl Acrylate 
(13439) Available (Springborn) 

c. Aliphatic Polyether Urethane 
(2-2591) Available (Development Associates) 

d. Poly Butyl Acrylate 
(13870) Available (Springborn) 

4. Electrical and mechanical spacer 

a. Non-woven glass mats Available (Crane CO . ) 
5. Substrate panels 

a. Hardboards Available (Masonite, "Super-Dorlw", 
Laurel 200, Ukiah Standard Hardboard) 

b. Strandboard Under development (Potlatch Corp.) 

c. Glass-reinforced concrete Under development (MB Associates) 

d. Mild steel (including gal- 
vanized & enameled) Available 

6. Back Covers 

a. Aluminum foils & polymer 
laminates Available 

b. Tedlar, Mylar, Korad 
(polymer films) 

c. Pigmented ethylene vinyl 
acetate 

d. Others 

7. Gaskets 

a. EPDM (standard or custom 
profiles) 

8. Sealants 

a. "Tape" sealants 

b. Gunnable sealants 

Available (Du~ont, ~xcell, 3M) 

Available (Sprinqborn) 

Under development 

Available (Pawling Rubber Co, others) 

Available (Tremco, Pecora, 3M) 

Available (Tremco, 3M, others) 



In  a d d i t i o n  t o  m a t e r i a l s ,  two encapsula t ion  p rocessesa re  being inves t iga ted :  

1) Vacuum bag lamination 

2 )  Liquid Cast ing 

The s u i t a b i l i t y o f t h e s e  p r o c e s s e s f o r  au tomat ion i s  a l s o  being inves t iga ted ,  

however, t h e  s e l e c t i o n  of  a  process  i s  almost exc lus ive ly  dependent on t h e  

p rocess ing  p r o p e r t i e s  of  t h e  p o t t a n t .  This  i n t e r r e l a t i o n s h i p  may have a 

s i g n i f i c a n t  in f luence  on t h e  eventual  s e l e c t i o n  of p o t t a n t  ma te r i a l s .  

Recent e f f o f t s h a v e  emphasized t h e  i d e n t i f i c a t i o n  and developmentof p o t t i n g  

compounds. P o t t a n t s  a r e  m a t e r i a l s  which provide a number of func t ions ,  b u t  

p r i m a r i l y  s e r v e a s  a bufferhetween t h e  c e l l  and t h e  surrounding environment. 

The p o t t a n t  must provide a mechanical o r  impact b a r r i e r  around t h e  c e l l  t o  

prevent  breakage, must provide a b a r r i e r  t o  water which would deyrade L l ~ e  

e l e c t r i c a l  output ,  must se rve  a s  a  b a r r i e r  t o  condi t ions  t h a t  cause corro-  

s i o n  of t h e  cel l  m e t a l l i z a t i o n  and in te rconnec t  s t r u c t u r e ,  and must se rve  

a s a n o p t i c a l  coupling medium t o  p rov ide  a maximum l i g h t  t r a n s m i s s i o r : t o t h e  

c e l l  s u r f a c e  and optimize power output .  

This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  p a s t  year which has been d i r e c t e d  

a t  t h e  cont inuinq developmefit and t e s t i n g  of p o t t a n t s  and o t h e r  components. 

The t o p i c s  covered i n  t h i s  r e p o r t  a r e  a s  fol lows:  

(1) t h e  study of improved cure  systems f o r  the  candidate  lamination 

p o t t a n t s ,  EVA and EMA. Curing agents  a r e  inves t iga ted  t h a t  i m -  

prove t h e  q u a l i t y  of cu re ,  improve the  speed and lower the  e f -  

f e c t i v e  temperatures;  

( I )  t h e  extended inves t iga t ion  of  a l i p h a t i c  polyurethane compounds 

intended f o r  use a s  p o t t a n t s  i n  the  l iquid-cas t ing  technique; 

( 3 )  an inves t iga t ion  of corrosion p r o t e c t i v e  coat ings  f o r  use with 

mild s t e e l  t o  give a low c o s t  long l i f e  s u b s t r a t e ;  



(4)  cont inued work on coa t ings  t o  provide  environmental s t a b i l i t y  t o  

low c o s t  candida te  s u b s t r a t e  m a t e r i a l s  based on wood (hardboard)  

products  ; 

(5)  eva lua t ion  of t h e  s o i l  r e s i s t a n t  coa t ings  a f t e r  one yea r  of outdoor  

exposure ; 

(6)  a  cont inu ing  survey of  pr imers  ' f o r  use i n  coupl ing  t h e  v a r i o u s  i n t e r -  

f a c e s  between encapsula t ion  m a t e r i a l s ;  

( 7 )  a  d i s cus s ion  of a c c e l e r a t e d  ag ing  t e s t  t echniques  be ing  implemented 

a t  spr ingborn  Labora tor ies  and p r e s e n t a t i o n  o f  t h e  r e s u l t s  o f  RS/4 

exposuge t e s t i n g  of  candida te  encapsu la t i on  m a t e r i a l s ;  and 

(8)  o t h e r  a c t i v i t i e s  a t  Springborn i n  suppor t  of t h e  FSA program. 



I I I. POTTANTS 

A. Advanced Cure Systems 

a. Chemistry 

Two compounds, ethylene-vinyl acetate and ethylene-methyl acrylate, were 

chosen for the development of candidate pottant compounds for the lamination 

process. Their selection was based on their transparency, low processing 

temperatures and low cost. In order to function effectively in a module ap- 

plication, the property of creep resistance (lack of flow) at the module 

operating temperatures is a necessity. In order to accomplish this require- 

mont, thc copolymcro mugt bc compoundcd with ehcmieal additivcg that permit 

the resin to flow during the lamination cycle but then subsequently crosslink 

(cure) at a later time. Crosslinking and/or vulcanization is defined as a 

process for converting a thermoplastic material or elastomer into a thermo- 

setting material that will no longer flow upon the application of heat. This 

process converts the majority of the polymer molecules into a single network 

which then has the ability to retain many desirable physical and chemical 

properties of the base polymer under higher temperatures. 

The two major chemical processes (not including radiation) that result in 

crosslinking are peroxide cure systems and sulfur cure systems. Only the 

peroxide cure systems have been considered for the two candidate elastomers. 

The main reason for this is that the sulfur cure systems, 'when used alone, 

will not cure these saturated compounds and in addition they result in the 

presence of dark sulfides that'will reduce the optical trkiriCimission of the 

final compound. Peroxide curestin addition, .have many other desirable char- 

acteristics: 

Peroxide cures can be used with both saturated and unsaturated ply- 

mcr 3 

Peroxides produce srulcanizates with better heat aging properties, 

lower compression set, less color and lower odor, 

?eroxi.de vl.i.l.canizates qenerally have better low temperature flcxb- 

bility than the.sulfur cured compounds, and, 



Saturated elastomers that have been peroxide crosslinked have excellent 

aging and thermal stability characteristics.   his is due to the lack 

of saturation in the polymer backbone and also to the higher bond en- 

ergy of the carbon-carbon bond that results from peroxide crosslinking. 

The carbon-carbon bond energy is 82 Kcal/mole and is therefore as stable 

as most of the other bonds in the polymer. The sulfur cured elasto- 

mers have crosslinks composed of both carbon-sulfur'and sulfur-sulfur 

bonds with energies of 66 Kcal/mole and 49 Kcal/mole, respectively. 

These are,,-therefore, weaker crosslinks and result in an inherently 

leas stable compound. 

The peroxide crosslink,ing of saturated polymers not only involves alarge number 

of chemical reactions within the polymer itself, but also between peroxide de- 

composition residues, atmospheric oxygen (if present) and additives compounded 

into the rubber. . The . predominant reaction. that gives rise to the formation of 

crosslinks is referred to as hydrogen abstraction. The basic steps of this 

chemical reactionbare; 

(1) Peroxides thermally cleave to produce two oxy 
n 

radicals..Acyl peroxides yield acyloxy radicals; ROOR 3 2RO. . . 
alkyl peroxide yields alkoxy radicals. 

. \ 

( 2 )  Oxy radicals are very reactive and abstract hy- . , :  

. drogen.atoms from polymer chains, where P = 
, * 

PH + RO*+P* + ROH 
, polyme5. . , .  - - .. r .;* . 

( 3 )  Twd e q 4 p e s  radicals then  combine to form a ,  2Pa 5- k - I? 
crosslink,, resulting in cure. . . <  . . . I . .  

The ability of a radical, (R*) to abstract hydrogen from a polymer, (P-H) to 

produce a new polymer radical, (Po) 1s 'determined .by the bond dissociation en- 

ergies of R-H and P-H. In general, the more the bond dissociation energy of 

R-H exceeds that of P-HI the more rapid'the hydrogen abstraction is likely to 

occur. The comparative ease with which hydrogens. are abstracted by oxy radi- 

cals is a function of-the hydrogen atom's reactivity. In order of descending 

reactivity, they are functionally; -phenolic) benzylid) allylic) tertiary > 
secondary> primary. In polymers the degree of crosslinking varies depending 

on the type and number of hydrogens available for abstraction and the presence 



of other reactive groups. The degree of crosslinking is affected by (a) the 

polymer type:. saturated, unsaturated, chlorinated, etc.; (b) the peroxide type: 

dialkyl, diacyl, peroxyester, etc.; (c) .the processing parameters: peroxide 

concentration, thermal decomposition rate, temperature, time, and (d) the inter- 

action with other additives such as antioxidants, fillers, oils, stabilizers, 

etc . 

Dialkyl peroxides, are generally the most efficient and most widely commercially 

used for polymer crosslinking applications. Their high activation temperatures 

yields compounds of excellent thermal stability during compounding and reduced 

problems with "scorch" (premature curing). A wide variety of compounds are com- 

mercially available. 

The factors guiding the selection of peroxide for the given application are as 

follows: (1) generation of crosslinks as the only modification of the polymer, 

(2) rapid decomposition at the desired cure temperature to yield efficient 

cure, but (3) survives the polymer compounding and processing steps, (4) ef- 

fective in the presence of the other compounding ingredients such as antioxi- 

dants and W stabilizers, (5 )  must be soluble in the polymer compound and 

preferably solid to prevent volatile losses, (6) is non-toxic before and after 

decomposition, and ( 7 )  does not sensitize the polymer to heat or ultraviolet 

light resultinq in the accelerated aqinq of the cured elastomer. Peroxides 

containing aromatic groups (such as dicumyl peroxide) should be avoided due to 

their sensitizing effect on light stability. 
. A . .  

( .  , , .  

Cure time and temperature can be determined in a peroxide cure system solely 

from knowledge of the rate of peroxide thermal decomposition.. It is this re- 
. . 

action (homolytic cleavage and the generation of free radicals) that is the 

rate determining step in the curing or crossPinking sequence of reactions. The 

reaction follows first-order kinetics and is generally characterized by their 

half-life temperature. This term is more useful than "rate-constant" and is 

defined as the temperature at which fifty percent of the peroxide will decom- 

pose within a given time period. The half-life temperature is useful as an 

initial guide for the determination of processing safety and the selection of 

cure temperatures. The decomposition rate is independent of the amount of 



peroxide present but does vary somewhat with the medium in which the decompo- 

sition is taking place. The thermal decomposition rates ,in polymer systems 

are usually slower' (than in s01utio'~s) due to the reduced mobility of the re- 

sulting free radicals and the opportunity for recombination to occur. 

In commercial practice, polymer cure conditions are often selected to obtain 

six or seven half-lives in order to insure complete peroxide decomposition and 

the maximum development of physical properties. The following table illus- 

trates the relationship between the half-life and the percent of peroxide de- 

composition: 

Nlimher of % of Original Peroxide 

Half-Lives Decomposed 

This general rule does not have to be foilowed providing that the following 

conditions are fullfilled: (a) the excess remaining peroxide is economicabby 

and chemically acceptable, (b) the ultikate 'in tensile strangth and compres- 

sion set is not. requried, and (c) the re&lting gel content (degree of cross- 

linking)' is acceptable for thes intended 'applidation. It is found that the ' 

properties of mddulus and tensile strength are within 90% of their ultimate 

values azter the decomposition of approx~mately 80% of the peroxide. It is 

therefore reco'knended that the compound be cured for a minimum of three half- 

lives at the selected cure temperature. 



A few c a u t i o n s  must be mentioned w i t h  r e s p e c t  t o  p e r o x i d e  c u r i n g  a g e n t s .  These 

compounds decompose i n  t h e  p r e s e n c e  o f  s t r o n g  o x i d i z i n g  a g e n t s ,  r e d u c i n g  a g e n t s  

and a c c e l e r a t o r s  ( such  a s  d i m e t h y l  a n i l i n e ,  c o b a l t  n a p t h e n a t e  arid m e t a l  s a l t s ) .  

Ac ids  i n  p a r t i c u l a r  decompose t h e  p e r o x i d e  i n t o  i o n s .  When t h i s  t y p e  o f  i o n i c  

decompos i t ion  o c c u r s ,  a l c o h o l s  and n o n - r a d i c a l  p r o d u c t s  r e s u l t  t h a t  cannot  i n i -  

t i a t e  t h e  c r o s s l i n k i n g  r e a c t i o n .  F i l l e r s  and a d d i t i v e s  t o  t h e  polymer shou ld  

t h e r e f o r e  be chosen t h a t  a r e  n o t  s t r o n g l y  a c i d i c  i n  n a t u r e .  

Oxygen i s  a l s o  t o  be avo ided  durin.9 t h e  c u r e  s t a g e s  o f  t h e s e  compounds. Expo- 

s u r e  t o  oxygen c a u s e s  a competing r e a c t i o n  t o  o c c u r  t h a t  r e d u c e s  t h e  e f f i c i e n c y  

of t h e  c u r i n g  p r o c e s s ,  and more s e r i o u s l y ,  may l u w e r  L l i e  thermul 3 t n b i l i t ; r  of  

t h e  f i n a l  compound. I n  t h e  presei iee  of o x y y e ~ l ,  L l l e  pu l jm~cr  L 'AdiCal~ r o c u l t i n q  

from hyrlrngen a b s t x a c f i o n  may 1vr1n hydroperox idcs .  The r e s u l t i n g  hydrnperox- 

i d e s  may t h e n  t h e r m a l l y  decompose and r e s u l t  i n  polymer d e g r a d a t i o n  a c c o r d i n g  

t o  t h e  f o l l o w i n g  mechanism: 

000 
01 I P-H 

R - C H C H 2 C H a - R ' d  R-CHCH2CH1-R'--- 

OOH 0 
1 I I 

R-~)HCH,CH,-R'-----~.H-L;-H + CHI=CI.4-R' 8 IlrO . 

Due t o  t h e  f a c t  t h a t  most c u r e s  a r e  done e i t h e r  i n  c l o s e d  molds o r  i n  vacuum 
. , 

hag l a m i n a t o r s ,  as i n  t h e  c a s e  o f  PV modules,  t h e  e x c l u s i o n  o f  vxygen i s  usu- 

a l l y  s u f f i - c i e n t  t o  p r e v e n t  r e a c t i o n s  such  a s  chese .  Curillg open ly  i n  t h e  p r e s -  
, . 

ence  o f  a i r ,  however, must be  avq lded .  
I I 

, . -  

Ethylcnc,/Vinyl A c e  LdCe 

A f t e r  a n  e x t e n s i v e  i n v e s t i g a t i o n  o f  . t r a n s p a r e n t  e l a s t o m e r s ,  e thy le r ie /v iny l  ace -  

tate (EVA) was s e l e c t e d  from a c l a s s  o f  low-cost  polymers  as -be ' ing  a l i k e l y  

c a n d i d a t e  p o t t i n g  compound f o r  u s e  i n  t h e  f a b r i c a t i o n  o f  s o l a r  c e l l  a r r a y s .  

I t s  s e l e c t i o n  was based on c o s t  ( approx imate ly  $0.65 p e r  pound) and a n  appro- 

p r i a t e  combinat ion o f  h i g h  o p t i c a l  t r a n s p a r e n c y  and e a s y  p r o c e s s i n g  c o n d i t i o n s .  

T h i s  polymer a l s o  showed t h e  most p romis ing  p r o p e r t i e s  fo rz immedia te  u s e  w i t h  a 
a .  

s m a l l  amount o f  m o d i f i c a t i o n ,  b u t  w i t h o u t  e x t e n s i v e  development e f f o r t s .  

a .  W i l l i s ,  Baum, " I n v e s t i g a t i o n  o f  T e s t  Methods, M a t e r i a l  P r o p e r t i e s  and 
P r o c e s s e s  f o r  S o l a r  C e l l  Encapsu lan t s"  DOE/JPL 954527-79/11, June  1979. 



. , 

Fourteen commercial grades of EVA copolymers were surveyed from two manufactur- 

ers and a base resin, Elvax 150 (DuPont de Nemours Chemical Co.) selected on 

the basis of its high optical transmission and low melt viscosity. This resin 

formed the basis for the development of what is now a commercially available . . 
lamination grade solar cell pottant, Springborn ~abbratories formulation number 

A9918. This compound has been widely evaluated and favorably received by the 

photovoltaic industry at large. 

In addition to the many other technical activities, Springborn Laboratories 

is pursuing research concerned with the "technical optimization" of EVA, and 

other candidate encapsulation materials. Considerations include areas such 

as materials processing, lower temperature and faster cures, optimized ther- 

mal stability, optimized ultraviolet stability, adhesive reliability and 

lifetime prediction studies. 

The first area to be reexamined in the formul.ation of potting compounds is that 

of cure parameters. Due to limitations imposed by the chemistry, the cure sys- 

tems must be evaluated first and the other additives are subsequently selected 

for compatibility with the selection of curing agents. Experiments to evaluate 

new peroxide curing agents were conducted over the past quarter. The new com- 

pounds have only just become commercial and have the desirable properties of 

(a) aliphatic chemistry containing no UV sensitizing aromatic groups, (b) half 
0 

life temperatures in the range of 90°c to 130 C (one hour half-life) for stable 

processi-ng and rapid cure, (c) solubility and compatability with ethylene co- 

polymers and (d) thc potential for facter and more efficient cure. 

Curing (crosslinking) of the pottant is necessary to prevent thermal creep 

of the resin at module operating temperatures. Excessive flow of the pot- 

tant would result in deterioration of the module. . . 

A preliminary stlldy was conducted to determine if there e x i s ~ ~ d  a relationship 

between the type of EVA and the ability to be:*cured. A number of resins were 

selected, varying in.gel.content and melt index, and the .efficiency of curing 

determined from the gel content. Using Lupersol-101 as the curing a,. , the. 
. . 

following results were obtained: 



Resin 

UE-646-04 

Elvax 240 

Elvax 250 

Elvax 350 

Elvax 420 

Elvax 450 

Elvax 550 

Elvax 650 

Elvax 750 

kE=831 

Melt Index 

25 

43 

2 5 

19 

15 

8 

8 

8 

7 

3 

Vinyl 
Aceta te  Weight % 

( a )  
Gel Content  

I Y 

7 1 

8 3 

7 3 

62 

8 6 

82 

6 6 

6 1  

0 

0 

( a )  A l l  polymers cured wi th  1 .5  phr  Lupersol-101 a t  150 C/15 minutes. 

A s  may be seen,  t h e  a c e t a t e  group appears  t o  be e s s e n t i a l  f o r  c r o s s l i n k i n g  

i n  EVA r e s i n s .  Even a t  9% by weight,  t h e  a c e t a t e  group r e s u l t s  i n  a g e l  o f  

61%, however t h e  pure  po lye thy lene  wi th  no co-monomer g i v e s  no c u r e  a t  a l l .  

The degree  of c u r e  ( %  g e l )  does not  appear  t o  be dependant on t h e  amount o f  

v i n y l  a c e t a t e  p r e s e n t  i n  t h e  polymer a s  long a s  it i s  t h e r e .  Experiments 

have shown t h a t  a minimum g e l  c o n t e n t  o f  65% i s  r e q u i r e d  t o  p reven t  thermal 
( a,) 

c r e e p  i n  EVA . The use  of  Elvax 150 was cpnt inued f o r  a l l  subsequent ex- 

per iments .  

Four new l i q u i d  pe rox ides  were eva lua ted .  A l l  a r e  products  of ,Lucidol  Divi- 

s i o n ,  Pennwalt c o r p o r a t i o n ;  Buf fa lo ,  N e w  York, and have t h e  f?l lowing proper-  

t i e s  t .'. 
~ a l f - ~ i f o  

Temperature F lash  Point 
One Hour '1'811 H 6 U r  (volariliry) B A c L l v e  

Luper s o l  3 3 1 - 8 0 ~ ~ .  l l lOc 93Oc 4 OOC 75% 
b. 

b l a O ~  99Oc 
0 

Tnlpa~r s o l  33 77 C 75% 

~ u p e r s o l  TBEC" 120°c 86Oc 10 lOc  100% 

~ u p e r  s o l  1~1' - 13b0c 119"~ 43Oc 100% 
(for comparison) 

..................................................... . .  . .. . 

*Contains two peroxy groups wi th  d i f f e r i n g  h a l f - l i v e s  

a .  W i l l i s ,  Baum, " I n v e s t i g a t i o n  o f  Test .Methods,  M a t e r i a l  P r o p e r t i e s  and 
Processes  f o r  S o l a r  C e l l  Encapsulants" DOE/JPL 954527-79/11, June 1979. 



These compounds were blended into EVA copolymer (Elvax 150, DuPont) by cold 

milling at room temperature on a differential two roll rubber mill at a level 

of 1.5 weight percent. No other additives were incorporated. The resulting 

compounds were then cured by compression molding 20 mil thick plaques at a 
0 temperature of 150 C for twenty minutes. This basic test was useful for de- 

termining if the basic cure chemistry of the peroxide was compatible with the 

resin. The following table indicates the relative effectiveness of the per- 

oxides as judged by gel content (percent insolubles) and the swell ratio (indi- 

cation of the crosslink density) : 

* 
Cure in Elvax 150 

* 
Peroxide . Swell Index Gel Content 

Lupersol 331-80B 2,500 87% 

Lupersol '99 2,800 89% 

Lupersol TBEC 2,400 95% 

D-~606' 3,200 69% 

Lupersol - 101 2,500 88 % ...................................... 
*150°c/20 minutes 

*In toluene 

These initial results indicate that all the peroxides selected are successful 

in developing cure in the EVA base polymer, and subsequent experiments were 

conducted to determine chemical cqmpatability in a fully formulated system 

and also to determine the time/temperature profiles for processing. A stan- 

dard formulation' &as prepared with each, baked on Springborn Laboratories 

composition 'A3318, as follows: 
Parts 

. . 
Elvax 150 100.0 

Tinuvin 770 0.1 

Naugard - P 0.2 

Candidate Peroxide 1.5 

a. 1,l-di(t-butylperoxy) cyclohexane 
b. di-t-butyl diperoxyazelate 
c. O,O-t-butyl O-(2-ethylhexyl) monoperoxy carbonate 
d. 4- (t-butylperoxycarbonyl) -3-hexyl-6- (7- ( t - b t y l p e r o c a r n y l  heptyl) cyclo- 

hexane 
e. 2,s-dimethyl-2,5-di(t-butylperoxy) hexane 



These composi t ions were then  eva lua t ed  by determining g e l  c o n t e n t  (degree  

o f  c u r e )  a s  a f u n c t i o n  of  t ime and temperature .  The range o f  1 1 0 ~ ~  t o  1 6 0 ~ ~  

was used t o  determine t h e  speed e f f i c i e n c y  of cu re  a t  t h e  h ighe r  tempera tures  

and t o  determine i f  problems would be  encountered wi th  premature c u r e  a t  

1ower . tempera tures  used i n  t h e  s h e e t  e x t r u s i o n  process  (maximum temperature  
0 approximately 115 C ) .  The r e s u l t s  o f  t h e s e  experiments a r e  given i n  Table 1 

o f  t h e  Appendix A. 

With t h e  excep t ion  o f  Lupersol  D-S606, t h e  r e s u l t s  of  advanced c u r e  s t u d i e s  

with complete~y formulated compounds .appear  very  encouraging.  The peroxides  

i n v e s t i g a t e d  a l l  r e s u l t s  i n  much h igher  c u r e s  of t h e  EVA i n  s h o r t e r  p e r l o d s  

o f  t i m e  and a t  lower tempera tures .  Add i t i ona l ly ,  t hey  should a l l  be  comyat- 

i b l e  w i t h  t h e  e x t r u s i o n  p roces s  i n  which t h e  temperature  never exceeds approx- 

ima te ly  1 1 5 O ~  and t h e  b a r r e l  r e s idence  t ime is  i n  t h e  o r d e r  o f  on ly  t h r e e  

minutes .  Of t h e  t h r e e ,  Lupersol  99 and Lupersol TBEC are a l i t t l e  more t o l e r -  

a n t  o f  premature c r o s s l i n k i n g  i n  t h e  lower temperature  ranges and bo th  r e s u l t  

i n  v e r y  r a p i d  c u r e s  a t  h ighe r  tempera tures .  

The performance o f  t h e  new peroxide  cu r ing  agen t s  may a l s o  be summarized a s  

t h e  t imes  r equ i r ed  f o r  a s p e c i f i c  g e l  con ten t  a t  known tempera tures ;  

I n  EVA: Time Required f o r  70% Gel Content  

Cure Temperature 120°c 1 3  oOd 14 OOC 150°c 160°c - 
Lupersol  101  N/A N/A 4 5 15  6 

Lupersol  39 3 0 20 12 8 2 

Lupersol  331-80B 1 5  1.0 5 2 2 

Luper s o l  TBEC 3 0 10  4 2 1 

These r e s u l t s  i n d i c a t e  t h a t ,  when compared eo cure with Lupersol 101, t h e  new 

pe rox ide ,  Lupersol  TBEC, may be  capab le  of  r e s u l t i n g  i n  equ iva l en t  c u r e  i n  one 

t h i r d  t o  one t e n t h  t h e  t i m e ,  depending on t h e  temperature  s e l e c t e d .  High de- 

g r e e  o f  c u r e  a t  a lower t empera tu re  i s  a l s o  d e s i r a b l e  due t o  t h e  energy sav ing ,  

and' reduced t i m e  r equ i r ed  f o r  h e a t  t r a n s f e r  dur ing  lamina t ion .  



The rate of cure is dependent on the rate of peroxide decomposition and a 

close correlation has been found be.tween the development of acceptable gel 

contentbS5%) in EVA and the half-life vs temperature curve of peroxide 

decomposition. This graph is, therefore, useful for providing time and tem- 

perature data points required for cure. The half-life graphs for the perox- 

ides of interest appear in Appendix A, Figure 1. 

Of the four efficient peroxides presented, Lupersol TBEC currently appears 

to be the material of choice and should be considered as a replacement for 

the Lupersol-101 in future formulations. Its selection is based on; (a) it 

has the highest curing efficiency of the crosslinking agents examined to date, 
a. 

(b) it is 100% active and contains no DOP or mineral spirit dilutents based 

on its flash point, it has the lowest vapor pressure and consequently is less 

prone to volatile losses.. Lupersol TBEC appears to be a highly efficient hy- 

drogen abstractor in the ethylene/vinyl acetate base resin. 

Ethylene/Methyl Acrylate 

EMA has always been much more difficult to cure than EVA. Experiments were 

performed to see if the new peroxides presented an advantage in the fully com- 

pounded EMA pottant formu3.at.ion. Compositions were prepared in the laboratory, 

as before and a standard EMA formulation (EMA 13439) was used as the base for 

this evaluation. The composition was: 

Ethylene/Methyl Acrylate 
(Gulf Oil Chemicals, TD-938) 100.0 

Cyasorb W-531 0.3 

Tinuvin 770 0.1 

Naugard - P 0.2 

Candidate Peroxide 1.5 

The time/temperature gel profiles were determined as for the EVA, except over 

a slightly narrower temperature range. Table 2 gives the results for the new 

peroxides trom 1 2 ~ ~ ~  to 15U0c, as was done' for EVA. As may be seen the new 

peroxides,are also of benefit in the EMA resin and result in much faster cure 

times and higher gel contents than the usual formulation employing Lupersol 

101. 

a l7i rrr:hyl ph t.ha 1 a t.~, a freq~~ent.:l.y used diluent, 



Experiments so f a r  have not  indica ted  the  necess i ty  f o r  cur ing  t h e  candidate 

EMA p o t t a n t .  A t  90°c ( t h e  upper module opera t ing  temperature) the  base poly- 

mer shows no tendancy t o  creep,  even a f t e r  t h r e e  months exposure. Curing i s ,  

however, genera l ly  recommended a s  a precaution againse long term creep and 

a d d i t i o n a l l y  provides a chemical mechanism t h a t  is compatable with many prim- 

e r s  and adhesion promoting agents .  A g e l  content  of 50% i s  cur ren t ly  thought 

t o  be adequate f o r  t h i s  composition. 

A s  was found with t h e  EVA, Lupersol TBEC i s  o v e r a l l  t he  most e f f i c i e n t  cur ing  
0 

a d d i t i v e ,  however a t  lower cure  temperatures (130 C )  t h e  Lupersol 331-80B gave 

t h e  h ighes t  g e l  contents .  

Comparing these  new cur ing  agents ,  t h e  minimum times t o  a 50% g e l  l e v e l  a r e  

given f o r  each peroxide a s  a funct ion  of  temperature. 

Minimum Time t o  50% Gel Content 

1 3 0 ~ ~  140°C 150°c 

Luper'sol 101 

Lupersol 99 

Lupersol 331-80B 

Lupersol TBEC 

I t  i s  apparent t h a t  t h e  cu re  times i n  EMA may be reduced by a f a c t o r  a s  much 

a s  f i f t e e n  and t h a t  g e l  contents  a s . h i g h  a s  73% may be obtained i n  t h e  range 

of  timed and temperatures inves t iga ted .  This  is a considerable improvement 
over  previous formulat ions.  

Of the  four  e f f i c i e n t  peroxides presented,  Lupersol TBEC c u r r e n t l y  appears t o  

be the  ma te r i a l  of  choice f o r  EMA a l s o  and should be considered a s  a replace-  

ment f o r  the  Lupersol-101 i n  f u t u r e  formulations. Its s e l e c t i o n  i s  based on: 

(a) it has the  h ighes t  cur ing  e f f i c i e n c y  of t h e  c ross l ink ing  agents  examined 

t o  da te ;  (b) it i s  100% a c t i v e ,  and (c) it has the  lowest vapor p ressu re  and 

consequently is l e s s  prone t o  v o l a t i l e  losses .  



The EVA and EMA elastomers compounded with these  agents  can be processed l i k e  

any o the r  rubber and, i n  add i t ion  t o  lamination, a r e  s u i t a b l e  f o r  i n j e c t i o n  

molding, compression molding, t r a n s f e r  molding and p r o f i l e  ext rus ion.    he low 

sof tening point  of  these  compounds al lows processing a t  low temperatures,  min- 

imal tendency t o  scorch and t h e  a b i l i t y  t o  be rap id ly  cured by an increase  i n  

temperature i n  the  order  of 30 t o  40°c higher than the  processing temperature. 

The use of these  new peroxides,  e spec ia l ly  Lupersol TBEC, p resen t s  obvious 

advantages t o  t h e  PV indust ry .  The lamination/encapsulation s t e p  may be oper- 

a t ed  a t  lower temperatures, higher speed, more e f f i c i e n t  cure  and wider cure 

l a t i t u d e s .  I t  is expected t h a t  a TBEC modified p o t t a n t  would be much more 

t o l e r a n t  of acc iden ta l  o r  intended v a r i a t i o n s  i n  t h e  time/temperature cure  

schedule, thereby allowing a wider margin f o r  equipment malfunction o r  pro- 

cess  adjustment. 

Before the  development of  a f u t u r e  commercially acceptable  formulation based 

on Lupersol TBEC, o the r  evaluat ions  must be conducted t o  a s s e s s  o v e r a l l  per- 

formance. Some of the  concerns t h a t  remain a r e :  ( a )  v o l a t i l i t y  - does the  

peroxide evaporate from the  p o t t a n t  dur ing  s torage;  (b) thermal s t a b i l i t y  - 
does the  peroxide r e t a i n  i ts  a c t i v i t y  i n  the  p o t t a n t  dur ing  s to rage  a t  room 

temperatiire; (c)  does the  new cure  system give  rise t o  v o l a t i l e s  and bubbles 

during cure ;  (dl w i l l  t he  peroxide comfortably survive the  ex t rus ion  process 

i n  p l a n t  t r i a l s ,  (el a r e  any chemical spec ies  developed t h a t  a r e  incompatible 

with the  o the r  a d d i t i v e s  o r  r e s u l t  i n  pho tosens i t i za t ion  of the  polymer? 

In the  near fu tu re ,  a p i l o t  p l a n t  extrusion w i l l  be conducted with TBEC modi- 

f i e d  formulations of both EVA and EMA t o  assess  the  production s c a l e  perfor-  

mance of t h i s  compound as  well a s  module f ab r i ca t ion ,  adhesion experiments, 

and accelerated aging experiments. 

B . Aliphatic  Polyurethanes 

The po t t an t s  developed and inves t iga ted  t o  d a t e  have emphasized production 

i n  sheet  form and consequently a f ab r i ca t ion  method based on shee t  lamina- 

t ion .  Although the vacuum bag lamination process has been found t o  be ve ry  

successful  on experimental modules prepared t o  d a t e ,  o ther  methods of fabr i -  

ca t ion  may be des i rable  t o  provide manufacturers with a i t e r n a t i v e  production 

methods . 



Liquid c a s t i n g  systems have been used i n  the  p a s t ' b y  t h e  s o l a r  module indus- 

t r y  with cons iderable  success.  A disadvantage with these  systems i s  t h a t  

they almost inva r i ab ly  employ high c o s t  s i l i c o n e  r e s i n s .  Al ternat ive  low 

c o s t  c a s t i n g  m a t e r i a l s  were the re fo re  surveyed and a few were i d e n t i f i e d  a s  

being p o t e n t i a l l y  good .candidates. Although not y e t  widely used, cas tab le  

urethanes have been employed a s  s o l a r  module p o t t a n t s .  

They a r e  t y p i c a l l y  two p a r t  l i q u i d  systems t h a t  cure t o  t ransparent  s o l i d s  

a f t e r  mixing. The time requi red  f o r  cure i s  temperature dependant and i s  a l s o  

1 i m i t e d . b ~  the  p o t  l i f e  of the  system. Urethanes may be formulated t o  have 

cured physica l  p r o p e r t i e s  ranging from hard and tough t o  extremely s o f t  and 

f l e x i b l e .  . A wide range of  chemis t r ies  a r e  ava i l ab le  f o r  both p a r t s ,  the 

isocyanate and the  polyol  ( p a r t s  "A" and "B")  . These a r e  sometimes re fe r red  

t o  a s  ASTM type V urethanes.  

Due t o  the  app l i ca t ion  i n  s o l a r  modules, some d e s i r a b l e  c h a r a c t e r i s t i c s  may 

be  s p e c i f i e d  a s  the  mixed syrup and the  subsequently cured mater ia l .  The mixed 

syrup must be pumped i n t o  a preformed cav i ty  holding t h e  c e l l s  and consequently 

must be low enough i n  v i s c o s i t y  not  t o  d i s r u p t  the  c e l l  arrangement; the  cure  

c h a r a c t e r i s t i c s  ( t ime and temperature) must be appropriate t o  the  f a b r i c a t i o n  

process and must y i e l d  good throughput o r  production r a t e s ;  the  cured modulus 

must preferably  be below t h e  2,000 p s i  l e v e l  t o  provide p ro tec t ion  t o  the  c e l l s  

a t  a "no thickness requirement" l i ~ e i ;  'the chemistry should be a l i p h a t i c  (not  

aromatic)  i n  order  t o  have optimum r e s i s t a n c e  t o  u l t r a v i o l e t  l i g h t  and outdoor 

exposure; the cured r e s i n  should have no g lass  t r a n s i t i o n  (TG) within  the  tem- 
n o 9 

pe ra tu re  range of  opera t ion  (-40 C , t o  + 9U C ) ;  and the  components should B e  

pure and solvent  f r e e .  These p r o p e r t i e s  a r e  the  most impurtarit, although the  

l i s t  could be extended considerably.  'lhis l i s t  of p r o p e r t i e s  may be curlsidered 

a s  t h e  c r i t e r i a  f o r  the  s e l e c t i o n  of  candidate commercial mater ia ls  f o r  t h i s  

appl iaat ion,  

The a l i p h a t i c  ur.ethanes were surveyed due t o  the  general  i n t e r e s t  i n  .these com- 

pounds and manufacturers were contacted t o  determine i f  commercial products  were 

a v a i l a b l e  with the  des i red  p roper t i e s .  The following i s  a summary of t h i s  in -  

v e s t i g a t i o n  with a s p e c i f i c  mater ia l  recommendation. 

S p e c i f i c  companies contacted included Mobay Chemical Co., H . J .  Quinn Co., Henkel 

Corporat ion,  Morton Chemical Company, and Upjohn Chemical Company. Information 



on stabilizers was also obtained from Borg Warner, American Cyanamid, and 

Ciba Geigy. Henkel, Upjohn, and Morton Chemical Companies offer no com- 

mercial aliphatic systems that would be usable in this application. Mobay 

has no off-the-shelf products that could be used; however, they showed in- 

terest in having a meeting at Springborn in the future to discuss the re- 

quirements more fully and possibly offer a specialized product for this 

purpose. They suggest that products could result based on their Desmodur-W 

(fully hydrogenated methylene diphenyl diisocyanate) or from adducts employ- 

ing hexamethylene diisocyanate (HMDI) . 

Only two suppliers of potentially usable systems were identified in this 

search, H.J. Quinn Company, Malden, MA and Development Associates, Inc., 

Kingstown, R:I. .H.J. Quinn offers only one commercial product designated 

Q-621/Q-626 (for the isocyanate and polyol, respectively). This system has 

the following properties. 

MIXED SYRUP 
(uncured) 

. . 

Viscosity at room temperature 3000 cps 
. , 

Pot Life, 7 0 O ~  3 hours , 

CUR.ED RESIN 

Tensile Strength 

Ultimate elongation 

Tdtal int~grate? transmi~~ion 

Color 

Hardness, Shore A 

Cure requirement 

Specific gravity 

Cost : (mixed) 

(1982) 

9000 psi 

300 psi 

89 2 

I.i.ght yellow 

6 5 

2 hours/ 95'~ . h 

1.03 

approx. $2.20 

$~.~ll/ft~//mil 



Plaques of t h e  Quinn 4-621 urethanes were prepared and exposed t o  RS/4 ra- 

d i a t i on  condit ions i n  order  t o  determine i t s  s t a b i l i t y  i n  comparisu~l Lu uLher 

candidate po t tan ts .  The unprotected specimens were found t o  be badly de- 

graded a f t e r  1000 hours and flowed t o  d i f fuse  shapes of dark yellow/brown 

color.  The protectedurethanes  survived the  remainingtes tper iods ,  however, 

d e t e r i o r a t i o n o f t h e  physical  p roper t ies  ind ica tes  t ha t t hedeg rada t ion  pro- 

cess  i s  s t i l l  i n  operation.  Glass provided the  bes t  s t a b i l i t y  t o  t he  ure- 

thane a t  the  240 day exposure period,  the  t e n s i l e  specimens re ta in ing  960 

p s i  of t e n s i l e  s t rength  and 440% elongation. The spechens  behind Korad 

f i l m  losf about 90% of the  o r ig ina l  t e n s i l e  s t rength  and the  urethane be- 

hind Tedlar f i lm discolored and flowed completely t o  des6ruction. 

During the  surveyof i n d u s t r i a l  compounds, some good input'was obtained con- 

cerning s t a b i l i z a t i o n  of a l i pha t i c  urethanes. Mobay and Ciba-Geigy both 

recommended the  same system a s  follows: 0.5 phr Tinuvin 770, 0.5 phr 'Tinuvin 

328, 0.1 phr Irganox 1010. This is  thought by both companies t o  be a syner- 

g i s t i c  combination t h a t  has a minimal e f f e c t  on the  cure 'c;.f t he  res in .  Amer- 

ican Cyanamid offered a d i f f e r e n t  fo rn i l a t i on  : 0.5 plir''&yass~b W-5411 (a  

benzotriazole) wi thabout  0.1 phr of Cyanox 1735, a pheno'lic/phosphite com- 

binat ion a s  t he  ant ioxidant .  

Attempts a t  Springborn Laboratories t o  incorporate th&e s t a b i l i i e r s  i n t o  

t he  4-621 system were no t  e f fec t ive .  In  a l l  cases,  it:'kds found t h a t  eacn 

of the  recommended s t a b i l i z e r s  was su f f i c i en t ly  cherrlically ' r e ae t i vc  with t he  

components of the  mixed urethane' system t u  severely inhib'i'e t h e  c u ~ u  rnechnnism 
. . 

and a i s o  r e s u l t  i n  t h e  prodileelon of blibbles. 

An add i t iona l  d i f f i c u l t y  experienced i n  the  laboratory use of the  pourable 

urethane s y s t m s  has been t h a t  of moisture r eac t i v i t y  with consequent bub- 

bl ing  of t h e  pot tant .  Experimental modules preparedht  Spr ingbornal l  showed 

d i f f i c u l t y  in t h i s  respec t  and no modules could be prepared without small 

bubbles appearing. Modules preparedwith hardboard subs t ra tes  were conspic- 

uously the  worst due t o  t he  hygroscopic nature  of the  wood f i b e r s  and the  

high moisture content. 



A s e r i e s o f  spec ia l ly  formulatedprototype encapsulation syrupswere-prepared 

by Development Associates, Inc. and were subsequently eva lua tedfor  cure re-  

quirements and physical  proper t ies .  The cast ing syrups a r e  two-part l iqu id  

100% ac t ive  urethanesand require  the  usual typeof  procedure involving mix- 

ing under low shear condi t ionsfor  several  minutes and then degassing under 

vacuum. The formulations supplied were var ia t ions  of a commercial product 

usedas  a b o t t l e  coating and a s  over-coatingson decorative emblems i n  auto- 

motive use. This product is  claimed t o  have outstanding weatherabi l i ty  and 

t o  date ,  has endured s i x  years of outdoor exposure with no appreciable de- 

gradation. A l l  the  formulations submitted appear t o  have f a s t  g e l  times, 
0 

i n  t he  order of 10 minutes a t  30 C,  and have recommended cure temperatures 
0 

of 65O-120 C. Cured f i lms were t e s t ed  f o r  op t i ca l  and physical  p roper t ies ,  

the  r e s u l t s  of which a r e  given i n  Table 1 i n  Appendix A. 

The . f i r s t  property examined on any of the formulations was the  t o t a l  in te -  

grated l i g h t  transmission values, 'most of which were excel lent .  The second 

property was g l a s s  t r a n s i t j o n  t G p e r a t u r e  (Tg), due t o  the requirement f o r  

s t r e s s  r e l i e f  a t  low operating temperatures. The f i r s t  candidate, 2-2211 

was .found t o  have a Tg of +12O~. Tangent modules was run on t h i s  r e s in  a t  
4 

-30°c and found # t o  be 8 x 10 p s i ,  ind ica t ing  t h a t  the  compositibn becomes 

very hard, as expected. 

The subsequent.,candidates had more promising proper t ies .  The 2-2451 and Z- 
0 

2391 b o a  had.glass t r a n s i t i o n s i n  t he  range of -30 C and a l sohavehigh  in- 

tegrated transmission. A s  the  Tg decreases,  the  t e n s i l e  s t rength  a l so  ap- 

pears t o  decrease; however.,thelow t e n s i l e  s t rength  should not a f f e c t  per- 

formance when ,- used i n  ,a  po t tan t  (no-load) appl icat ion.  New formulations 
0 

continued a t  Pexelopment Associates with the  goals o f :  (1) Tg below -40 C; 

( 2 )  tangent modulus below 2,000 p s i ;  and (3) t e n s i l e  s t rengths  of 350 p s i  

or  b e t t e r  . 

These goals were never qu i t e  achieved: however,aproduct resu l ted ,  2-2591, 

t h a t  i s  considered acceptable f o r  the  Indus t r i a l  Evaluation phase of t h i s  

program. 2-2591 has a mixed v i scos i ty  of approximately 250 c e n t i p i s e ,  a 



g e l  time of 20 minutes a t  room temperature, a  g l a s s  t r a n s i t i o n  temperature 

of -23OC, and cured p r o p e r t i e s  of 160 p s i  t e n s i l e  s t r eng th  and 115% elonga- 

t i o n .  (See Table l , ,Appendix  A . )  In terms of o v e r a l l  p r o p e r t i e s ,  t h i s  fo r -  

m u 1 a t i o n . i ~  thought t o  be the  b e s t  choice a t  t h i s  time fo r  f u r t h e r  inves t iga-  

t i o n .  

Cured specimens of t h e s e  r e s i n s  a r e  water  white and very c l e a r  i n  appearance. 

The bubbling d i f f i c u l t i e s  experienced wi th  o the r  urethane compounds when 

cured i n  t h e  presence of moist a i r  do not  appear with t h e s e  products .  The 

manufacturer c la ims t h a t  t h e  c a t a l y s t  system t h a t  they use does no t  favor  

t h e  i s o c y a n a t e - w a t e r  r e a c t i o n  t h a t  r e s u l t s  i n  the  presence of CO bubbles 
2 

i n  gl.aques cured under h iqh humidity cond i t ions .  Small' EGO-celled eiudules 

have been prepared wi th  t h e s e  syrups with no d i f f i c u l t i e s .  

These candidate  u r e t h a n e s . a r e  completely formulated with W sc reeners ,  an- 

t i o x i d a n t s ,  e t c . ,  s o  t h a t  no f u r t h e r  formulat ion work i s  being considered 

by Springborn a t  t h i s  time. Formulations s i m i l a r  t o  these  have a l s o  been 

used f o r  coa t ings  a p p l i e d t o a u t o m o b i l r  van i ty  s t r i p s  and consequently have 

a successful  h i s t o r y  of outdoor performance. Improvements - in  the  formulation 

may be considered a f t e r  s t u d i e s  of aging and durability have beer1 cua~plcted.  

Recent l abora to ry  experimentswithmodule bu i ld ing  show t h a t  these  ure thanes  

are easy t o  mix and pour due t o  their low v i s c o s i t i e s  and t h a t  bubble-£see 

c a s t i n g s  a r e  f a i r l y  easy  t o  prepare.  A c u r r e n t  l i m i t a t i o n i s  t h a t  the  mixed 

p o t  l i f e  i s  ve ry  s h o r t , a b o u t 1 5  minutes. The mixed system must be degassed 

and u s e d i n  f a b r i c a t i o n  wi th in  t h i s  time. Developmer~t Associates claims t h a t  

t h e  cu re  time may be . eas i ly  c o n t r o l l e d  by re tormula t ion  and t h L  the pnt 

l i f e  may be increased t o  h o u r s , . i f  necessary.  

O f  t he  ma te r i a l s  evaluated t o  d a t e ,  2-2591 i s  recsmmended for, t r i a l  encapsu- 

l a t i o n  s t u d i e s .  I t  was se lec ted  over the  2-2391 on the  b a s i s  of i t s  s l i g h t l y  

.higher o p t i c a l  t ransmission (Table. 3) and longer cure t i m e . t h a t  made it  e a s i e r  

t o  handle i n  a  labora tory  s e t t i n g . .  I t s  low modulus, high transparency and low 

g l a s s  t r a n s i t i o n  temperature make it a usable f i r s t - c u t  formulation f o r  com- 

mercial  explora t ion .  

Specimens of 2-2591 have been included i n  RS/4-50°c sunlamp exposure i n  order  

t o  provide a r e l a t i v e  assessment of the  u l t r a v i o l e t  l i g h t  s t a b i l i t y .  To d a t e ,  



specimens have survived' 6,000 hours of expbsure And re ta ined  the  o r i g i n a l  

t e n s i l e  s t r eng th ' e longa t ion .  These a r e  good r e s u l t s  f o r  t ransparent  poly- 

mers, i n  general .  A s  a reference p o i n t ,  polyethylene looses 90% of i t s  

t e n s i l e  s t r eng th  wi th in  500 hours of t h i s  type of exposure. The r e s i n  w i l l  

a l s o  have the  s i g n i f i c a n t  advantage of being behind g l a s s  o r  a UV screening 

f i lm when used as  a p o t t a n t  i n  a f ab r i ca ted  module. 
. . 

Spme pre l iminary  adhesion s t u d i e s  were performed using 2-2591 a s  a p o t t a n t  

and bond s t r eng thswere  measured t o o t h e r  candidate  encapsula t ion  m a t e r i a l s ;  

t h e  r e s u l t s  a r e  a s  fol lows:  
. ~. 

Adhesion Tes t s  ( a )  

2 Hours 2 Weeks 
. ' 2-2591 Boi l ing  Water 

To : Control  Water Irnmers ion  

, . Sunadex Glass 3 1 4 5 3 7 

Scotchpar lOCPW 0.2 0 .  0 

. Korad 63000-\Jhi:te - -  5 3 

(a )  s u r f a c e s  primed with t h i n  c o a t i n g ' o f  Dow Corning 2-6020 amino s i l a n e  
'(16%) i n  -methanol' . 

The primer 'appedred - t o  be very e f f e c t i v e  .with t h e  g l a s s  su r face ,  however, 

gave 'podr t o  marginal. perfo'rmance ori t h e  o t h e r  ma te r i a l s .  This  is  thought 

t o  be';due t o ' t h b  'chemical: incompatabglity betwden.the primer and t h e  sur-  

f a c e s  at tempted for, .bonding. Some type of  surface.  a c t i v a t i o n  w i l l b e  neces- 

s a r y ' t o  genera te  a surface  t h a t  i s  chemica l ly reac t ive  with t h e  s i l a n e  primer 

composition. An at tempt was a l s o  made t o  combine t h e  s i l a n e  component of 

t h e  primer d i r e c t l y i n t o t h e  urethane t o  c r e a t e  a self-priming composition. 

A l e v e l  of 0.5%0£ t h e  2-6020 was blended i n t o  t h e  urethane and subsequent- 

l y  c a s t  onto  Sunadex low-iron g l a s s  and Mild s t e e l  shee t s .  This  approach 

d i d  no t  appear t o  be e f f e c t i v e  and gave bond s t r e n g t h s  of 2 l b s / i n  (Sunadex) 

and' 2 l b s / i n  ( s t e k l ) ' ,  n e i t h e r  of which' skrvived the  b o i l i n g  water t e s t .  

This  urethane has been success fu l ly  used f o r  the  f a b r i c a t i o n  of l abora to ry  

prototype solar '  c e l l  modules by t h e  c a s t i n g  method. I n  t h i s  process ,  the  



t h e  two components of t h e  urethane composition a r e  h e l d i n  s t i r r e d  contain-  

e r s  and degassed under vacuum. The vacuumis then r e l e a s e d  and t h e  two com- 

ponents ,  "A" and "B",  a r e  pumped i n t o  a common mixing chamber by a p a i r  of 

"Zenith" metering pumps t h a t  have a common gear  d r ive .  The two d r i v e s  mesh 

and t h e  r a t i o  of t h e  two components i s  permanently s e t  by s e l e c t i o n  of t h e  

gea r  s i z e s .  The composition is ,  t h e r e f ~ r e ~ h e l d c o n s t a n t  r ega rd less  of pump 

speed. The ou tpu t  end of t h e  mixer con ta ins  a  s e c t i o n  of  s t a t i c  mixer t o  

i n s u r e  homogeneity. Compositions have been prepared continuously a t  a  r a t e  

of approximately one l i t e r  p e r  minute. Using t h i s  device ,  modules a s  l a r g e  

aE 4 foot by 4 f o c t  hava been a u o o e a ~ f u l l y  prcparod by aimply p o m i t t i n g  

t h e  mixed compos i t ion to  flow over t h e  c e l l  s t r i n g s  i n  a  s u b s t r a t e d e s i g n o f  

module. In  a  l a r g e  s c a l e  automated f a c t o r y  opera t ion ,  t h e  composition would 

most l ike lybepumped i n t o  a preformedandheated module c a v i t y a n d p e r m i t t e d  

t o  cu re  t o  a t  l e a s t  a  "demold" condi t ion .  A scheme such a s  t h a t  used i n  

r e a c t i v e  i n j e c t i o n  molding (RIM) may be envisioned. ' The urethane would be 

handled i n  a manner t o  t h a t  shown i n  Figure 1. Di rec t ions  f o r  l abora to ry  

c a s t i n g  and d a t a  s h e e t s  f o r  2-2591 a r e  included i n  Appendix B. 

The 2-2591 i s  a v a i l a b l e  i n  p l a n t  q u a n t i t i e s  from ~eve lopment  ~ s s o c i a t e s ,  

Inc. ,  300 Old B a p t i s t  Road, North Kingstown, Rhode I s l and ,  02852; Contact 

M r .  Bud Nannig, (phone: 401-884-1350). The p r i c e ,  based on the  mixed sys-  

t e m ,  i s  expected t o  b e i n  t h e  o r d e r  of $3.00 per  pound; however, i t m a y f l u c -  

t u a t e  s l i g h t l y  due t o  raw m a t e r i a l  c o s t s .  Development Associa tes  a l s o  has 

a  few s p e c i a l t y  pr imers  a v a i l a b l e  t h a t  may be e f f e c t i v e  f o r  c e r t a i n  app l i -  

c a t i o n s .  



I V .  SUBSTRATES 

Spr ingborn  L a b o r a t o r i e s ,  I n c .  h a s  conducted e x t e n s i v e  s u r v e y s  i n t o  

, , 
m a t e r i a l s  t h a t  may be  u s e f u l  a s  c o s t - e f f e c t i v e  s u b s t r a t e s  f o r  photo- 

v o l t a i c  modules (a ) .  The r e s u l t s  o f  t h e s e  s u r v e y s  s u g g e s t  t h a t  t h e  

l o a d  b e a r i n g  e lement ,  e i t h e r  s u b s t r a t e  o r  s u p e r s t r a t e  w i l l  b e  t h e  most 

expens ive  s i n g l e  component i n  t h e  e n c a p s u l a t i o n  package.  Given t h e  

o v e r a l l  e n c a p s u l a t i o n  c o s t  g o a l  o f  $14.00/m2 (1980 d o l l a r s )  , t h e  l o a d  

b e a r i n g  e lement  may amount t o  a s  much a s  50% o f  t h e  c o s t ,  o r  up t o  

Surveys  have i d e n t i f i e d  p o t e n t i a l  c o n s t r u c t i o n  m a t e r i a l s  on  t h e  b a s i s  o f  t h e  

f l e x u r a l  s t r e n g t h  r e q u i r e d  t o  m e e t  t h e  l o a d  d e f l e c t i o n  s p e c i f i c a t i o n s  and 

t h e  c o s t  o f  t h e  m a t e r i a l  a t  t h e  r e q u i r e d  t h i c k n e s s .  The materials i d e n t i -  

f i e l d  t o  d a t e  a r e  a s  f o l l o w s :  

Candida te  M a t e r i a l  Es t imated  Cos t  
$ / f t 2  S/m2 

Hardboards (Masoni te ,  "Super-Dorlux" , 
Ukiah S t a n d a r d  Hardboard) 0.14 1 .52 

S t randboard  (Po t la tch-under  development) 0 .17 1 .80 

G l a s s - r e i n f o r c e d  c o n c r e t e  ( ~ B A . A s s o c i a t e s )  0.60 6.50 

Mild s t e e l  (28  gauge) 0.25 2.70 
( h a w  rnqt a'ppx. 1C Jjer sq. ft. 
p e r  m i l  o f  . t h i c k n e s s )  

A. Mild S t e e l  

Mild s t e e l  i s  t h e  l e a s t  expens ive  m e t a l l i c  m a t e r i a l  found t o  d a t e  and 

o f f e r s  t h e  advan tage  o f  e a s i l y  shaped i n t o  s t r u c t u r e s  t h a t  have i n t e g r a l  

s t i f f e n i n g  r i b s  i n c o r p o r a t e d  i n t o  t h e  manufactures  s t r u c t u r e .  The s t i f -  

f e n i n g  r i b s  may p e r m i t  t h e  r e d u c t i o n  o f  p a n e l  w e i g h t  and t h i c k n e s s  i n  

o r d e r  t o  meet t h e  d e f l e c t i o n  l o a d  s p e c i f i c a t i o n s  and a d d i t i o n a l l y  r e s u l t  i n  

a c o s t  op t imized  s t r u c t u r e .  

(a)  W i l l i s ,  P. and Baum, B . ,  I n v e s t i g a t i o n  o f  t h e  T e s t  ~ e t h o d s ,  Materia3 
P r u p e r t i e s  and P r o c e s s e s  for s o l a r  Cell E n c a p s u l a n t s ,  Annual Repork 
I1 and I11 t o  Je t  P r o p u l s i o n  L a b o r a t o r i e s ,  C o n t r a c t  954527, J u l y  1975 
and J u l y  1979. 



The d i f f i c u l t y  w i t h  t h e  u s e  o f  m i l d  s t e e l '  i s  i ts  i 'nherent c o r r o s i o n  

s e n s i t i v i t y .  Modules dep loyed  o u t d o o r s  wi thou t ' some p r o t e c t i o n  p rov ided  

f o r  t h e  s t e e l ,  w i l l  p r o b a b l y  kt l a s t  t h e  twenty y e a r  p e r i o d  w i t h o u t  r u s t ,  

r e s u l t i n g  i n  d e l a m i n a t i o n  o f  t h e  e n c a p s u l a t e d  c e l l  s t r i n g s  from t h e  s u r -  

f a c e  and p o s s i b l e  mechan ica l  d e t e r i o r a t i o n  o f  t h e  s t e e l  s t r u c t u r e  i t s e l f .  

The s o l u t i o n  t o  t h e  c o r r o s i o n  p r o b l e m - d e p e n d s ' o n  t h e  form t h e  c o r r o s i o n  

t a k e s .  The forms of  c o r r o s i o n  found i n  m e t a l s  a r e  ( a )  uniform a t t a c k  o v e r  

t h e  exposed s u r f a c e ,  ( b )  g a l v a n i c  c o r r o s i o n  between two d i s s i m i l a r  m e t a l s ,  

( c )  c r e v i c e  c o r r o s i o n  i n  l o c a l i z e d  s h i e l d e d  a r e a s ,  id)  p i t t i n g  c o r r v s i v ~ i  

and t h e  fo rmat ion  o f  c a v i t i e s ,  ( e )  i n t e r g r a n u l a r  . cokros ion .  at. t h e  m e t a l  
, I  

g r a i n  b o u n d r i e s ,  (i) s e l e c t i v e  l each ing .  o f  m e t a l s  froni a l l o y s ,  ( g )  e r r o -  

s i o n  from moving s o l i d s / f l u i d s  and,  ( h )  s t r e s s  ' c o r r o s i o n  caused by t h e  

p r e s e n c e  o f  a t e n s i l e  s t r e s s  and a  c o r r o d i n g  medium s i m u l t a n e o u s l y .  Prob- 

s e v e r a l  o f  t h e s e  mechanisms would come i n t o  a c t i o n  i n  s t e e l  -exposed 
. . t o  an  d u t d o o r  environment .  

. . . . . .- 

The a p p l i c a t i o n  o f  p r o t e c t i v e  c o a t i n g s  is  t h e  e a s i e s t  and most  obv ious  

way o f  p r e v e n t i n g  t h e  c o r r o s i o n  c h e m i s t r y  from o c c u r r i n g .  Coa t ings  form 

a  b a r r i e r  between t h e  m e t a l  and i t s  eiivlranment and isulclLe i L  L ~ o m  t h e  

e l e c t r o l y t e s  t h a t  a r e  r e q u i r e d  f o r  any of t h e  c o r r o s i o n  mechanisms t o  

o c c u r .  A good protective c o a t i n g  mi.~st resist d c i d s ,  d l k a l i s ,  sa l ts ,  

m o i s t u r e ,  u l t r a v i o l e t  l i g h t  and have good adherence  t o  m e t a l  s u r f a c e  f o r  

which l t  IS intended. 

C o a t i n g s  may b e  d i v i d e d  i n t o  t h r e e  g roups ;  m e t a l l i c ,  i n o r g a n i c ,  ar~d 

organic. 

M e t a l l i c  c o a t i n g s  i n c l u d e  m e t a l  s p r a y i n g ,  c l a d d i n g ,  h o t - d i p  c o a t i n g s  

and e l e c t r o p l a t i n g .  The l e a s t  expens ive  m e t a l l i c  c o a t i n g s  is h o t - d i p  

g a l v a n i z i n g  w i t h  a c o s t  inc rement  o f  a b o u t  20% o v e r  p l a i n  c o l d  r o l l e d  

m i l d  s t e e l .  Aluminum c l a d  r o l l e d  s t e e l  i s  a l s o  a v a i l a b l e ,  however i t  

i s  a lmos t  t w i c e  as expens ive  ( v a r i e s  w i t h  g r a d e  and m a n u f a c t u r e r ) .  



3 3 .  

Inorganic coating refers  basical iy  t o  porcelainization - a process of 

applying a  glass f r i t  t o  the surface of the s t e e l  and then f i r ing  u n t i l  

the glass fuses to  the surface. This,approach works well i n  terms of 

corrosion protection, however it i s  sensi t ive ,to mechanical flexing and i s  

a lso expensive. The s t e e l  sheet tha t  i s  sui table  for porcelain enameling 

costs about 15% more than mild s t e e l  and the enameling process i t s e l f  adds, 

perhaps an additional 50% to the overall  cost.  

Due to  the ease of use, the ab i l i ty  to  coat complex geometries, and cost 

benefi ts ,  our approach to  the corrosion problem has emphasized the use of 
. . 

orgarlic coatings. Several approaches are  under considera!ion. The 

poss ib i l i t i e s  include (a) .  encapsulation of the en t i r e  s t e e l  substrate 

with the weatherable pottant compound, (b) lamination with an . .. occulusive 

f o i l  ( i . e .  aluminum f o i l )  and the use of a  hot melt adhesive, ( c )  lamina- 

t ion with drganic films, such as pigmented pqlyester, and (d )  combinations 

of these techniques. The goal i s  to  systematically ident i fy,  assess and 

cost out candidate coating systems tha t  can meet the twenty year l i f e  c r i -  

terion a t  the lowest possible cost.  ,The following scheme i s  proposed: 



C o r r o s i o n  Protection S c h e m e  

MILD S T E E L  SHEET 

( 2 8  Gauge) 

SURFACE TREATMENT I I 
SAND BLAST N o n e  A C I D  WASH 

PRIME 
i 1 I 1 

BONDERITE SILANE 
ZINC PHOSPHATE PRIMER 

WASH ZINC CHROMATE 
PRIMER PRIMER, 

I 
B a k e  cycle N o  bake 

TOP COAT 

EVA S I L I C O N E  
A 9 9 1 8  

I 

SILICONE . ACRYLIC 
A Y""'\" 

POLYMER 
'OLYEsTER (AUTOMOTIVE) S T E X  

I 
B a k e  cycle 

I 
Dry cycle 

4 
SOLAR MODULE SUBSTRATE 



The type of coat ings t h a t  a r e  expected t o  f i t  i n t o  t h i s  scheme a r e  the  

automotive and the  maintenance coatings-employed f o r  durable s i d i n g  

on bui ld ings .  A b r i e f  list of  p o s s i b i l i t i e s  follows : 

b. 
Cost; Bo5h Sides  

C/ft 

Polyvinylidene ~ l u o r i d e  (Primer + Enamel) 
PPG Indus t r i e s ,  10 years  outdoor t o  da te  

Si l icone/polyes ter  
Dexter-Midland, prototypes t o  20 years  

Polyes ter  
Dexter-Midland, 50-10 years  outdoors 

Acrylic  coat ing  
PPG I n d u s t r i e s ,  5 years  outdoors 

Polyes ter  (Compliance Coat) 
Dexter-Midland, 5 years  outdoors 

Acrylic  Emulsion Coating 
Dexter-Midland, 5 years  (ext rapola ted)  

Polyes ter  Powder Coating 
n ~ x t ~ r - M i  d l  a n d  

"Bonderite" Primer t r e a t e d  conversion coating;  t o  0.2 
be appl ied  p r i o r  t o  coat ing  

To d a t e ,  a number of corrosion t e s t  specimens have been prepared with 

a v a r i e t y  of coat ings and evaluated f o r  performance i n  outdoor exposure 

and indoor heated s a l t  spray (ASTM B-117) t e s t s .  These coat ings  a r e  

based on adhesive/film combinations and a l s o  some maintenance coatings.  

m e  r e s u l t s  of  .these t e s t s  is given i n  Tables 4 and 5. The key f o r  these  

t a b l e s  i s  given i n  Table 6. 

a .  Recommended by i n d u s t r i a l  consul tant ,  M r .  M i l t  Glaser ,  
former.Vice-President of Dexter - Midland Company. 

b. flie p r i c e s  shown are f o r  f in i shed  pruduc.t cost, i. e. , 
FU4S a.nd labor  costs .  



0 
The s a l t  sp ray  c o n d i t i o n  is conducted i n  a c losed  chamber a t  35 C 

w i t h  a c o n t i n u a l  sp ray  of  5% s a l t  s o l u t i o n  sprayed on t h e  t e s t  specimens. 

This  cond i t i on  is  widely used i n  t h e  p l a s t i c s  and c o a t i n g s  i n d u s t r i e s  f o r  

t h e  assessment  o f  p r o t e c t i v e  c o a t i n g s ,  b u t  is  recognized a s  be ing  a s e v e r e  

test .  Very o f t e n ,  t h e  l i f e t i m e  o f  tes t  specimens i s  measured i n  hours .  

This  may b e  seen  i n  t h e  c a s e . o f  t h e  mild s t e e l  c o n t r o l  (Table  4 ) ,  i n  which 

e x t e n s i v e  co r ros ion  is  observed a f t e r  on ly  3 hours  exposure.  

A l l  t h e  tests specimens prepared  f o r  t h i s  experiment were s e a l e d  around 

t h e  edges wi th  b u t y l  rubber  s e a l a n t  t a p e  ( 3 M  Corporat ion No. 5354) and an 

EPRM rubber  qaske t  t o  form a water  t i g h t  s e a l .  

The f i r s t  specimens t o  show a s i g n s  of a t t a c k  used Acry la r  a c r y l i c  f i l m ,  

Scotchpar  p o l y e s t e r  and aluminum f o i l  g lued  t o  t h e  s t e e l  w i th  an a c r y l i c  

p r e s s u r e  s e n s i t i v e  adhes ive ,  number 4910 (3M Corpora t ion ) .  T h e s e  specimens 

gave i n d i c a t i o n s  o f  change a f t e r  20@ hours  of  exposure.  The o t h e r  c o a t i n g s  

a l l  l a s t e d  f o r - a t  l e a s t  500 hours  be fo re  any chanqe was n o t i c e d ,  s t i l l  few 

w e r e  found t o  b e  e f f e c t i v e .  Specimens prepared  wi th  Korad, S t a i n l e s s  

s tee l ,  Tedlar  and EVA (prlmed) c o a t i n g s  a l l  showed s u f f i c l e ~ ~ l  dLLdck LllaL 

they  w e r e  removed a t  o r  b e f o r e  t h e  2,500 hour mark. 

A few ok t h e  cand ida t e  systems have su rv ived  w i t h  rlu s icj l~~ 0f d e t e r i o r a -  

t i o n .  The b e s t ,  t o  d a t e ,  i s  a combination of Scot.chpar 20CP whi te  pigmented 

p o l y e s t e r . f i l m  t h a t  i s  bonded t o  t h e  s teel  wi th  EVA 9918 and t h e  a p p r o p r i a t e  

p r imer s  a t  t h e  iriteitf aces. ' l h i s  specinleri hds  e ~ ~ d u ~ e d  .5  , 500 hours  with no 

n o t i c a b l e  change. The o t h e r  c o a t l n g s  t h a t  are  performing w e l l  are EVA 
, . 

9918 compression molded t o  the s t e e l  wi th  t h e  u s e  of a z inc  chromate mod- 

i f i e d  s i l a n e  pr imer ,  and a commercial f luorocarbon  based  topcoa t  from PPG 

I n d u s t r i e s ,  P i t t s b u r q h ,  PA. wi th  its recommended epoxy pr imer .  These two 

have bo th  reached t h e  4,000 hour mark wi th  minimal d e t e r i o r a t i o n .  

Other  c o a t i n g s  under tes t  inc lude  an a c r y l i c  based automotive enamel and 

a s i l i c o n e  modified a lkyd  p a i n t .  Both a r e  s u r v i v i n g  wi thout  change, however 

t hey  have n o t  reached t h e  1,500 hour mark y e t .  The specimens t h a t  s u r v i v e  

t h e  exposure p e r i o d  w i l l  b e  cont inued u n t i l  d e t e r i o r a t i o n  does occur  and new 

m a t e r i a l s  w i l l  be  brought  i n t o  tes t  a s  they a r e  i d e n t i f i e d .  



The o u t d o o r  a g i n g  exposure  (Tab le  5)  is  n o t  n e a r l y  a s  s e v e r e  a s  t h e  s a l t  

s p r a y  c o n d i t i o n ,  however t h e  r e s u l t s  c o r r e l a t e d  f a i r l y  w e l l  between t h e  

two c o n d i t i o n s .  Every specimen t h a t  showed no s i g n s  of a t t a c k  under  

s a l t  f o g  a l s o  showed no d e t e r i o r a t i o n  under  o u t d o o r  wea ther ing ,  and most 

o f  t h e  specimens t h a t  d i d  show s i g n s  o f  change i n  s a l t  f o g  a l s o  changed 

i n  o u t d o o r  c o n d i t i o n s ,  a l though  t o  a  l e s s e r  degree .  Three  e x c e p t i o n s  were 

found; aluminum f o i l ,  Acmi t i t e  and T e d l a r  200 BS30 White. Specimens 

p r e p a r e d  w i t h " t h e s e  f i l m s  were d e s t r o y e d  i n  s a l t  s p r a y  b u t  s u r v i v e d  t h e  

5 ,500 h o u r  o u t d o o r  p e r i o d  w i t h  no e f f e c t .  The c o n t r o l  r e s u l t e d  i n  a l i g h t  

l a y e r  o f . c o r r o s i o n  w i t h i n  t h e  f i r s t  200 h o u r s  and r u s t e d  b a d l y  w i t h  500 

hours .  

A s  w i t h  t h e  s a l t  s p r a y  c o n d i t i o n ,  t h e  specimens w i l l  b e  exposed u n t i l  

d e t e r i o r a t i o n .  becomes s e v e r e  and new c o a t i n g  c a n d i d a t e s  w i l l  b e  added on  

a c o n t i n u i n g  b a s i s .  

An economic a n a l y s i s  o f  t h e  c o a t i n g s  a t t e m p t e d  i s  g i v e n  i n  Table  7 .  These 

t a b l e s  c a l c u l a t e  a c o s t  f o r  t h e  c o r r o s i o n  p r o t e c t i v e  sys tems  i n  $/m2 and 

$ / f t 2  based on t h e  known r a w  mater i 'a ls  c o s t s  and 'an approximate  c o s t  f o r  

t h e  a p p l i c a t i o n  and bake t r e a t m e n t  where r e q u i r e d .  The c o s t  a n a l y s i s  p e r -  

m i t s  a n  immediate comparison o f  t h e  c a n d i d a t e  c o a t i n g  systems f o r  c o s t  e f -  

f e c t i v e n e s s  and add-on cost t o  t h e  mi ld  s t e e l .  

The c o s t  a n a l y s i s  i n d i c a t e s  t h a t  spray-on maintenance c o a t i n g s  a r e  t h e  most 

c o s t  e f f e c t i v e  approach c o n s i d e r e d  t o  d a t e .  The l e a s t  e f f e c t i v e  a p p e a r s  t o  

be  vacuum bag l a m i n a t i o n  o f  t h e ' s t e e l  w i t h  EVA a t  a  c o s t  o f  approx .  $10-$11 

p e r  m2. T h i s  i s  based on c u r r e n t  c o s t  and t h i c k n e s s ,  however, and w a s  i n -  

c luded  t o  demons t ra te  p roof  o f  concep t .  Th inner  l a y e r s  o f  EVA o r  some o t h e r  

r e s i n  cou ld  p rove  t o  be  much more c d s t  c o m p e t i t i v e .  Due t o  t h e  h i g h  c o s t  o f  

t h e  a d h e s i v e ,  g l u e d  f i l m s  a p p l i e d  t o  t h e  s u r f a c e  a l s o  r e s u l t  i n  expens ive  

l a m i n a t e s  i n  t h e  o r d e r  o f  $6 p e r  s q u a r e  m e t e r ,  a l t h o u g h  t h e s e  are much c l o s e r  

t o  t h e  upper  l i m i t  o f  $7.00 p e r  meter  t o t a l  s u b s t r a t e  c o s t .  Of t h e  c o a t i n g s  

examined t o  d a t e ,  t h e  b e s t  cost /performance i s  p r o b a b l y  found f o r  t h e  Dextar  

75x102 c o a t i n g ,  w i t h  a c o s t  o f  $3.131m2.. ~ f t e r  4 ,000 h o u r s  o f  s a l t  s p r a y ;  
' / , . 



t h i s  coat ing  does show a  few small spo t s  of r u s t  and t h e  occasional  b l i s t e r ,  

however i t s  performance i s  judged a s  being q u i t e  good. Future experimental 

work i n  t h i s  p r i c e  range and more emphasis w i l l  be placed on corrosion in-  

h i b i t i n g  primers such a s  z inc  r i c h  epoxies and low f i r e  ceramics. 

B. Hardboards; Coatings 

Wood products (hardboards) a r e  p o t e n t i a l l y  the  most cos t -e f fec t ive  sub- 

s t r a t e  ma te r i a l s  ava i l ab le .  To become v iab le  candidates f o r  t h i s  funct ion ,  

t h e  def ic iency o f  hygroscopic expansion must be overcome. Water absorp- 
- 5 

t i o n  r e s u l t s  i n  l a r g e  dimensional changes (approximately 5 x  10 inches/ 

inch/% RH) t h a t  r e s u l t  i n  warping and cell f r a c t u r e  as t h e  hardboard ex- 

pands. Over t h e  0% t o  100% r e l a t i v e  humidity range, the  hardboard can 

expand by a s  much a s  0.4% (see  Figure 3) . 

A s e r i e s  of experiments were run tobdetermine i f  the  hardboard s u b s t r a t e s  

could be "passivated" t o  humidity e f f e c t s  by coating t h e  su r faces ,  coat ing  

t h e  edges to r  a  combination of the  two. Addit ionally,  t h e  idea  of e q u i l i -  

b r a t i n g  t h e  hardboard a t  a  high humidity p r i o r  t o  f a b r i c a t i o n  was b r i e f l y  

inves t iga ted  i n  order  t o  examine t h e  cont rac t ion  ( c e l l / p o t t a n t  compression) 

e f f e c t s .  

I f  t h e  module i s  prepared with hardboard t h a t  has been equ i l ib ra ted  a t  100% 

RH, then i t  i s  bound t o  l o s e  moisture i n  the  outdoor environment u n t i l  it 

reaches t h e  National  average of 60% (providing t h a t  t h e  coating suppl ied  an 

e f f i c i e n t  damping f a c t o r )  . 

I n i t i a l l y ,  the  e f f e c t s  of j u s t  coat ing  t h e  edges and/or the  surfaces  with 

polymer t i l m s  was titfed t o  determine the  llldyl~itude of the effeet.  ~ i l b l c  8 

gives  the  r e s u l t s  of  t h i s  experimentation. The measurements i n d i c a t e  the  

change i n  weight with r e s p e c t  t o  the  e n t i r e  module weight (Column A) and 

pe rcen t  change with r e s p e c t  t o  the  weight of the  hardboard only (Column B). 

The l e a s t  v a r i a t i o n  i n ~ w e i g h t  changes was found f o r  the  specimens coated with 

s t a i n l e s s  f o i l  and aluminum f o i l  due t o  t h e i r  lack of water vapor t rans-  

mission. I n  t h i s  c a s e ,  moisture i n t r u s i o n  must have come through the  edge 



s e a l  and .gaske t .  I n  t h e  b e s t  c a se  ( s t a i n l e s s  f o i l )  t h e  o v e r a l l  v a r i a t i o n  

over  t h e  t e s t  p e r i o d  was a t o t a l  of  0.06% based on t h e  weight  o f  t h e  hard- 

board alone.  The l i n e a r  expansion c o e f f i c i e n t  o f  t h e  hardboard used ("Super 

Dorlux", Masonite Corporat ion)  is  approximately 0.04% p e r  weight  p e r c e n t  

of  absorbed .water .  Using t h i s  approximation,  t h e  o v e r a l l  v a r i a t i o n  of  t h e  
- 5 

f o i l  1aminated.hardboard is  i n  t h e  o r d e r  o f  2.4 x 10  . Of t h e  combin-. 

a t i o n s  of o rgan ic  c o a t i n g s  examined, whi te  2.0 m i l  p o l y e s t e r  (Scotchpar  

20CP - 3M Corporat ion)  bonded wi th  a p r e s s u r e  s e n s i t i v e  a c r y l i c  adhes ive  

had t h e  lowest  o v e r a l l  v a r i a t i o n  of  weight  amounting t o  0.35%. This  c a l -  
-5 

c u l a t e s  t o  a l i n e a r  expansion of  14 x 10 , o r  approximately s i x  t i m e s  t h e  

expansion found wi th  t h e  f o i l  coa t ed  specimens. 

The uncoated c o n t r o l  s t e a d i l y  ga ined  weight  and inc reased  by 4.0% ove r  t h e  

s i x t e e n  week exposure,  corresponding t o  0.16% l i n e a r  expansion. This i s  

almost  four  o r d e r s  of magnitude more than  t h e  l i n e a r  expansions observed 

i n  t h e  f o i l  coa ted  boards.  

These experiments have been pre l iminary  a t t empt s  t o  g e t  an i d e a  of  t h e  

p o t e n t i a l  e f f e c t i v e n e s s  o f  us ing  coa t ings  of meta l s  and polymers f o r  t h e  

p a s s i v a t i o n  of cand ida t e  hardboard s u b s t r a t e s  i n  an outdoor  environment. 

The gene ra l  conc lus ions  a r e  t h a t  t h i s  approach may be  v i a b l e ;  however, a 

more expanded s tudy  w i l l  b e  r e q u i r e d  t o  gene ra t e  p r a c t i c a l  recommendations 

t o r  m a t e r i a l s  and techniques.  The approach envis ioned  a t  t h i s  t ime is (1) 

determine t h e  mois ture  vapor t r ansmis s ion  (MVT) through candida te  c o a t i n g s  

by t h e  ASTM "per  cup" method, E-96, (2)  determine t h e  s ea sona l  v a r i a t i o n  i n  

r e l a t i v e  humidity from c l i m a t i c  t a b l e s ,  ( 3 )  c a l c u l a t e  t h e  t h i cknes s  o f  t h e  

c o a t i n g  r e q u i r e d  t o  "damp" o u t  t h e  humidi ty  v a r i a t i o n s  t o  main ta in  t h e  hy- 

groscopic  expansions wi th  i n t o l e r a b l e  l i m i t s ,  (4 )  p r epa re  a c o s t  a n a l y s i s  

t o  determine c o s t / e f f e c t i v e n e s s ,  and (5 )  p r epa re  tes t  specimens f o r ' o u t d o o r  

exposure t o  v e r i f y  performance. 



V. SOILING EXPERIMENTS 

The performance of photovoltaic modules is adversely affected by surface soil- 

ing, and generally, the loss of performance increases with the quantity of 

soil retained on their surfaces. To minimize performance losses caused by 

soiling, photovoltaic modules not only should be deployed in low-soiling geo- 

graphical areas, but also should have surfaces or surfacing materials with low 

affinity for soil retention, maximum susceptibility to natural removal by winds, 

rain, and snow; and should be readily cleanable by simple and inexpensive main- 

tQnanco cleaninq t ~ r h n i  q i ~ e s .  

The action of soiling is considered to include accuuulation, natural removal by 

wind, rain, and snow; and activation of mechanisms that result in surface soil- 

ing that resists naturzl removal, thus requiring ma'intenance methods. 

The theoretical aspects of soiling have been addressed recently in documents by 

the Jet Propulsion Laboratory. " r b .  The basic findings of these studies show 

that the rate of soil accumulation in the same geographical area is material 

independent and that rainfall functions as a natural cleaning agent. The ef- 

fectiveness of the cleaning effect of the rain is material dependent, however. 

Based on the postulated mechanisms for soil retention on surfaces, certain 

characteristics of low-soiling surfaces may be assumed. These are: .(a) hard, 

(b) smooth, (c) low in surface energy, (dl chemically clean of water soluble 

sales, and (el chemically clean of sticky materials. It is possible that cost 

effective coatings having these required properties may exist and be applied 

to solar module surfaces and result in low maintenance costs and preserve the 

effective generation of power from these devices. 

a. Cuddihy, E. F., "Encapsulation Materials Status to December 1979" LSA 
Project Task Report 5101-144, Jet Propulsion Laboratory, Pasadena, CA, 
January 15, 1980. . . 

. . 
b. Hoffman, A .  H., and Maag, C. R., "Airborne Farticulatc Soiling of Terres- 

trial Photovoltaic Modules and Cover Materials", Proceedings of the 1nsti- . 

tute of Environmental Sciences, May 11-14, 1980; Philadelphia, PA. 



4 1. 

The c a n d i d a t e  m a t e r i a l s  f o r  t h e  o u t e r  s u r f a c e  o f  s o l a r  modules c u r r e n t l y  con- 

s is ts  o f  low-iron g l a s s ,  Ted la r  f l uo roca rbon  f i l m  (DuPont) and a  b i a x i a l l y  

o r i e n t e d  a c r y l i c  f i l m ,  Acry la r  (3M Corpora t ion ;  p roduc t  X-22417). These ma- 

t e r i a l s  a r e  a l l  r e l a t i v e l y  hard ,  smooth and f r e e  o f  water  s o l u b l e  r e s i d u e s ,  

consequent ly  experiments  were conducted t o  de te rmine  i f  a n  improvement i n ,  

s o i l i n g  r e s i s t a n c e  could  be ob t a ined  by t h e  a p p l i c a t i o n  o f  low s u r f a c e  energy 

t r e a t m e n t s .  

A survey  o f  c o a t i n g  m a t e r i a l s  showed t h a t  v e r y  few commercial m a t e r i a l s  e x i s t  

t h a t  cou ld  be u s e f u l  f o r  t h i s  purpose and t h a t  exper imenta l  compounds may a l s o  

have t o  be syn thes i zed .  

A s e r i e s  o f  a n t i m i g r a t i o n  c o a t i n g s  des igna t ed  FC-721 and FC-723 a r e  a v a i l a b l e  

from 3M Corpora t ion  and a r e  c la imed t o  have ex t remely  low s u r f a c e  e n e r g i e s  i n  

t h e  o r d e r  o f  11-12 dynes/cm. These compounds a r e  based on a  f l o u r i n a t e d  acry-  

l i c  polymer and a r e  s o  e f f e c t i v e  i n  r educ ing  s u r f a c e  t e n s i o n  t h a t  s i l i c o n e  

o i l  beads up on t h e  s u r f a c e  o f  g l a s s  t r e a t e d  w i t h  t h i s  m a t e r i a l .  The d i f f i -  

c u l t y  w i th  t h e s e  c o a t i n g s  i s  t h a t  t hey  a r e  v e r y  e a s i l y  removed and have v i r -  

t u a l l y  no permanence on t h e  s u r f a c e s  a t tempted .  They were,  t h e r e f o r e ,  n o t  

used i n  t h e  expezimental  s o i l i n g  work and more d u r a b l e  c a n d i d a t e s  were s e l e c t -  

ed .  

A t o t a l  o f  seven c o a t i n g s / t r e a t m e n t s  were s e l e c t e d  f o r  s o i l i n g  r e s i s t a n c e  e v a l -  

u a t i o n s ,  as fo l l ows :  

1. L-1668, a n  exper imenta l  f luorochemica l  s i l a n e  produced by 3M Corpora t ion  

t h a t  i s  used t o  impar t  water  and o i l  r e p e l l e n c y  t o  g l a s s  s u r f a c e s .  Th i s  

m a t e r i a l  i s  n o t  y e t  commerciald 

2. L-1668 fo l lowing  t r e a t m e n t  o f  t h e  s u r f a c e . w i t h  ozone a c t i v a t i o n  ( f o r  t h e  

o r g a n i c  f i l m s  o n l y )  . 
3. Dow Corning E-3820-103B, and exper imenta l  t r ea tmen t  c o n s i s t i n g  o f  p e r f l u o -  

rodecanoic  a c i d  coupled t o  a  s i l a n e  (2-6020).  Th i s  compound i s  n o t  com- 

m e r c i a l l y  a v a i l a b l e .  

4 .  The E-3820-103B fo l lowing  s u r f a c e  t r e a t m e n t  w i t h  ozone t o  c r e a t e  zc'ive 

s i t e s  on t h e  o r g a n i c  polymer f i l m s .  



5. Glass resin 650, produced by Owens-Illinois (commercially available). 

6. SHC-1000, a silicone based hardcoat resin produced by General Electric 

(commercially available). 

7. WL-81 acrylic resin produced by Rohm and Haas (commercially available). 

Ozone treatments are not used with the glass because no surface activation 

occurs in this case. 

These coatings/treatments were applied to each of the three candidate outer 

surfaces using the recommended application technique. The organic film mater- 

ials, Tedlar and Acrylar were supported by a piece of glass on the underside, 

and attached with a colorless and ultraviolet stable pressure sensitive adhe- 

sive(.a) The completed test coupons were then mounted in outdoor racks on the 

roof of Springborn Laboratories' facilities in Enfield, Connecticut. Evalua- 

tion was performed monthly and a record of rainfall was kept in order to cor- 

relate soiling effects with precipitation. 

The degree of soiling on the completed specimens was measured by power trans- 

mission using a,specially designed standard cell device. This instrument 

measures the drop in short circuit eurrenr, I,,, at neyliyille voltage drop 

(high input impedance) when the soiling specimen is placed between the standard 

cell and the light source. This method was found to be t i w  u~easuxcment. of sp- 

tical transmission with a spectrometer. Poor correlation with Isc and %T re- 

sulted from large experimental errors due ro difklcullles wiLli inounting the 

soiling specimen to the port of the spectrometer. 

The tes~~lts of one year of outdoor exposure, are recorded in Tables 9 A  through' 11B 

in the Appendix. The soiling data is given in two forms; the change in short 

circuit current, I,=, using a standard cell (Tables -A) and percent change in 

the short circuit current with respect to the unexposed control measurement 

(Tables -B). Examination of the -B Tables reveals the general trends in soil- 

ing which are also presented in graphical form, Figures 4,5, and 6. Only the 

control and the three most effective treatments are graphed, for clarity. 

a. Royal M6112 acrylic pressure sensitive adhesive-Uniroyal Chemical Co.. 



Observation of t h e  d a t a  r e v e a l s  t h a t  a f l u c t u a t i n g  bu t  genera l ly  inc reas ing  

l o s s  i n  power i s  found f o r  a l l  specimens. The degree of l o s s  v a r i e s  according 

t o  the  type of  su r face  t rea tment  and the  p a r t i c u l a r  month of exposure. 

Sunadex g l a s s ,  and the  t rea tments  appl ied  t o  i t ,  gave specimens wi th  t h e  b e s t  

o v e r a l l  i nhe ren t  s o i l  r e s i s t a n c e .  The c o n t r o l  and most of t h e  coated specimens 

followed t h e  same p a t t e r n  of  r i s i n g  and f a l l i n g  simultaneously throughout t h e  

exposure per iod  and t h e  n i n t h  month (winter )  showed a dramatic decrease  i n  pow- 

e r  i n  a l l  cases .  A cons tan t  d i f f e r e n t i a l  was found between t h e  c o n t r o l  mea- 

surements and t h e  .two most e f f e c t i v e  c o a t i n g s ,  a s  may be seen,  F igure  4 .  The 

two most e f fec t i -yescoa t ings  were L-1668 and t h e  E-3820 f l u o r o s i l a n e  t rea tments .  

Both showed s i g n i f i c a n t  improvements oven t h e  c o n t r o l  specimens, and a f t e r  12 

months gave power.'loss va lues  of -1.0% and -1.3% respec t ive ly .  The uncoated 

c o n t r o l  specimen lbst -3.1% of power throughput. A l l  t h e  o t h e r  c o a t i n g s / t r e a t -  

metns gave i n f e r i o r  performance t o  t h e  c o n t r o l ,  The specimens may be ranked 

according t o  t h e  average % power l o s s  over the  twelve month per iod  a s  fo l lows:  

L-1668 

E-3820 

Control  

01-650 

SHC-1000 

WL-81 

Mean Power Loss 

The Acrylar  acryl , ib ' . f i lm formulat ions s o i l e d  much more severe ly  than t h e  Suna- 

dex g l a s s  specimens. A l l  t h e  specimens s t e a d i l y  l o s t  power throughout t h e  ex- 

posure pe r iod ,  hpwever, almost a l J  a f  t h e  t rea tments  had a b e n e f i c i a l  e f f e c t .  

The uncoated c o n t r o l  specimeqs s o i l e d  very badly and a t  one p o i n t  (10th  month) 

dropped t o  a low - l Q . R % ,  power loss. After t h e  t w e l f t h  monthi t h c  c o n t r o l  

value re turned t o  a -7.8% power l o s s ,  with most of t h e  t r e a t e d  specimens show- 

ing  a 4 t o  5% l o s s .  The e f f e c t i v e n e s s  of t h e  coat ings / t rea tments  may be com- 

pared by ranking them according t o  t h e  average power l o s s ,  a s  be fo re .  'The 

r e s u l t s  a r e  a s  fo l lows:  



~ o a t i n g / ~ i e a t m e n t  Mean Power Loss  

Ozone, E-3820 -3.07% 

Ozone, L-1668 -4.03% 

01-650 

SH( :-I I'II'IT) 

C o n t r o l  

A f t e r  t h e  t w e l f t h  month,  t h e  t r e a t m e n t  w i t h  t h e  b e s t  f i n a l  t r a n s m i s s i o n  r e s u l t e d  

from th; ozone t r e a t m e n t  f o l l o w e d  by E-3820. Thg r e s u l t s  o f  r h e  performance o f  

t h e  c o n t r o l  and t h e  t h r e e  b e s t  c o a t i n g s  i s  d i s p l a y e d  i n  F i g u r e  5 .  

The t h i r d ,  and  l a s t ,  cand ' ida te  o u t e r  s u r f a c e  t o  be i n v e s t i g a t e d  was T e d l a r  

(100BG3OUT), a  t r a n s p a r e n t  uv a b s o r b i n g  f i l m  o f  p o l y  ( v i n y l  f l u o r i d e )  manufac- . . 
t u r e d  by DuPont. A s  w i t h  t h e  A c r y l a r  f i l m ,  t h i s  m a t e r i a l  was mounted on  g l a s s  

s q u a r e s  w i t h  a  p r e s s u r e  s e n s i t i v e  a c r y l i c  a d h e s i v e  and dep loyed  w i t h  t h e  u s u a l  

s e r i e s  o f  c o a t i n q s / t r e a t m e n t s .  The o v e r a l l  performance o f  t h e s e  specimens w a s  

be t t e r  t h a n  t h e  a c r y l a r ,  b u t  worse t h a n  t h e  Sunadex g l a s s .  The c o n t r o l  degraded  

s t e a d i l y  i n  power t h r o u g h p u t  r e a c h i n g  a l m o s t  9% l o s s  i n  t h e  t e n t h  month and  r e -  

c o v e r i n g  t o  a t o t a l  -6 .5%'  l o s s  by t h e  L w e l f t h  month. A l l  t h e  c o a t i n g s / t r e a t -  

ments  a p q l i e d  t o  t h e  T e d l a r  were more e f f i c i e n t  i n  r e t a r d i n g  s o i l  a c c u m u l a t i o n  
- L 

t h a n  t h e  c o n t r o l .  A s  w i t h  t h e  p r e v i o u s  twq c ' a n d i d a t e s ,  t h e  f l u o r o s i l a n e  t r e a t -  

ments  gave  t h e  b e s t  p e r f o ' m a n c e ,  t h e  b e s t  b e i n g  t h e  E-3820 compbund, which con- 

s i s t a n t l y  gave  a 4% t o  5% hpravement i n  .perfurnldllce over- the exposure p c r i o d  

and  r e c o v e r e d  t o  a l o s s  o f  o n l y  2.4% i n  t h e  t w e l f t h  month measurement.  Ranking 

t h e  e f f e c t i v e n e s s  o f  t h e  c o a t i n g s  by mean power l o s s  ,' as b e f o r e  : 



Coat ing /Trea tment  Mean Power Loss  

E-3820 

Ozone, L-1668 

Ozone, E-3820 

C o n t r o l  
. . -5.06% 

The most s e v e r e  s o i l i n g  and c o n s e q u e n t  l o s s  o f  power i s  s e e n  i n  t h e  e i g h t h ,  

n i n t h ,  and t e n t h  months o f  e x p o s u r e .  These months were  J a n u a r y ,  F e b r u a r y ,  and . . 
March, d u r i n g  which p e r i o d  o f  t i m e  t h e r e  was p r e c i p i t a t i o n  a s  snow,. b u t  v i r -  

\ .  

t u a l l y  none as ra- in .  A l l  t h e  specimens began t o  r e g a i n  t h e i r  t r a n s m i s s i o n  a s  

t h e  s p r i n g  r a i n s  o c c u r r e d  i n  t h e  e l e v e n t h  and t w e l f t h  months ( A p r i l  and  ~ a y ) .  

I n c r e a s e s  were a l s o  s e e n  e a r l i e r  d u r i n g  t h e  f o u r t h  month (September)  i n  which 
. .  . 

t h e r e  w a s  a l s o  a l a r g e  amount o f  r a i n -  ( 5 . 9 2 " )  . ~ l t h o u ~ h  even  more r a i n  oc-  

c u r r e d  i n  t h e  f i f t h  month ( ~ c t o b e r ,  6172") t h e  specimens f a i l e d  t o  r e g a i n  much 
. . .  . . 

of  t h e i z  power' t r a n s m i s s i o n ,  and t h e  o v e r a l l  v a l u e s  t e n d  t o  d e c l i n e  a f t e r  t h i s  
I "  .. 

p o i n t .  ( A  Tab le  &:f r a i n f a i l  i n  i n c l u d e d  i n  t h e  kppendix,  T a b l e  1 2  ) . T h i s  may . - .  , 

be due, i n  p a r t ,  t o  t h e  l o s s  of s u r f a c e  t r e a t m e n t  i n  some c a s e s .  I n  A c r y l a r ,  

t r e a t m e n t  w i t h  L-1668 a p p e a r s  t o  o u t p e r f o r m  t h e  specimen t h a t  i s  t r e a t e d  w i t h  . . 
ozone + L-1668 f o r  t h e  f i r s t  f i v e  months ,  and t h e n  becomes g r a d u a l l y  worse .  

T h i s  may be  due  t o  g r a d u a l  l o s s  o f  t h e  L-1668 t r e a t m e n t  t h a t  i s  p r e v e n t e d  by 

t h e  c h e m i c a l  a c t i v a t i o n  w i t h  ozone i n  t h e  l a t t e r  c a s e :  Weather ing e f f e c t s  
. '. 

t h a t  a l t e r  t h e  s u r f a c e  c h e m i s t r y  are a l s o  l i k e l y .  A l l  t h e  specimens r e t r i e v e d  . - . . 
from t h e  o u t d o o r  a g i n g  r a c k s  were found t o  have l o s t  a good d e a l  o f  t h e i r  w a t e r  

r e p e l l e n c y .  When s p r a y e d  w i t h  a j e t  o f  d i s t i l l e d  w a t e r ,  a l l  t h e  exposed s u r -  

f a c e s  showed w e t t i n g ,  even t h e  Sunadex/L-1668 specimen. I n  c o n t r a s t ,  f r e s h l y  

t r e a t e d  s u r f a c e s  a r e '  c o n s p i c u o u s l y  w a t e r  r e p e l l e n t  and w a t e r  d r o p l e t s  bead up 

i n s t a n t l y .  An a t t e m p t  w a s  made t o  d e t e r m i n e  t h e  s u r f a c e  e n e r g y  o f  t h e  exposed 

specimens by t h e  c o n t a c t  a n g l e  t e c h n i q u e ,  employing l i q u i d s  o f  v a r y i n g  s u r f a c e  

t e n s i o n ,  however d i f f i c u l t i e s  were e n c o u n t e r e d  w i t h  t h e  measurements and no 

mean ingfu l  d a t a  r e s u l t e d .  



I n  add i t ion  t o  t h e s e  su r faces  and candidate t rea tments ,  specimens of g l a s s  

and polymers coated with experimental l i q u i d  g lasses  developed a t  I C I /  

Univers i ty  o f  Delaware a r e  a l s o  included i n  the  t e s t  scheme. These include 

soda-lime g lass  and a c r y l i c  panels  coated with chromium phosphate, i r o n  

phosphate and t i tanium dioxide  f i lm. One specimen of g l a s s  t h a t  was i r o n  

p l a t e d  with magnesium f l u o r i d e  was a l s o  p u t  under t e s t .  These a r e  more 

expensive coa t ings ,  due mainly t o  the  app l i ca t ion  method, however they 

were considered t o  be worth t ry ing .  The r e s u l t s  a r e  given i n  Table 13.  

A s  may be seen,  t h e  s u r f a c e  treatments a r e  l e s s  e f fec f ive  than the  cont ro l .  

In  a  number of c a s e s ,  d i sco lo ra t ion  of the  specimen had occurred and the  

r e s u l t s  were f e l t  t o  be  l e s s  s lgnlir icant  than these  previously repurleil .  

Thls s e r l e s  o t  exposures were cerrninared af r e r  s e v r l l  IIIUII L l ~ s  . 

A new candidate ou te r  su r face  has been included i n  the  outdoor exposures. 

This  ma te r i a l  i s  a s t a b i l i z e d  polyes ter  f i lm designated "Hostaphan" EH-723 

(American Hoechst) and has been deployed with a l l  t he  surface  treatments of 

c u r r e n t  i n t e r e s t .  

I n  summary, low s u r f a c e  energy t rea tments  based on f l u o r o s i l a n e  chemistry 

appear t o  be e f f e c t i v e  i n  r e t a r d i n g  t h e  accumulation of d i r t  on t h e  candidate  

o u t e r  su r faces  o f  i n t e r e s t .  The most e f f e c t i v e  s o i l  r e t a r d a n t  t rea tments  

i d e n t i f i e d  t o  d a t e  a r e :  f o r  Sunadex g l a s s ,  L-1668; f o r  Acrylar ,  ozone a c t i -  

v a t l o n  tollowed by E-3820 ;  and far , f ed la r ,  t rea tment  wi th  E-2820. 

A f t e r  one year o f  outdoor exposure, t h e  b e s t  t rea tments  gave improvements of 

2 1 / 2 %  t o  4% i n  l i q h t  throuqhput measured wi th  a s tandard  c e l l  and l i g h t  source.  

The removal of accumulated s o i l  c o r r e l a t e d  we l l  wi th  r a i n f a l l  b u t  no t  wi th  pre- 

c i p i r a r i o n  as snowfall. 

The obvious v i s u a l  d i f f e r e n c e  i n  t h e  wet t ing  of  exposed versus  f r e s h l y  prepared 

specimens i n d i c a t e s  t h a t  t h e  low sur face  t ens ion  t rea tments  a r e  prone t o  e i t h e r  

chemical degradat ion  o r  phys ica l  l o s s  and may have t o  be replenished on a per- 

i o d i c  b a s i s .  A maintenance schedule needs t o  be determined based on the  c o s t  

of produced power gained by employing t h e  coa t ings  versus  t h e  c o s t  of rou t ine  

maintenance requi red  f o r  c l ean ing  and recoa t ing  t h e  s u r f a c e s .  This  s tudy w i l l  

be performed i n  t h e  proceeding months of t h i s  program and t h e  c o s t  e f f e c t i v e -  

ness  of these  approaches w i l l  be determined. 



V I .  PRIMERS AND ADHESIVES 

Adhesives ,  p r i m e r s  o r  some o t h e r  mechanism a r e  n e c e s s a r y  f o r  t h e  h i g h  

r e l i a b i l i t y  bonding of t h e  assembly components t o  one a n o t h e r  i n  o r d e r  t o  

i n s u r e  t h e  s t r u c t u r a l  i n t e g r i t y  and l o n g  l i f e  performance o f  t h e  module. 

The a d h e s i o n  between t h e  p o t t a n t  and o t h e r  components, i . e . ,  s u b s t r a t e ,  

s u p e r s t r a t e  and o u t e r  c o v e r ,  was i n v e s t i g a t e d  i n  t h e  p a s t  y e a r  and some 

encourag ing  r e s u l t s  were o b t a i n e d  w i t h  t h e  u s e  o f  p r i m e r s .  

A p r i m e r  o p e r a t e s  b y . c r e a t i n g  a  r e a c t i v e  chemica l  i n t e r f a c e  between two 

components, whereas an a d h e s i v e  i s  a d i s c r e e t  compound t h a t  c o n s t i t u t e s  a  

s e p a r a t e  p h a s e  t o  which t h e  two o t h e r  components may bond. Pr imers  have  

been emphasized i n  t h e  bonding s t u d i e s  due t o  a  number o f  advan tages  t h e y  

p r e s e n t  i n  use .  P r imers  a r e  (a)  used i n  e x c e e d i n g l y  s m a l l  q u a n t i t i e s ,  

( b )  a r e  c o s t  e f f e c t i v e ,  a r e  ( c )  e a s i l y  a p p l i e d  t o  s u r f a c e s ,  ( d )  f u n c t i o n  by 

t h e  fo rmat ion  o f  h i g h  s t r e n g t h  chemical  bonds ,  and (e)  may p o s s i b l y  b e  com- 

b i n e d  i n t o  t h e  p o t t a n t  sys tems t o  e l i m i n a t e  t h e  p r iming  s t e p .  

Tab le  1 4  shows t h e  r e s u l t s  o f  adhes ion  bond s t r e n g t h  e v a l u a t i o n s  o f  

m a t e r i a l s  and p r i m e r s  i n v e s t i g a t e d  t o  d a t e .  The t e s t  specimens were p r e -  

p a r e d  i n  a  manner s i m i l a r  t o  t h a t  which would b e  encounte red  i n  a  a c t u a l  

module f a b r i c a t i o n .  A l l  s u b s t r a t e / s u p e r s t r a t e  specimens were e v a l u a t e d  

by ASTM method D-903 f o r  t h e  p e e l  o r  s t r i p p i n g  s t r e n g t h  o f  l a m i n a t e s ,  i n  

which t h e  polymer l a y e r  is  p u l l e d  back o f f  t h e  s u b s t r a t e  a t  a 180 d e g r e e  

a n g l e .  For f l e x i b l e  specimens,  such  a s  polymer bonded o u t e r  c o v e r  m a t e r i a l s ,  

ASTM method D-1867 ("T" - P e e l )  w a s  employed. A l l  v a l u e s  a r e  r e p o r t e d  as 

pounds o f  stress p e r  i n c h  o f  w i d t h  o f  bond l i n e .  Specimens showing h i g h  

c o n t r o l  v a l u e s  were f u r t h e r  t e s t e d  a f t e r  w a t e r  immersion f o r  two weeks and 

exposure  t o  b o i l i n g  w a t e r  f o r  p e r i o d s  o f  two h o u r s .  

The t a b l e s  r e c o r d  t h e  measured stress v a l u e s  a t  b r e a k ,  and a r e  shown a s  

s e p a r a t e  t a b l e s  f o r  each  o f  t h e  p o t t a n t s ;  EVA, EMA, p o l y u r e t h a n e  and b u t y l  

a c r y l a t e .  



P r i m e r s  t h a t  a r e  e f f e c t i v e  f o r  bonding EVA t o  a lmos t  a l l  t h e  o t h e r  

c a n d i d a t e  s u r f a c e s  have been i d e n t i f i e d ,  a s  may b e  s e e n  on t h e  c h a r t .  

One e x t r e m e l y  u s e f u l  p r i m e r  h a s  r e c e n t l y  been i d e n t i f i e d  and added t o  t h e  

l i s t .  This  p r i m e r  is  e f f e c t i v e  f o r  bonding EVA t o  p o l y e s t e r  f i l m ,  one  

' of  t h e  most d i f f i c u l t  s u r f a c e s  t o  pr ime.  Th is  p r i m e r ,  which w a s  develop-  ' 

e d  a t  Dow Corning,  i s  a  s i l a n e  modi f i ed  melamine compound which i s  thought  

t o  bond by forming an  i n t e r p e n e t r a t i n g  polymer network a s  w e l l  a s  chemical  

bonds .  The i n g r e d i e n t s  o f  t h i s  f o r m u l a t i o n ,  d e s i g n a t e d  14.719 (Spr ingborn  

n ~ ~ m h ~ r )  , a r e  a s  f n l  l n w s  . 

. Dow Corning 2-6040 
(g lyc idoxypropyl  t r imethoxy  s i l a n e )  1 .25  

. Monsanto "Resimene 740" 
(melamine/formaldehyde r e s i n )  23.75 

. I s o p r o p a n o l ,  anhydrous s o l v e n t  75.00 - 

100.00 

The above m i x t u r e  may b e  f u r t h e r  d i l u t e d  w i t h  more s o l v e n t ,  i f  d e s i r e d .  

The m i x t u r e  s h o u l d  b e  k e p t  t i g h t l y  c l o s e d  a n d ' f r e e  o f  ino i s tu re  and  w a t e r .  
. . 

c o n t a m i n a t i o n .  T h i s  p r imer  r e s u l t s  i n  ex t remely  h i g h  s t r e n g t h ' b o n d s  when 

a p p l i e d  t o  p o l y e s t e r  f i l m  w i t h  subsequen t  l a m i n a t i o n  and c u r i n g  w i t h  EVA. 

S c o t c h p a r  20CP w h i t e  p o l y e s t e r  f i l m ,  a  s u b s t r a t e  back c o v e r ' c a n d i d a t e , ' w a s  

swabbed w i t h  t h e  m i x t u r e ,  a l lowed t o  d r y  f o r  10 minu tes  at" room tempera tu re  - 

and t h e n  compress ion molded w i t h  EVA 9918 a t  1 5 0 ~ ~ '  f o r  15 h i n u t e s .  The 

tes t  specimens gave p e e l  s t r e n g t h s  o f  30 pounds p e r  i n c h . o f  wid th  and s u r -  

v i v e d  two h o u r s  o f  b o i l i n g  w a t e r  w i t h  a bond s t r e n g t h  o f  twenty pounds p e r  

i n c h .  

D e s p i t e  t h e  s i m i l a r i t i e s  i n  c u r e  c h e m i s t r y ,  EMA ~ s ' m u c h  more d i t t i c u l t  t o  

bond t h e n  t h e  EVA. Pr imer  f o r m u l a t i o n s  e f f e c t i v e  w i t h  EVA a r e  sometimes 

o n l y  m a r g i n a l l y  u s e f u l  w i t h  t h e  EMA. To d a t e , t h e  o n l y  p r i m e r  t h a t  h a s  g iven  

good r e s u l t s  w i t h  t h i s  p o t t a n t  is A11861, which gave e x c e l l e n t  s t r e n g t h  t o  

Sunadex g l a s s  and g.ood performance w i t h  mi ld  s t e e l .  



.A number o f  new p r i m e r s  were e v a l u a t e d  f o r  t h e  a d h e s i v e  bonding o f  t h e  
.. . 

a l i p h a t i c  ur-e thane and t h e  b u t y l  a c r y l a t e  (BA). s y r u p  p o t t a n t s .  Ne i the r  o f  

t h e s e  p o t t a n t s  have any measurable  bo,nd s t r e n g t h  t o  unprimed s u r f a c e s .  

Z6032W pr imer  was e f f e c t i v e  wi th  t h e  b u t y l  a c r y l a t e  sys tem and T e d l a r  f i l m  

b u t  o n l y  m a r g i n a l l y  e f f e c t i v e  w i t h  o t h e r  s v r f a c e s  such  as p o l y e s t e r  o r  

Korad a c r y l i c  f i l m .  These m a t e r i a l s  may r e q u i r e  s u r f a c e  a c t i v . a t i o n  o r  a  

d i f f e r e n t  p r imer  sys tem.  A recommendation f rom Dow Corning r e s u l t e d  .i,n an  

e x c e l l e n t  p r imer  f o r  bonding t h e  BA p o t t a n t  t o  g l a s s .  T h i s  p r i m e r ,  

-Spr ingborn  number 14588, c o n s i s t s  o f  Dow Corning 2-6020 c r o s s l i n k e d  w i t h  a  

s m a l l  amount o f  e t h y l  s i l i c a t e  t o  ho1.d i t  t o  . the  g l a s s  s u r f a c e .  Th is  p r i m e r  

a p p e a r s  t o  work w e l l  a n d , g i v e s  c o h e s i v e  f a i l u r e  t o  g l a s s ,  even a f t e r  two 

weeks w a t e r  immersion. Exposure t o  two h o u r s  o f  b o i l i n g  w a t e r  g i v e s  a  

bond s t r e n g t h  o f  1 . 4  l b s  p e r  i n c h  o f  w i d t h ,  o r  a b o u t  h a l f '  t h e  c o h e s i v e  

b r e a k  s t r e n g t h .  The bond s t r e n g t h  o f  t h e  b u t y l  a c r y l a t e  specimens i s  

l i m i t e d  by t h e  low t e n s i l e  s t r e n g t h  o f  t h e  holyrner, which a p p e a r s  t o  b e  

approx imate ly  3  l b s  p e r  i n c h  wid th  i n  o p t i m a l l y  bonded specimens.  

The most r e c e n t  p r o t o t y p e  u r e t h a n e  f o r m u l a t i o n  from Development A s s o c i a t e s ,  

2-2591, was used w i t h  Dow Corning 2-6020 pr imer  w i t h  a  v a r i e t y  o f  s u r f a c e s .  

Marginal  bond s t r e n g t h s  were found w i t h  Korad and T e d l a r  b u t  e x c e l l e n t  

bonds r e s u l t e d  w i t h  Sunadex low i r o n  g l a s s .  Values  i n  e x c e s s  o f  30 lbs  

p e r  i n c h  o f  wid th  were measured a f t e r  t h e  t h r e e  c o n d i t i o n s  of c o n t r o l ,  b o i l -  

i n g  w a t e r  immersion and room tempera tu re  w a t e r  immersion.  Development A s -  

s o c i a t e s  h a s  also r e c e n t . 1 ~  s l ipp l i ed  us  w i t h  t h c i r  own p r o p r i e t a r y  con~pusi= 

t i o n s ,  one a i r  d r y . a n d  one bake p r i m e r .  These f o r m u l a t i o n s  were n o t  found 

t o  b e  e f f e c t i v e .  

The i d e n t i f i c a t i o n  o f  p r i m e r s  and/or a d h e s i v e s  f o r  t h e  h i g h  r e l i a b i l i t y  

of module components .wi l1  c o n t i n u e  u n t i l  a  recommendation can b e  made f o r  

each  i n t e r f a c e .  Adhesion specimens w i l l  a l s o  be  e v a l u a t e d  i n  a  program of  

o u t d o o r  exposures  t o  de te rmine  t h e  lo'ng term wea ther ing  e f f e c t s  on  bond 

s t a b i l i t y .  



VII. ACCELERATED AGING EXPERIMENTS 

A. ~e thodo logy 

The materials and designs selected for use in constructing solar cell modules 

must be capable of enduring the operating temperatures, insolation, precipi- 

tation and other elements of the outdoor exposure in the geographical region 

selected. Although the severity of these conditions may be fairly accurately 

gauged (climatic atlas, weather records, etc.) the performance of individual 

.materials or combinations of materials is not as easily assessed. The chemi- 

cal pathways and Fates ac which ~i~a'Lcriala nga j.n outdoor cvpnsilres are very 

complex and preaiecive ~ecll~licjues often turn out to be i n a n c i i t a t e .  

Many degradation processes, including those that ultimately result in the fail- 

ure of polymers are associated with thermal, chemical, mechanical, electrical, 

and radiation induced disruption of the chemical bonds. These stresses, either 

alone or in combination, can produce certain active chemical intermediates that 

may continue to react further with the polymer chain and result in macroscopic 

changes in the electrical, mechanical and optical properties of the material. 

In most polymers, the degradation mechanisms involve Llle str-ess-..induced cepara- 

tion of electrons from the covalent bond that results in bond rupture and the 

formation of two free radical intermediates. These active free radicals may 

then propagate a series of reactions in which oxidation, discoloration, bond 

scission and loss of physical properties result. 

The degradation of polymeric materials in outdoor weathering is caused primar- 

ily by sunligh.t, especially the ultraviolet cunlponent. In actuality, the dc- 

' 1  Qr!, teriorating effect of light is usually enhanced by the prescnoo of ox,g 

moisture, heat, abrasion, etc. and in many cases may be referred to as photo- 

oxidation, resulting from tlle ~oinbined effccts of oxygen and sl~nlight, 

Sunlight reaching the earth is filtered throuqh the atmosphere, removing shorter 

wavelengths up to 290 nm before it reaches the surface of the earth. Thus, ul- 

traviolet effects on plastic result primarily from wavelengths of approximately 

290-400 nm, which constitute less than 4 percent of the total solar radiation 

reachiny the earth. 



Theshorterthe mvelength af light the greater is its potential to produce a 

chemical change in material. This energy must first be absorbed, however. 

Plastics vary considerably in their ultraviolet absorbing properties, but few 

are completely transparent in the 290 .to 400 nm range. Once the radiant energy 

has been absorbed, the likelihood of chemical action will depend on the. degree 

of absorption and the stability of the chemical bonds in the polymer. The in- 

duced chemical modifications are responsible for the deterioration of optical 

and mechanical properties and usually result in reductions of tensile strength, 

elongation and transparency. 

The degradative effects of these environmental stresses may be effectively in- 

hibited by the incorporation of specially formulated additives to the polymer. 

Compounds that serve as ultraviolet light absorbers, antioxidants, hydroperox- 

ide decomposers, metal deactivators,'etc. may result in dramatic improvements 

in the service life of polymeric systems. Regardless of the inherent sensitiv- 

ity of the polymer or the effectiveness of the additives and formulation, the 

question of lifetime under service conditions remains an important question. 

Accelerated tests are frequently used to assess long term aging effects and com- 

pare the effectiveness of stabilizers in providing improved protection against 

environmental deterioration. Typically, properties such as tensile strength, 

elongation at break, apparent modulus, resistance to flex cracking and other 

properties are measured on samples aged for known periods of time under speci- 

fied conditions. These tests are useful for determining the relative stability 

of polymers and formulations, but correlation with actual service is often poor. 

This is especially true for outdoor aging where the conditions of weathering 

cannot be precisely simulated or accelerated in the laboratory. Changes in the 

ratio of crosslinking to chain scission, temperature variations, differing oxy- 

gen concentrations, ultraviolet flux, dark cycle reactions, etc. add to the 

difficulty of correlation and performance prediction. Accelerated tests are 

useful, however, for the relative ranking and rating of materials and can pro- 

vide approximate acceleration factors that are useable over a certain range. 



In order to assess the relative stability of individual polymers and to deter- 

mine the effectiveness of varying formulations, Springborn Laboratories is 

conducting a program of accelerated aging and life predictive strategies that 

should be useful for: (a) generating empirical and practical' data relating 

to longevity, and (b) generating data that may be used in a Scheme to predict 

properties as a function of exposure time and condition. If the resulting 

test data can be interpreted statistically, then plots of log property vs. 

temperature (Arrhenius) or log time vs. change in property (induction period) 

may provide quantitative information regarding formulation effectiveness and 

possibly life prediction analysis. 

For the evaluation of individual materials and/or combinations of materials, 

seven types of exposure conditions are being used, as follows: 

1. Outdoor aging: this is the simplest approach to accelerated aging when an 

exposure site is selected at which the environmental effects are the most 

severe and at which the polymer degrades most rapidly. To accomplish this, 

the selected sites, Arizona and'Florida, have conditions of intense sun- 

light and sunlight plus hiqh humidity. This method has been used exten- 

sively for the testing and rating of stabilized formulations and is valu- 

able in that it simulates the actual use conditions of the candidate poly- 

mers. This approach has been widely used to establish regional acceleration 

tactors and to provide reasonable estimates of the service life in specific 

2. Thermal Aging: this exposure involves the simple thermal aging of test 

specimens in a circulating air oven at varying times and temperatures. All 

the tests will be performed in sealed jars to prevent the abnormal loss of 

volatile stabilizers that is often encountered in forced air ovens and also 

to prevent cross-contamination of materials!") Candidate encapsulation ma- 
0 

terials are being exposed at temperatures of 60 C, 80°c, 1 0 5 ~ ~  and 1 3 0 ~ ~  in 

atmospheres of both air and nitrogen. The first three of these temperatures 

are close to the worst case temperatures that may be expected for in modules 
0 0 

mounted in open 'air (60 C) , roof top mounted (80 C) , and solar cell hot 
0 

spotting (105~~). The highest temperature, 130 C, is being used to provide 

a. This also represents the "hermetic". or non-breathable design of module in 
which additives are prevented from diffusing out. 



an upper acceleration limit. Exposure in both air and nitrogen in the 

absence of light should also pr&ide information concerning the inherent 

heat stability of compounds wlth and without oxidation reactions and with- 

out photo-induced reactions. 

3. Outdoor Photothermal Aging racks (OPA): these are devices recently con- 

structed at Springborn Laboratories that constitute a new approach to ac- 

celerated weathering. The predominant cause of outdoor deterioration is 

photothermal aging; the combination of heat and ultraviolet light. In all 

the laboratory techniques devised to date, it is mainly the light that is 

increased (photoacceleration) through the use of arcs and discharge lamps. 

In the OPA reactors, natural sunlight is used as the light source and the 

specimen temperature is increased. The OPA reactors consist of heated alu- 

minum blocks surfaced with stainless steel and mounting hardware to hold 

the test specimens flush with the surface. The, reactbrs are tilted at 45'~ 

South and the device turns on at sunrise and off at sunset. Three temper- 

atures have initially been selected : 70°c, 90°c, 1 1 0 ~ ~ .  This approach 

eliminates the difficulties associated with.the irregular spectrum of ar- 

tificial light sources, exposes the specimr.:ns to other environmental con- 

ditions such as rain and pollution and additionally incorporates a dark 
. - 

cycle. The only acceleration therefore is in the temperature, all other 

environment31 conditions being present in their natural occurrence and in- 

tensity. 

4. Controlled Environment Reactors (CER): this is a device designed and con- 

structed at J P L ~ .  and subsequently provided 'to Springborn Laboratories. 

It consists of a circular test chamber utilizing a filtered medium pres- 

sure mercury arc lamp, optional heaters and a water spray nozzle. The 

chamber permits the acceleration of solar ultraviolet up to 30 suns in in- 

tensity while maintaining a temperature of the absorbing surface at 30"~ 
0 

to 60°c. It is operated at a 60 C specimen temperature with twenty-two 

hours of "on" time and 2 hours of distilled water spray in the dark. 

5. RS/4 Sunlamp: this exposure condition consists of a rotating table car- 

rying the test specimens beneath a.Genera1 Electric RS type sunlamp. This 

lamp consists of a medium pressure mercury arc lamp in a quartz tube bal- 
- .  

asted by a tungsten filament. The assembly is mounted in an inert gas 

a. E. Laue, A. Gupta, "Reactor for Simulation and Acceleration of Solar Ultra- 
violet Damage" JPL Document 5101-135, September 21, 1979 



f i l l e d  bulb wi th  a r e f l e c t i v e  coa t ing  and a t ransmiss ion c u t  o f f  near  290 

nm. The bulb  i s  a d d i t i o n a l l y  f i l t e r e d  wi th  a p iece  of  pyrex ( c u t  o f f  300 nm) 

t o  i n s u r e  t h e  absence o f  s p e c t r a  below the  t e r r e s t r i a l  l i m i t .  This con- 

d i t i o n , i s  one of  t h e  most e a s i l y  monitored and is  widely used throughout 

t h e  p l a s t i c s  i n d u s t r y  f o r  the  purpose of comparative aging.  This  device  

i s  a modif ica t ion  of  t h e  t e s t  procedure ASTM D-1501, "Exposure of  P l a s t i c s  
0 t o  Fluorescent  Sunlamp" and i s  opera ted  a t  a  temperature of 50 C .  

6.  RS/4 Sunlamp - Wet: t h i s  cond i t ion  i s  i d e n t i c a l  t o  t h e  previous descr ip-  

t i o n  b u t  wi th  t h e  a d d i t i o n  of  a  twenty minute spray of d i s t i l l e d  water  once 

every twa hours. The water  r e s e r v o i r  i s  thermostated t o  5OoC so t h a t  t h e r e  

i s  no f l u c t u a t i o n  o f  temperature dur ing  t h e  spray cyc le .  

7. RS/4 - 85O~/85% R.H.: t h i s  cond i t ion  i s  i d e n t i c a l  t o  t h a t  descr ibed i n  

( 5 . )  except  t h a t  t h e  o p e r a t i n g  temperature has been r a i s e d  t o  85Oc t o  in-  

c r e a s e  the  s e v e r i t y  of  t h e  condi'tion and t o  s imula te  t h e  h ighes t  tempera- 

t u r e  suspected t q  r e s u l t  from t h e  roof top  mounted s o l a r  module under the  

h i g h e s t  i s o l a t i o n .  The r e l a t i v e  humidity has a l s o  been increased t o  85% 

t o  f u r t h e r  i n i t i a t e  chemical r e a c t i o n s  t h a t  may r e s u l t  from atmospheric 

muis.ture. 

For a  genera l  program of m a t e r i a l s  eva lua t ion ,  t h e  f a i l u r e  of the  polymer should 

be based on those  p r o p e r t i e s  t h a t  are r e l e v a n t  t o  t h e  p a r t i c u l a r  s e r v i c e  a p p l i -  

c a t i o n .  With r e s p e c t  t o  candidate  encapsu la t ion  m a t e r i a l s ,  four l i f e - l i m i t i n g  

c l a s s e s  of  p r o p e r t i e s  were s e l e c t e d  f o r  e v a l u a t i o n :  phys ica l ,  o p t i c a l ,  e l ec -  

t r i c a l  and corros ion.  These genera l  p r o p e r t i e s  were used f o r  t h e  p repara t ion  

of  a  un ive r sa l  c h a r t  f o r  polymer aging s t u d i e s  afid serves a s  a  u n i v e r s a l  c h a r t  

f o r  recording exposure d a t e s ,  c o n t r o l  p r o p e r t i e s ,  exposure hours and aging 

test  r e s u l t s  ( s e e  Tables 15 th ru  2 4 ) .  These c h a r t s  w i l l  be used t o  monitor t h e  

r e s u l t s  of a l l  t h e  exposure cond i t ions  under cons idera t ion .  Most of t h e  t e s t  

cond i t ions  have been s e t  up and a r e  i n  opera t ion ,  however only the  R S / ~  

(50°c - Dry) and thermal aging w i l l  be repor ted .  

Specimens of a l l  t he  candidate p o t t a n t s ,  o u t e r  covers and back covers have been., 
0 

o r  a r e  continuing under RS/4 exposure a t  50 C. Although the  t e s t  periods i n  the  

p a s t  have va r i ed ,  t h e  c u r r e n t  "pu l l "  schedule i s  i n  mult iples of 2,000 hours. 



As a point of comparison, unstabilized polypropylene is physically degraded 

after approximately 160 hours .and unstabilized low density polyethylene is 

degraded after approximately 450 hours of exposure.. Outdoors, the degradation 

rates of these polymers varies according to their looation. At Enfield, Con- 

necticut, polypropylene with no stabilizers degrades to brittleness in approx- 

imately 8 months (5,700 hours) and low density polyethylene fails at about 18 

months (12,000 hours). Areas where the sunlight is more intense, and there are 

fewer cloudy days, results in more rapid degradation. Exposure to higher tem- 

peratures is also significant; the degradation rate in polypropylene is almost 

doubled for every ~ O O C  increase in temperature. 

Due to the dependence variations in temperature and light exposure, the deter- 

ioration of plastics is also location dependent. Exposures in Mexico City 

have been found to be about twice the acceleration of the Enfield location. 

Based on these actual outdoor lifetimes, approximate correlation factors can 

be calculated for RS/4 to outdoor weathering. In comparing RS/4 to Mexico City, 

for polypropylene the acceleration factor is approximately x18 and for polyeth- 

ylene approximately x13. Although these acceleration factors provide a useful 

basis of comparison, it should be remembered that considerable variations may 

be found between different outdoor locations and/or simulated weathering con- 

ditions. Factors affecting the degradation rates include specimen thickness, 

spectral distribution, heat history, additives, temperature, polymerization 

catalyst impurities, etc. Due to the difference in degradation pathways, ac- 

celeration factors are also material dependent. 

Another way in which an acceleration factor may be determined is by measuring 

the total energy in the ultraviolet range. Sunlight has approximately 4% of 

its total energy in the ultraviolet between the wavelengths of 295 nm and 400 
2 

nm. At air mass 1.5, with a total insolation of around 650 milliwatt/cm , the 
2 a. total ultraviolet energy received is in the order of 2.34 mw/cm , Measure- 

b. ments of the RS/4 bulbs show that the integrated energy over the same wave- 
2 length range averages to 3.44 mw/cm . This equals approx. 1.4 suns, however the 

a. Brandhorst, "Terrestrial Photovoltaic Measurement Procedures" NASA TM 7370, 
1977. 

b. Estey, "Ultraviolet Spectra of Mercury Lamp" JPL-TOM #341-79-4712, Septem- 
ber 4, 1979. 



R S / 4  lamp is on continuously whereas the sun, averaged over the year, is equi- 

valent to only 5 hours of exposure per day. This, then, results in an overall 

acceleration factor of 6 . ?  for the RS/4 sunlamp, excluding the effect of in- 
0 

creased temperature (50 C). Equivalently, one 1 year of outdoor exposure is 

accomplished in approximately 1,300 hours of RS/4. If one uses the general 
0 

rule that reaction rates double for every 10 C increase in temperature, then 

an additional factor of 2 to 2.5 may be used to correct for temperature. 

This results in an overall acceleration factor of between 14 and 17, which is 

in accordance with the experimental data from the aging of a number of plastics. 

The test results and control properties of candidate encapsulation materials 

exposed to RS/4 sunlamp are given in Tables 5 thru 16, and reports the results 

of recently terminated exposures as well as materials still under exposure. 

The properties evaluated include tensile strength at break, ultimate elongation, 

tensile modulus (extrapolated to zero strain) and two measurements, gel content 

and swell ratio, that are sensitive to changes in the crosslink density. Changes 

in optical properties are monitored by visual appearance, the ultraviolet cut- 

off wavelength and total optical transmission. No values are given for the 

totai integrated transmission at this time due to a change in the type of equip- 
I ' 

ment to be used for these measurements. Due to the fact that solar cells have 

a response in the near infrared, and extended range spectrometer will be used . . 
for these measurements and will be reported at a later time. There is no in- 

. . 

tention to examine dielectric or corrosion properties in the R S / 4  condition at 

this time, consequently these values are not given. 

The candidate pottants are discussed first. By far, the longest specimen ex- 

posure accumulated to date is a small piece of an EVA formulation designated 

A8910C (Table 15.). This compound is a prototype of the now commercial A9918 

EVA formulation and was started in July, 1979. It has accumulated 30,000 hours 

of RS/4 exposure with little change in properties. The specimen is still clear, 

although a faint yellow color has appeared, and total integrated optical trans- 

mission in the range of 400 to 750 nm stil1,gives a value of 89%. The surface 



i s  f r e e  from any s i g n s  o f  f r a c t u r e  o r  t a c k i n e s s  and t h e  specimen i s  s t i l l  

e a s i l y  f l e x i b l e .  The tes t  r e s u l t s  show t h a t  t e n s i l e  s t r e n g t h  and e longa-  

t i o n  a t  b reak  have d e c r e a s e d  s l i g h t l y  and t h a t  t h e  g e l  c o n t e n t  h a s  dropped 

from 72% t o  45%. The change i n  p r o p e r t i e s  i s  n o t  c o n s i d e r e d  t o  be d e l e t e r -  

i o u s  t o  t h e  f u n c t i o n  o f  t h i s  ccmpound a s  a  s o l a r  module p o t t a n t .  However, 

i t s  h i g h  t empera tu re  c r e e p  r e s i s t a n c e  shou ld  be  r e - e v a l u a t e d  t o  d e t e r m i n e  
. . 

i f  a n  a c c e p t a b l e  l e v e l  h a s  been r e t a i n e d .  

Fo l lowing  t h e  o b v i o u s  s u c c e s s f u l  performance o f  t h i s  p r o t o t y p e  EVA compound, a 

f u l l  s e t  o f  specimens o f  t h e  commercial  A9918 f o r m u l a t i o n  were  p l a c e d  under  ex- 

p o s u r e  (Tab le  16). The t o t a l  accumulated e x p o s u r e  o f  t h i s  f o r m u l a t i o n  r e a c h e d  

15 ,120  h o u r s  b e f o r e  a n  equipment  m a l f u n c t i o n  ( t h e r m a l  o v e r r i d e )  degraded  t h e  

remainder  o f  specimens.  A t  t h e  end o f  t h e  1 5 , 1 2 0  hour  e x p o s u r e ,  t h e  t es t  r e -  

s u l t s  showed no change i n  t h e  p h y s i c a l  o r  o p t i c a l  p r o p e r t i e s  and t h e  compound 

a p p e a r e d  t h e  same as t h e  c o n t r o l  specimens.  These  a r e  e x c e l l e n t  r e s u l t s  f o r  a 

t r a n s p a r e n t  s t a b i l i z e d  p o l y o l e f i n .  The b a s e  polymer ,  uncompounded E l v a x  150 

(DuPont) , shows s i g n i f i c a n t  s i g n s  o f  d e g r a d a t i o n  a f t e r  o n l y  500 h o l r s '  o f  RS/4 

and l o s e s  most o f  i t s  t e n s i l e  s t r e n g t h  and s u r f a c e  h a r d n e s s .  

The second c a n d i d a t e  l a m i n a t i o n  p o t t a n t  i s  based  on e thy lene-methy l  a c r y l a t e  

copolymer and w a s  a l s o  exposed i n  i t s  f u l l y  compounded and s t a b i l i z e d  form a s  

f o r m u l a t i o n  number EMA 1 3 4 3 9  (Tab le  ' 17) .  T h i s  compound i s  c o n t i n u i n g  under  ex- 

p o s u r e  and t o  d a t e  h a s  accumula ted  7 ,600 h o u r s .  T h i s  m a t e r i a l  shows no s i g n i -  

f i c a n t  change i n  t e n s i l e  s t r e n g t h ,  however t h e  modulus h a s  d e c r e a s e d  t o  60% of 

c o n t r o l  v a l u e ,  t h e  u l t i m a t e  e l o n g a t i o n  h a s  i n c r e a s e d  by 20% and t h e  s w e l l  r a t i o  

h a s  doubled .  Thcse r e s u l t s  i i l d i c d t e  t h a t  chere may be a  d e c r e a s e  i n  t h e  d e g r e e  

o f  c u r e  (number o f  c r o s s l i n k s )  even though t h e  g e l  c o n t e n t  a p p e a r s  t o  he unaf -  

f e c t e d .  These  changes  i n  p r o p e r t i e s  a r e  n o t  c o n s i d e r e d  t o  be  d e l e t e r i o u s  t o  t h e  

u s e  o f  t h i s  compound as a  s o l a r  module p o t t a n t .  

The c a n d i d a t e  c a s t i n g  s y r u p  p o t t a n t s  a r e  a l s o  under  RS/4 t e s t  e v a l u a t i o n ,  t h e  

f i r s t  of which i s  dn a l i p h a t i c  u r e t h a n e  compound d e s i g n a t e d  2-2591 produced by 

Development A s s o c i a t e s ,  I n c . ,  N .  Kingstown, Rhode I s l a n d  (Tab le  18 1 .  T h l s  f o r -  

m u l a t i o n  c o n t a i n s  a p r o p r i e t a r y  s t a b i l i z e r  sys tem and p r o t o t y p e s  o f  t h i s  formu- 

l a t i o n  a r e  c la imed  t o  have endured o v e r  s i x  y e a r s  o f  u n p r o t e c t e d  o u t d o o r  expo- 

s u r e  w i t h  no l o s s  o f  p r o p e r t i e s .  T e s t  specimens have so f a r  e n d u r e d  6 , 0 0 0  h o u r s  



of exposure with virtually no change in properties. The slight increase in . 

tensile strength with time is probably due to residual curing reactions that 

slowly continue to postcure the compound. At the 6,000 hour mark the forma- 

tion of a faint yellow color was noticed; however,the,integrated transmission 

remains high at approximately 90%. This is excellent performance for a urethane 

compound, judging from previous testkng of urethane compounds. 

The second casting syrup pottant is an experimental poly(buty1 acrylate) com- 

pound (BA 13870) developed jointly between Springborn Laboratories and JPL. The 

formulation contains a first-cut stabilizer system and crosslinking additives to 

generate the cure. SpecmlefiS of this f'orlnuldtion are crsi~tln~ing r a  be oxpuhvcl 

and, to date, have accumulated 7,600 hours of time, (Table 19). The performance 

of these materials has also been very good and, except for uniformly lower tensile 

strength values, shows no significant signs of change. The specimens are still 

clear, colorless, flexible and have optical transmissions of approximately 89%. 

In substrate designed modules in which no glass is used, outer cover materials 

are essential. Pottants, by nature, must be rubbery and low in surface hard- 

ness, consequently they have a strong tendency to accumulate sail. A ~ L . ~ I I S ~ C ~ L -  

ent outer cover is necessary to provide a weatherable, cleanafile, and hard sur- 

face for the top of the module. Four candidate outer cover materials have also 

been under RS/4 exposure for some time. The first is Tedlar 100BG30UT (DuPont) 

poly(viny1 fluoride) film of 1 mil thickness that also contains a W screening 
2 agent and costs 5e/ft /mil. This film is aging well and has accumulated 15,200 

hours of exposure to date (Table 20). Although there has been a decrease of 

20% in its tensile strength, no other properties appear to be afiected. The 

optical transmission is still found to be close to 90% (400-750 nm) and the 

slightly hazy (natural) film shows no other signs of change. .The other Tedlar, 

type 4462 (Table 21) does not appear to be quite as stable. After 10,800 hours 

the elongation was found to be only 38% of the control value and the tensile 

strength had increased by 40%. This indicates that perhaps some crosslinking 

is occurring in the film. 

Of the four outer covers being examined, the most cost effective of these can- 
2 

didates is Acrylar film (X-22417) from 3M Corporation, (2.25C/ft /mil of thick- 

ness) and is a biaxially oriented acrylic film intended for outdoor applications. 



To date, this film has been exposed to 12,000 hours of RS/4 exposure with no 

major change in properties, except 'a decrease in strength at break (Table 22) . 
A drop in tensile strength to 50% of control value was observed after the first 

1,500 hours and was initially thought to be due to stress relaxation of the 
0 

polymer at the exposure temperature (50 c ) .  To verify this speculation, aged 

and unaged specimen.s were compared for molecular weight degradation by intrin- 

sic viscosity measurements. The unaged Acrylar X-22417 had an intrinsic vis- 

costiy of 0:54 dl/gm or an approximate molecular weight of 116,000(Mv). The 

aged specimens were found to have viscosity average molecular weights of 100,000 

at 1,440 hours exposure and 94,800 after 12,000 hours exposure. Although there 

has been little change in the tensile strength since the drop in the first 1,000 

hours, the resu1t.s indicate a slow decrease in molecular weight subsequent to 

this tlme. Apart,from this observation, no other change in properties could be 

noticed. 

The last outer cover to be examined is Fluorex-A available from Rexham Corp., 

Matthews, North Carolina. This film is a polymer' alloy of poly(methy1 methacry- 

late) and poly(O,=cnylidene fluorsde) with a W absorber also blended in.   his 
L 

material is very  expensive, at a cost of approximately 18C/ft /mil of thickness 

and was initially,selected as an alternative in the event that the other can- 

didates did not-gerform well. The test specimens were extended as far as 8,640 

hours exposure (Table 23) and appeared to perform.wel1 with the exception of 

the scattered pdiKts measured for ultimate elongation. Due to the superior per- 

formance of thet%edlar film and the high cost of this product, experiments with 

E'lourex-A will not be continuedl'. 

A new outer cover'-film candidate has been included in RS/4 and other aging stud- 

ies. This'material is designated "Hostaphan" EH-723 (American Hoechst) and is 

a polyester film containing a W stavilizer system that is claimed to be non- 

fugitive. The use of primers and the construction of laboratory scale modules 

with this film has been succesSful, however no results of accelerated aging are 

yet available. 

The last category of materials to be evaluated for RS/4 aging are the candidate 

back cover films. These films perform the function of providing a reflective 

back surface for superstrate designed modules that aid in heat dissipation and 



also additionally provide environmental protection to the back layer of pot- 

tant. Three candidafes were selected; Scotchpar 20CP-white (3M Corp.), Tedlar 

150RS30WH (DuPont), and Korad 63000 (Xcel-Georgia Pacific Corp.), Tables 24, 

25, and 26, respectively. All these candidates have endured 8,000 hours of ex- 

posure to date and show no major change in any property. 

RS/4 has proven to be a useful tool for determination of the relative stabili- 

ties of polymeric materials and assessing the efficiency of stabilizing addi- 

tives and other compounding approaches. The difficulty encountered in the 

current program is that the candidate encapsulation materials are so stable 

that extremely long times are required before failure points result that may 

be used for the comparison of materials and formulations. 

The more rigorous conditions that will be imposed in some of the other accel- 

erated tests, such as CER and R S / ~ - ~ S ~ C ,  should overcome this problem and pro- 

vide methods for materials stability evaluations in shorter time frames. 

The specimens currently under test will continue until signs of degradation be- 

come apparent and new compounds will be added to each test condition as new 

candidates and formulations are identified. 

C. Thermal Aging 
- 

Heat aginq is one of the simplest accelerated tests for determining polymer 

stability and the effectiveness of formulatioris in resins intended Lor service 

at elevated temperatures. Specimens of the candidate compounds are heated at 
. 8 .  . . 

known temperatures for'-known periods of time and examined for appearance, 
, - . . 

mechanical properties, dhemical composition, etc. other' indications of the 

stability of the compo5ition may be drawn from measurements of plasticity, so- 

lution viscosity and the formation of insoluble gel or the loss of cure in vul- 

canized systems. 

Although this method is simple in concept and easy to implement there are 

certain potential sources of error that should be considered prior to run- 

ning the tests. For example, forced air ovens may result in an abnormally 

rapid rate of loss of the' antioxidants and other compounding ingredients. 
. . 

Even stabilizers of reasonably h&h molecular 'weight are subject to loss by 



e v a p o r a t i d n  and c o n t i n u a l  e x t r a c t i o n  by t h e  a i r  s t r eam.  The t r a n s f e r  o f  s t a b i -  

l i z e r s  and o t h e r  i n g r e d i e n t s  between d i f f e r e n t  polymer specimens a l s o  p r e s e n t  

a  problem. One a d d i t i v e  con tamina t ing  a  commonly s h a r e d  oven may t e n d  t o  de- 

" s t a b i l i z e  a n o t h e r  polymer and r e s u l t  i n  a  d i s t o r t e d  tes t  r e s u l t .  Although t h e  

changes  i n  polymer p r o p e r t i e s  may b e  s t u d i e d  by a c c e l e r a t e d  a g i n g  t e s t s  a t  h i g h  

t e m p e r a t u r e s ,  t h e  c o r r e l a t i o n  w i t h  performance a t  u s e  t e m p e r a t u r e s  i s  o f t e n  

i n a c c u r a t e .  Changes i n  t h e  d e g r e e s  o f - c h a i n  s c i s s i o n  t o  c r o s s l i n k i n g  a t  
I 

d i f f e r e n t  t e m p e r a t u r e s  and oxygen c o n c e n t r a t i o n s  make i t  d i f f i c u l t  t o  u s e  h i g h  

t empera tu re  d a t a  t o  p r e d i c t  performance a t  lower t e m p e r a t u r e s .  For  t h i s  r e a s o n ,  

i t  is  d e s i r a b l e  t o  h e a t  age  t h e  r e s i n s  under  t e s t  c o n d i t i o n s  t h a t  a r e  c l o s e  t o  

t h e  expec ted  s e r v i , c e : c o n d i t i o n s .  Over narrow tempera tu re  r a n g e s  where t h e  de- 

g r a d a t i o n  r a t e s  a t  d i f f e r e n t  t e m p e r a t u r e s  may b e  p l o t t e d  i n  a  l i n e a r  f a s h i o n  

w i t h  r e a s o n a b l e  accuracy .  

Two g e n e r a l  t y p e s  o f  the rmal  d e g r a d a t i o n  may t a k e  p l a c e  i n  t h e  polymer sys tems 

o f  i n t e r e s t ;  ( a )  .thermal o x i d a t i o n ,  i n  which a  chemica l  r e a c t i o n  o c c u r s  between 

t h e  polymer and oxygen i n  t h e  a tmosphere ,  and t h e r m o l y s i s ,  i n  which t h e  energy  

p r 0 v i d e d . b ~  h e a t i n g  c a u s e s . a  change i n  t h e  chemica l  s t r u c t u r e  o f  t h e  r e s i n  by 

i t s e l f .  ! i 
. .  . 

. .  . 

I n  t h e  t h e r m a l  a g i n g  tests a t  Spr ingborn ,  t h e  e n c a p s u l a t i o n  t e s t  specimens a r e  

aged i n  s e a l e d  j a r s  t o  p r e v e n t  l o s s  o f  s t a b i l i z e r ,  c r o s s  c o c t a m i n a t i o n  o f  com- 

pounds,  and a l s o  t o  p r o v i d e  a g i n g  i n  a tmospheres  o f  b o t h  a i r  and  n i t r o g e n .  An 
I .  

i n d i v i d u a l  s e t  o f  specimens i s  e v a l u a t e d  f o r  each c o n d i t i o n  s o  t h a t  a i n c o n s i s -  

t a n c i e s  i n , r a t e  do n o t  o c c u r  from a l l o w i n g  an e n t i r e  s e t  o f  a g i n g  specimens t o  

c o o l  t o  room tempera tu re  b e f o r e  b e i n g  r e t u r n e d  t o  t h e  e l e v a t e d  t empera tu re .  

The r e s u l t s  o f  t h e  t e s t i n g  a r c  g i v e n  i n  t a b l e s  27 through 44 , u s i n g  t h e  uni-  
, . . . . . 

v e r s a 1  form t h a t . w a s  a l s o  used f o r  BS/4 d a t a  p r e v i o u s l y  p r e s e n t e d .  

0 
The r e s u l t s  a r e  q iven  f o r  t h e  f i r s t  40'0 h o u r s  o f  a g i n g  a t  t e m p e r a t u r e s  of 80 C ,  

0 
105 C and 1 3 0 ~ ~ .  i n  b o t h  a i r  and n i t r o g e n .  Three  p o t t a n t s  have been examined 

t o  d a t e ;  EVA, EMA and t h e  p o l y u r e t h a n e  (2-2591).  . . 
- - 

The EVA compound, A9918, is  t h e  f i r s t  t o  b e  t e s t e d  (Tab les  27  t h r u  44) . For 
0 0 

t e m p e r a t u r e s  o f  80 C and 105 C ,  t h e  p r o p e r t i e s  o f  t h e  EVA appear  t o  be  essen-  

t.ia1.3.y i~nchanged a f t e r  t h e  400 hour  exposure  time., A s l i g h t  i n c r e a s e  i n  t e n s i l e  
2 .  

s t r e n g t h  and a  d e c r e a s e  i n  s o l v e n t  s w e l l  r a t i o  seems t o  happen i n  a l l  c a s e s .  



This suggests  t h a t  r e s i d u a l  cure r eac t ion  may s t i l l  be t ak ing  p lace  due t o  re-  

maining peroxide a c t i v i t y  although t h i s  r eac t ion  i s  not  usual ly  observed a t  

temperatures i n  t h i s  range. The only notable  e f f e c t  a t  these  temperatures i s  

t h e  r eac t ion  wi th  m e t a l l i c  copper. A t  t he  400 hour p o i n t ,  a t  80°c and 100 
0 

hours a t  105 C ,  s l i g h t  r e a c t i o n . w i t h  me ta l l i c  copper may be noticed a s  a f a i n t  

yellow co lo r  appearing around the  edges of the  metal s t r i p .  This e f f e c t  i s  

t y p i c a l  of  polyolef ins  i n  genera l  and the  w i r e  and cable indust ry  has used 

"metal deac t iva to r s"  i n  polyethylene i n s u l a t i o n  f o r  many years  t o  i n h i b i t  cop- 

p e r  r eac t ion .  The f a i n t  d i sco lo ra t ion  observed i n  the  EVA specimen i s  not  

thought t o  be det r imenta l  t o  the  performance of t h e  p o t t a n t  a t  these  tempera- 

t u r e s ,  however observat ions  of t h i s  phenomenon w i l l  be made up t o  the  3,000 

hour mark, a s  ind ica ted  on t h e  t e s t  c h a r t .  N o  co lor  r eac t ion  was noticed with 

t h e  o t h e r  encapsulated meta ls ,  aluminum and so lde r  (60/40). 

0 
A t  130 C ,  changes i n  EVA become more not icable .  The physica l  p r o p e r t i e s ,  such 

a s  t e n s i l e  s t r e n g t h ,  elonqation and modulus, have not  changed appreciably a f t e r  

400 hours exposure, however a yellow co lo r  can be noticed.  This i s  due t o  a 

w e l l  documented reac t ion  i n  EVA which is  based on simple thermal degradation 

( t h e r m o l y s i s ) ,  t he  chemistry of which i s  represented a s  fol lows:  

I i I I 

' - c - c - ? c -  
A . - C - C = C - c . ,  

, -' 

H 6 Unsaturation 

2 

CH + CH3COOH (Acetic  Acid) ,  , 

The thermal energy imparted t o  the  molecule r e s u l t s  i n  the  cikavage of the  

a c e t a t e  group and the  a b s t r a c t i o n  of a hydrogen atom from the  polymer back- 

bone t o  y i e l d  a c e t i c  ac id .  This r e s u l t s  i n  the  formation of  double bonds i n  

t h e  r e s i n  t h a t  (when conjugated) gives r i s e  t o  the  yellow c o l o r . '  This r eac t ion  

has been shown t o  be  approximately f i r s t  order  with r e spec t  t o  the  l i b e r a t i o n  

o f  a c e t i c  ac id  and has an a c t i v a t i o n  energy of  30-  40 kcal/mole. The forma- 

t i o n  of co lo ra t ion  a t  t h i s  temperature i s  not  f e l t  t o  be det r imenta l  t o  the  
0 

use  of EVA as  a p o t t a n t  ma te r i a l ,  a s  the  130 C is  well  beyond t h e  range of 

s o l a r  module opera t ion .  I n  a previous r e p o r t ,  Springborn Laboratories  repor t -  

ed on specimens of EVA t h a t  had been thermal aged f o r  over 7,000 hours a t  
0 

90 C with no formation of color  o r  degradation i n  physical  p roper t i e s .  



A t  t h e  1 3 0 ~ ~  tempera tu re  t h e  major  a n t a g o n i s t i c  r e a c t i o n  i s  t h a t  w i t h  

m e t a l l i c  copper .  I n  as l i t t l e  as 25 h o u r s  c o l o r a t i o n  and f low may b e  

n o t i c e d  i n  t h e  a r e a  where t h e  EVA comes i n  c o n t a c t  w i t h  m e t a l l i c  copper .  

The e f f e c t  is  more pronounced i n  a i r  (compare Tab les  31 and 32) t h a n  i n  

n i t r o g e n .  Th is  i s  c o n s i s t e n t  w i t h  t h e  t h e o r y  t h a t  t h e  m e t a l - d i s c o l o r a t i o n  

r e a c t i o n  involv ,es  a  hydroperox ide  i n t e r m e d i a t e  t h a t  w i l l  forms i n  t h e  

p r e s e n c e  o f  oxygen. 

A l l  t h e  exper iments  concern ing  t h e  the rmal  a g i n g  o f  EVA w i l l  b e  c o n t i n u e d  

o u t , a t  l e a s t  t o  t h e  3,000 hour  mark,and a subsequen t  r e p o r t  w i l l  g i v e  

a d d i t i o n a l  d e t a i l s  such  a s  t h e  t o t a l  i n t e g r a t e d  t r a n s m i s s i o n ,  d i e l e c t r i c  

s t r e n g t h  and t h e  r e a c t i o n  w i t h  copper  d u s t  (moni tored by o p t i c a l  t r a n s -  

m i s s i o n )  . 

EMA, commercial f o r m u l a t i o n  13439, w a s  t h e  n e x t  m a t e r i a l  examined by t h e  

t h e r m a l  a g i n g  and is r e p o r t e d  i n  Tab les  33 through 38. Th is  compound ap- 

p e a r s  t o  b e  s t a b l e  th roughout  t h e  80°C and 1 0 5 ~ ~  exposures  w i t h  r e s p e c t  t o  

i t s  mechanical  p r o p e r t i e s ,  however a n  i n c r e a s e  i n  s o l v e n t . s w e l l  r a t i o  and 

a d e c r e a s e  i n  g e l  c o n t e n t  s u g g e s t  t h a t  some s c i s s i o n  o f  t h e  c r o s s l i n k s  may 

g r a d u a l l y  b e  t a k i n g  p l a c e .  However, t h i s  e f f e c t  w i l l  b e  v e r i f i e d  a s  t h e  

exposure  i s  con t inued .  A s  w i t h  t h e  EVA,.the main e f f e c t  n o t i c e d  i n  EMA i s  

t h a t  o f  copper  m e t a l  r e a c t i o n ,  a g a i n  more n o t i c a b l e  i n  t h e  p r e s e n c e  o f  a i r  

t h a n  n i t r o g e n .  A f t e r  400 h o u r s  a t . 1 0 5 ~ ~  i n  a i r ,  t h e  specimen molded around 

a  s t r i p  o f  copper  had a  s t r o n g  ye l low c o l o r  and showed s i g n s  o f  d e g r a d a t i o n  

( b l i s t e r i n g ,  s s p a r a t - i n n  from t h e  m e t a l ,  f l o w ) .  Th is  e f f e c t  i s  t y p i c a l  f o r  

polymers a t  h i g h  t empera tu re  and i s o l a t i o n  from copper  i s  a  requ i rement .  No 

r e a c t i o n  w a s - n o t i c e d  i n  c o n t a c t  w i t h  aluminum o r  60/40 l e a d / t i n  s o l d e r .  I n  

f u t u r e  exper iments  n i c k e l ,  t i t a n i u m  and s i l v e r  w i l l  a l s o  b e  i n c l u d e d  i n  t h e  

temperature-metal  c o r r o s i o n  tests. 

0 
The 130 C c o n d i t i o n  a l s o  r e s u l t e d  i n  t h e  fo rmat ion  o f  c o l o r a t i o n  i n  t h e  EMA 

specimens.  Although no a c e t i c  a c i d  i s  produced ,  a s i m i l a r  r e a c t i o n  i n v o l v i n g  

t h e  c l e a v a g e  o f  t h e  a c r y l i c  e s t e r  group i s  l i k e l y ,  a s  t h e  C-0 bond is  less 

s t a b l e  t h a n  t h e  C-C bonds i n  t h e  backbone o f  t h e  r e s i n .  T h i s  i s  a  h i g h  



t e m p e r a t u r e  f o r  p o l y o l e f i n  copolymer s e r v i c e  and c o n s i d e r a b l y  above t h e  

maximum module o p e r a t i n g  t e m p e r a t u r e s  expec ted  i n  f i e l d  s e r v i c e .  

The a l i p h a t i c  p o l y u r e t h a n e ,  2-2591, was compara t ive ly  t h e  most t h e r m a l l y  
0 

s e n s i t i v e  of t h e  t h r e e  c a n d i d a t e  p o t t a n t s  t e s t e d  t o  d a t e .  Even a t  80 C 

t h e  development o f  a s m a l l  amount of ye l low c o l o r  ( a l t h o u g h  f a i n t )  w a s  

m f i c e a b l e  a t  t h e  400 hour  p o i n t .  The 1 0 5 ' ~  c o n d i t i o n  b r o u g h t  more n o t i c e -  

a b l e  changes i n  p r o p e r t y .  The t e n s i l e  s t r e n g t h  and modulus were found t o  

s t e a d i l y  d e c r e a s e  t o  a b o u t  40% of  c o n t r o l ,  b u t  o n l y  i n  t h e  n i t r o g e n  atmos- 

p h e r e ,  t h e  a i r  exposed samples remaining uncllanyed. T h e  nra j o ~  :.material 

change a t  t h i s  t e m p e r a t u r e  was t h e  fo rmat ion  o f  c o l o r a t i o n .  A f t e r  400 

h o u r s ,  i n  b o t h  a i r  and n i t r o g e n ,  t h e  t e s t  specimens had developed a s t r o n g  

yellow-brown c o l o r  and t h e  s u r f a c e s  exposed t o  a i r  had become s t l c k y ,  i n -  
0 

d i c a t l n g  c h a i n  s c i s s i o n .  The r e d c t i u n s  w i t h  copper  m e t a l  a t  105 C were i n -  

t e n s e  and a t  t h e  400 hour  mark t h e  c o r r o s i o n  specimens were ' found t o  have 

degraded  w i t h  m e l t i n g  and d a r k  brown c o l o r a t i o n .  The specimens had t o  b e  

s c r a p p e d  o f f  t h e  bot tom o f  t h e  t e s t  c o n t a i n e r  t o  b e  r e t r i e v e d .  

0 
The 130 C exposure  was by f a r  t h e  most severe. .  The p h y s i c a l  i n t e g r i t y  of 

t h e  t es t  specimens l a s t e d  t o  t h e  100 hour  h a r k ,  however a t  400 h o u r s  t h e  
, . 

t e n s i l e  b a r s  had  a l l  me l ted  t o  amorphous masses o f  d a r k  brown s t i c k y  resiri. 

C o l o r a t i o n  developed w i t h i n  t h e  f irst  25 h o u r s  and became d a r k  w i t h i n  100 

h o u r s .  The r e a c t i o n  w i t h  copper  r e s u l t e d  I n  meicing and dey rdilclliulb~- ul: Llle 

r e s i n  w i t h  t h e  f i r s t  25 hour  p e r i o d .  No r e a c t i o n  between the u r e t h a n e  and 

o t h e r  m e t a l s ,  aluminum o r  s o l d e r ,  was d e t e c t a b l e  a t  aey o f  t h e '  t e s t  t i m e s  o r  

I n  c o n c l u s i o n ,  t h e  p o l y o l e f i n  b a s e d  p o t t a n t s ,  EVA and EMA, a r e  c o n s i d e r e d  t o  

have good the rmal  s t a b i l i t y  o v e r  t h e  t i m e s  and t e m p e r a t u r e s  e x p l o r e d  s o  f a r .  

The p o l y u r e t h a n e  i s  more q u e s t i o n a b l e .  The fo rmat ion  o f  c o l o r  i n  t h i s  com- 
0 pound a t  t e m p e r a t u r e s  a s  low a s  80 C c o u l d  p o s s i b l y  p l a c e  a l i m i t a t i o n  on 

i t s  u s e  i n  s o l a r  module a p p l i c a t i o n s .  A l l  t h e  p o t t a n t s  remain t o  b e  e v a l u a t e d  

f o r  performance o v e r  l o n g  p e r i o d s  of t ime.  One conspicuous  r e s u l t  o f  t h e  

t h e r m a l  ag ing  work is t h e  a d v e r s e  r e a c t i o n  w i t h  copper .  I t  is  f e l t  t h a t  i n  

no c i r c u m s t a n c e s  s h o u l d  t h e  p o t t a n t  compound c o n t a c t  m e t a l l i c  c o p p e r ,  as s i g n s  

o f  " c o r r o s i o n "  a r e  n o t i c e d  i n  a lmos t  a l l  c a s e s .  



V I I I .  SUPPORTING ACTIVITIES 

During t h e  p a s t  y e a r ,  Spr ingborn  L a b o r a t o r i e s  h a s  engaged i n  o t h e r  

a c t i v i t i e s  i n  s u p p o r t  o f  t h e  FSA e f f o r t  a d m i n i s t e r e d  by JPL. Arrange- 

ments were made t o  p r o v i d e  two o t h e r  c o n t r a c t o r s  w i t h  e x p e r i m e n t a l  tes t  

modules f a b r i c a t e d  w i t h i n  m a t e r i a l s  and t e c h n i q u e s  d e s i g n e d  t o  e v a l u a t e  

a p a r t i c u l a r  f a c e t  o f  PV module o p e r a t i o n .  

A. S c i e n c e  A p p l i c a t i o n s ,  I n c .  

S c i e n c e  A p p l i c a t i o n s ,  I n c . '  (SAI) h a s  i n v e s t e d  c o n s i d c r a b l c  e f f o r t  i n  t h e  

development o f  l i g h t  t r a p p i n g  technology and,  a s  a  r e s u l t ,  h o l d s  t h e  u n i t e d  

S t a t e s  P a t e n t  No. 4 ,246,042 "Fixed S o l a r  Energy C o n c e n t r a t o r "  f o r  l i g h t  

t r a p p i n g  t e c h n i q u e s .  Because o f  t h e  impor tance  o f  u s i n g  l i g h t  t r a p p i n g  

t e c h n i q u e s  i n  t h e  d e s i g n  o f  s o l a r  PV p a n e l s ,  JPL funded a  s t u d y  a t  SAI t o  

i n v e s t i g a t e  t h e  c o s t  b e n e f i t s  o f  l i g h t  t r a p p i n g  used i n  PV modules under an 

agreement t h a t  S A I ' s  p a t e n t  r i g h t s  would n o t  b e  a f f e c t e d .  

Three  p a i r s  o f  Spr ingborn  L a b o r a t o r i e s '  12 i n c h  by 16 i n c h  modules were 

p r e p a r e d  f o r  t h i s  s t u d y .  One module ( t h e  c o n t r o l  module) o f  each  p a i r  

used t h e  " s t a n d a r d "  d e s i g n .  The o t h e r  module o f  each  p a i r  employed d e s i g n  . . 
m o d i f i c a t i o n s ,  o n l y  t o  t h e  d e g r e e  needed,  t o  i n c o r p o r a t e  d e s i r e d  l i g h t  t r a p -  

p i n g  f e a t u r e s .  The two modules o f  each p a i r  were t h e n  used s ide -by-s ide  

under  n a t u r a l  s u n l i g h t  o r  a  t e s t  s o u r c e  t o  demons t ra te  t h e  b e n e f i t s  o f  

l i g h t  t r a p p i n g  i n  terms of  p o t e n t i a l  module c o s t s  and t h e  amount o f  s i l i c o n  

r e q u i r e d  t o  p r o v i d e  a  g i v e n  p a n e l  energy o u t p u t .  Two c e l l  c o n f i g u r a t i o n s  

were used ,  t h e  S o l a r  Power Corpora t ion  100 mrn d i a m e t e r  s i l i c o n  p h o t o v o l t a i c  

s o l a r  c e l l  and t h e  75 nun h a l f  c e l l .  P a i r s  o f  modules i n c l u d e :  

. One p a i r  u s i n g  100 mm d i a m e t e r  c e l l s ;  t h e  pack ing  f r a c t i o n  

o f  l i g h t  t r a p p i n g  module i s  a n t i c i p a t e d  t o  b e  0.75.  

. One p a i r  u s i n g  75 mm d i a m e t e r  h a l f  c e l l s ,  pack ing  f r a c t i o n  

o f  l i g h t  t r a p p i n g  module i s  a n t i c i p a t e d  t o  b e  '~0.50, .  

. One p a i r  u s i n g  75 nun d i a m e t e r  h a l f  c e l l s ,  pack ing  f r a c t i o n  

o f  l i g h t  t r a p p i n g  module i s  a n t i c i p a t e d  t o  b e  Q 0.25.  



Design d e t a i l s  f o r  each p a i r  o f  modules inc lude :  

. Maxime and minump performance t o l e r a n c e s  o f  the s o l a ?  c e l l s  

t o  be  used wi th  bo th  modules. 

. The r e l a t i v e  l o c a t i o n  and t h e  p h y s i c a l  and m a t e r i a l  d e f i n i t i o n '  

of t h e  s e v e r a l  l a y e r s  (back cove r ,  s p a c e r s ,  p o t t a n t s ,  s u b s t r a t e  

and/or s u p e r s t r a t e ,  and t h e  edge s e a l  and gaske t )  t h a t  make up 

t h e  modules. 

. Type and a p p l i c a t i o n . o f  d i f f u s e  r e f l e c t i v e  c o a t i n g  a t  t h e  bottom 

of s ,u l j s t ra te  and on c c l l  ( top- .zur faoc)  metallization. 

. Ind iv idua l  c e l l  i n t e r connec t ions .  . 

Side-by-side tests w i l l  b e  conducted i n  s u n l i g h t  and under a  tes t  source .  

The p a n e l s '  performances w i l l  b e  eva lua t ed  and compared under c o n d i t i o n s  

o f  no l o a d ,  s h o r t  c i r c u i t ,  and peak power t r a c k i n g  f o r  t y p i c a l  o p e r a t i o n a l  

sun a n g l e s .  The r e l a t i v e  c o n t r i b u t i o n s  of d i r e c t  and s c a t t e r e d  s u n l i g h t  

t o  p a n e l  o u t p u t  w i l l  a l s o  be  eva lua ted .  Il'est r e s u l t s  w i l l  b e  made a v a i l -  

a b l e  to  JPL.  

B. Clemson u n i v e r s i t y  

Clemson Univers i ty  has  a c o n t r a c t  w i th  J P L  .Cur Lhe a c c e l e r a t e d  stress 

t e s t i n g  o f  encapsula ted  s i l i c o n  s o l a r  c e l l s .  The decelerated stress tests 

i n c l u d e  b ias - tempera ture  t e s t s ,  bias-temperature-humidity tests, thermal  

c y c l e  t e s t i n q ,  thermal  shock t e s t i n g ,  and power cyc l e  t e s t s .  The encap- 

s u l a t e d  c e l l s  a r e  c h a r a c t e r i z e d  p r i o r  t o  s t r e s s  exposure and a t  p e r i o d i c  

down t imes  u s ing  e l e c t r i c a l  measurement techniques ,  v i s u a l  inspect ior1 and 

meta l  adhesion t e s t s .  The e l e c t r i c a l  paiameters  be ing  measured inc lude  

s h o r t  c i c u i t  c u r r e n t ,  open c i r c u i t  v o l t a g e ,  and c u r r e n t  a t  t h e  maximum 

power p o i n t .  Data i s  a l s o  ob ta ined  on t h e  c e l l  s e r i e s  and shun t  r e s i s -  

t ances .  



Sprlngborn Labora tor ies  has  a s s i s t e d  Clemson Un ive r s i t y  by manufacturing 

encapsula ted  c e l l  t e s t  modules f o r  t h i s  program. The modules supp l i ed  

t o  Clemson c o n s i s t  of 5'' x 9-1/2" modules con ta in ing  from one t o  t h r e e  

c e l l s .  S i l i c o n  s o l a r  c e l l s  were ob ta ined  from n ine  manufacturers  and used 

i n  t h e  cons t ruc t ion  of over one 100 tes t  modules us ing  f i v e  d i f f e r e n t  en- 

capsu l a t i on  schemes. The encapsula t ion  systems used were a s  fo l lows:  

Type 2 - Soda l i m e  glass/EVA/cells/EVA/Tedlar 150BL30WH 

Type 3 .- Soda-lime glass/EMA/cells/EMA/Tedlar 150BL30WH 

Type 5 2 Soda-lime glass/EVA/cells/EVA/soda-lime g l a s s  

Type 6 - Soda-lime glass/EVA/cells/EVA/aluminum f o i l  (1.5 m i l )  

Type 7 - Tedlar  lOOBG30UT/EVA/cells/EVA/mild steel  s u b s t r a t e  

laminated wi th  EVA and Scotchpar  20 CP whi te  p o l y e s t e r  

: f i l m  t o  y i e l d  a  co r ros ion  proof s t e e l .  

+, 

Clemson Univers i ty  is  i n  t h e  process  of exposing t h e s e  modules t o  t h e  

stress cond i t i ons  p rev ious ly  descr ibed  and i s  determining t h e  response 

t o  t h e s e  stresses f o r  each c e l l  type  and encapsula t ion  system. The r e s u l t s  

of t h i s  work w i l l  y i e l d  d a t a  concerning f a i l u r e  p r o b a b i l i t i e s  and be  use- 

f u l  i n  e s t a b l i s h i n g  r e l i a b i l i t y  and q u a l i f i c a t i o n  tes t  p ro toco l s .  



I X .  CONCLUSIONS AND RECOMMENDATIONS 

1. The new a l i p h a t i c  pe rox ide ,  Lupersol TBEC (Luc ido l .D iv i s ion ,  Pennwalt 

Corpora t ion)  has  been found t o  be  much more e f f e c t i v e  cu r ing  agent  

t hen  t h e  commercially used Lupersol 101 i n  bo th  t h e  EVA and EMA candi-  

d a t e  p o t t a n t  systems o f  i n t e r e s t .  This new compound permi ts  t h e  c u r e  

tempera ture  t o  be  lowered i n  bo th  t h e s e  r e s i n s ,  r e s u l t s  i n  f a s t e r  c u r e ,  

may b e  found t o  b e  less prone t o  v o l a t i l e  i o s s e s ,  and g i v e s  h ighe r  g e l  

con tcn t c  t han  ,p rev ious ly  achieved.  The advantaqes t o  t h e  use of t h i s  

new c u r i n g  agen t  a r e  lower temperature  o p e r a t i o n ,  f a s t e r  c u r e  and con- 

s equen t ly  n i g h e r  diruuyllpuL, l l i s j l i t ~  eu rc  r e l i a b i l i t y  and ~ , i ~ r l ~ r  ciirp: 

l a t i t u d e .  Future  work should d e f i n i t e l y  emphasize t h i s  peroxide  a s  a  

replacement  f o r  Lupersol 101. 

I n  a d d i t i o n  t o  t h e  lamina t ion  type  o f  p o t t a n t ,  c and ida t e s  f o r  t h e  

l i q u i d  c a s t i n g  p roces s  have a l s o  been researclied. One c l a s s  of com- 

pourids, a l i p h a t i c  po lyure thanes  have been i n v e s t i g a t e d  f o r  t h i s  purpose. 

A f t e r  c o n t a c t i n g  ,a number of  i n d u s t r i a l  s u p p l i e r s  and formula t ing  a  

product  w i t h  t h e  r equ i r ed  p r o p e r t i e s ,  a  candida te  p o t t a n t  is now ready 

f o r  t h i s  t ype  o f  encapsu la t i on  scheme. 'The ure,Lliar~e is .  a two p a r t  

system des igna t ed  2-2591 and i s , a v a i l & l e  from Development ~ s s o c i a t e s ,  

I n c . ,  North Kingstown, Rhode I s l a n d .  '?'he system f e a t u r e s  low v i s c o s i t y ,  

low color,  rapid cure t i m e  and s u r p r i s i n g l y  h igh  r e s i s t a n c e  t o  u l t r a -  

v i o l e t  l i g h t .  The c o s t  f o r  t h e  mixed system i s  i n  t h e  o r d e r  o f  $3.00 

p e r  pound and commercial q u a n t i t i e s  a r e  a v a i l a b l e .  

3. Mild s t e e l  i s  an a t t r a c t i v e  s u b s t r a t e  candida te  due t o  i t s  c o s t  t 0  

d e f l e c t i o n  r e s i s t a n c e  r a t i o .  The s t e e l  is  produced i n  s h e e t  form and 

has  t h e  p o t e n t i a l  to  be slidpeil alicl tcrrmed wi th  i n t a y r d l  i ' i L s  t o  

f u r t h e r  enhance i t s  mechanical r i g i d i t y .  The de f i c i ency  wi th  mild 

s teel  is  i t s  poor  r e s i s t a n c e  t o  co r ros ion  I n  an outdoor  e n v i r o ~ i l ~ ~ e ~ l t .  

Cvs t ings  t o  i n h i b i t  o r  p r even t  r u s t i n q  of  mild s t ee l  a r e  be ing  s e l e c t e d  
0 

and eva lua t ed  by outdoor  exposure and 35 C s a l k  fog t e s t i n g .  To d a t e ,  

s e v e r a l  c o a t i n g s  have  been :discovered t h a t  appear  t o  be  e f f e c t i v e  and 

have prevented any observable  a t t a c k  t o  t h e  s t e e l  a f t e r  5 ,000 .hours  of 



s a l t  spray (unscribed). To date, the best  coatings.appear to  be com- 

binations of EVA lamination pottant with a polyester film topcoat and 

EVA modified with a zinc chromate containing primer. This approach i s  

too expensive t o  be pract ical ,  however it serves to  demonstrate the 

concept of using laminated films and the effectiveness of chromate mod- 

i f ica t ion .  Thinner films of less  expensive resin may s t i l l  be a cost 

effective technique. 

The most promising coatings discovered to  date are based on s i l icone 

modified polyester chemistry and a bakeable fluorocarbon maintenance 

coating. These materials have survived over 4,000 hours so f a r  with no 

signs of deterioration,and cost i n  the order of $3.00 t o  $3.50 per 

square meter (including s t ee l  cost)  for  both sides coated. Coating 

materials such as these should resu l t  i n  a weathered mild s t e e l  based 
2 

substrate well within the maximum cost l i m i t  of $7.00/m . Future work 

w i l l  ident i fy,  evaluate and report on further work with these and other 

candidates. 

4. The resu l t s  of tes t ing s o i l  res i s tan t  surface treatments show.that the 

most effect ive treatments are basedon fluorocarbon chemistry, however 

these compounds.appear to  be slowly l o s t  as outdoor exposure time in- 

creases. More development i s  required i n  the area of permanence of 

, these treatments to  maintain the effectiveness for  longer periods of 

time. This?approach could also benefi t  from an extended structure- 

ac t iv i ty  correlation to  generate cpmpounds tha t  reduce the surface 

energy to  the pract ical  minimum. 

5. The polyolefin based pottants,  EVA and EMA, are  considered to  have 

good thermal s t a b i l i t y  over the time and temperatures explored so far .  

The polyurethane is  more questionable. The formation of cplor i n  t h i s  
0 

compound a t  temperatures as 1ow.a~  80 C could possibly place a limita- 

t ion on i t s  use i n  solar module applications. A l l  the pottants remain 

to  be evaluated for performance over long periods oL time. One con- 

spicuous r e su l t  of the thermal aging work i s  the adverse reaction with 

copper. I t  . i s  f e l t  tha t  in  no, circumstances should the pottant com- 

puurld curiLacL metallic capper, - - as signs of "corrosion" arc noticcd in  

almost a l l  cases. 
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TABLE 1 

Advanced Cure Studies: EVA 

Time/~emperature/Gel Profile 

EVA Formulation With Lupersol 331-80B 
(Compound No. 14745-2) 

Time 
Minutes : lloOc 12 OOC 13 OOC 140'~ 150°c 16 OOC 

EVA Formulation With Lupcrsol TBEC 
(Compound No. 15259) 

Time 
Minutes : lloOc 12 OOC 13 oOc 140°c 15c0c 160°c 



TABLE 1- (Continued 2) 

Advanced Cure S t u d i e s :  EVA 

Time/Temperature/Gel P r o f i l e  

S tandard  EVA A9918 Formula t ion ,  f o r  Comparison 
(Luperso l  101) 

Time . .. 
Minutes : lloOc 120°c 1 3  OOC 140°c 15  OOC 160°c 

EVA Formulat ion With Lupersol  D-S606 
(Compound No. 15267-A) 

Time 
Minutes : lbu0c 1 4 0 ~ ~  1 5 0 ~ ~  1 3  OOC 120°c 11 0% 



TABLE 1 - (Cont inued 3 )  

Advanced Cure S t u d i e s :  EVA 

Time/Tempera.ture/Gel P r o f i l e  

EVA Formula t ion  With Lupersol-99 
(Compound,No. 14745-1) 

Time 
Minutes  : lloOc 120°c 1 3  OOC 140°c 150°c 160°c 

a 1 

l o w  

70 .7  

77.7 

78.4 

7 9 . 9  

low 

72 .2  

74.9  

77 .7  . 

75.2  

79.0  

7 9 . 9  low 

69.5  

8 2 . 1  

0 

. . 
0 

, . 3 .  

low 

.low 

8 . 1  

76 .1  



TABLE 2 

Advanced Cure Studies : E t A  . . ... - 

Time/Temperatvre/Gel . Profile 

EVA Formulation With Lupersol D-S606 

(Compound No. 15268-B) 

Time 
Minutes : 

EMA Formulation With Lupersol 331-80B 

I r nmpn~~nd  No. 15257-B).. 

Time 
Minutes : 



TABLE 2 -(Continued 2) 

Advanced Cure Studies : E ~ I A  

Time/Temperature/Gel Profile 

EMA Formulation With Lu~ersol-99 

(Compound No. 15257-B). 

Time 
Minutes : 120°c 

EMA Formulatioll With. Lupersol TBEC 

(Compound' No. 15257-C - 

0 

0 

v. low 

Time 
Minutes : 

0 

0 

36.8 

61.6 

51.1 

0 

v. low 

v. low 

57.3 

0 

53.4 

57.8 

51.7 

51.6 



' TABLE 2 - (Cont inued  3 )  

Advanced Cure S t u d i e s :  EMA . -. , 

Time/ Temperature/Gel  P r o f i l e  

S t a n d a r d  EMA F o r m u l a t i o n  N o .  A-13439, f o r  Comparison 

( L u p e r s o l  101)  

2 m i n u t e s  

5 m i n u t e s  

1 0  m i n u t e s  

20 m i n u t e s  

30 m i n u t e s  

40 m i n u t e s  

7 
GO'  rninu.tes I 



TABLE 3 . . , 

CANDIDATE URETHANE POWANTS 

Provided by Development Associa tes ,  Inc.  

2-2341 Z-2211 ! 2-2351 2-2451 
I , .  

3,600 p s i  1.160 'psi!  2,'750 p s i  152 p s i  

2-2481 

2,770 p s i  

2-2591 

160 p s i  
Tens i l e  s t r e n g t h  (a )  
ASIW D-638, 25cC 

215 p s i  

u l t ima te  e longa t ion  (a) 
ASTM D-638, 25% 

Modu1us;Young's o r  t angen t  
(b) 

2,450 p s i  611 p s i  .: 635 p s i  
ASTM 9-630, 25°C 

362 p s i  
5 

14 x 10 p s i  142 p s i  254 p s i  

Gel t ime(=)  : 25OC 
(nixed)  3SoC 

. . .  
1 5  min 12 min ' 12 min 

7 min ' 4 min . . 4 min 
10 min 

3 min 
1 5  .min 

3 rnin 
20 min 

8 min 
20 min 
1 0  min 

Brookf ie ld  V i scos i ty :  approx . approx . approx . 
Mixed, 250C, R \ T  #2 50 rpm 500 cps  175 cps  165 cps  

approx . 
150 cps  

approx . 
150 cps  

approx . 
400 cps  

approx . 
250 cps  

Cure r a t e ,  6S0c - 5 min 5 min 5 min 

4 5 

1.04 

5 min 

45 

5 min 

Hardness: Shore A,  2 3 O ~  (Shore D)60 65-75 65-75 

S p e c i f i c  G r a v i t y ,  2S°C 1.07 1.04 1.04 

T o t a l  i n t e g r a t e d  t ransmiss ion:  
ASTM E-424-A 

UV cu to f f  waveLength: 350 nm 360 nm '350 nm 

Glas s  t r a n s i t i o n  temperature:  .+12Oc -1OOC -4Oc 

- - 

( a )  Cross.head speed, 10n/min 
(b) Crosshead speed, O.l"/min, me3sured a t  1% s t r a i n  
(c)  Gel t ime may be c o n t r o l l e d  by c a t a l y s t  concen t r a t ion  



c o a t i x g s  on:  Mild S t e e l  Cold Rol led ,  60 m i l  

TABLE 4 

Corrosion R e s u l t s  

T e s t  Specinens  
Jotebook No. M a t e r i a l s  

14304-5 1 EVA 9918 

14304-1 

14304-2 

14304-3 

14304-4 

X-22417 A z r y l i c  f i l m  

Scotchpar  2OCP-white 

1.5 m i l  Al.:minum f o i l  

Korad 6300*1~ white: 

14576-6 

Cor ros ion  Condi t ions  

Korad X212-R 

Adhe s:ve/ 
P r  irr.er 

3M 4910, 

3M 4910 

3M C910 

3M L910 

AllE61 

3M 4910 
I 

Acmit i te  

Ted la r  200ZS30WH 

S t a i n l e s s  r t e e l  302 

EVA 9318/Snotchpar 2 0  

I EVA 9318/S%ainless  302 A11€-61/.?11lB51 

EVA 9918/Tedlar 130BG30, AllE61 j107D 

ASTM B-117 S a l t  Spray (Hours) 

3M 4910 

3M 4910 

3M 4910 

AllE61j107D 
B W  

I 

I 
I 

5MW932 377 Fluoroc~trbon 

Dextar 75x102 

200 

II , b  

I 1 , b  

1 ~ , 3 , f , g  

I 

I 

I 

I 

I 

I 

I I , f  

I I , 2  

I 

I 

Scotchclad XB-5863 

14746-19B Mild S t e e l ,  60 m i l  I 

1500 

I I I , 4 , . c  

I I I , 3 , c , g  

R 

I1 ,b 

I I I , 4  

I I I , 4  ,d 
I 

I1 ,e 

I1 ,b 

I I , e  

I 

11 ,e 

I 

Non E 

330' Epoxy 

9XlE5 E2oxy 

500 

I I , ~ , c  

1 1 , 3 , ~ , g  

I I , 3 , f , g  

I1 ,a 

II,1 

I I , 2 , c  

I 

- 
EVA 9918 ( z i n c  chromate,) 14590 

Cont ro l  

90C 

I I , ~ - , ~  

1 1 , - g  

1 1 1 , 4 . f 1 ~  

1 1 , ~  

11,s 
11,; ,z 

2000 / 2500 
L: 

R - 

R I - 

I 

I 

I -  3 . - - I - - ! - 

- 

I1 , c  

R 

R 

I 

I 

- 
R 

- 

- 
1 



TABLE 4 (Continued) 

Corrosion Results 

Coatings-on: Mild Steel Cold Rolled, 60 mil 

Date : 3/24/82 5/2/82 

Materials . 

1 14576-10 EVA 9918/Scotchpar 20CP 

14591-14 EVA 9918 + Zinc Chromate 

Adhesive/ 
Primer 

A11861/106 

14590 

Epoxy 3305 

~poxy 9--x 165 

Epoxy 9 x 165 

14701-15 

1 14713-16 
14713-17 

5MW932377 Fluorocarbon 

Dextar 75 x 102 

DXD-889 Acrylic 

Salt Spray ASTM B-117 
Hours 

4,500 

4,000 

3,100 

3,100 

3,100 

Hours 

5,500 

5,000 

4,500 

4,000 

4,000 

Condition 

I 

I1 ,e 

III,4,a 

11,2,a 

II1,ag 

Condition 

11 ,g 

III,4,abg 

III,l,afg 

II,Z,ag 

III,3,ag 



TABLE 5 

Corrosion R e s u l t s  

CoatFngs on: Mild S ~ e e l  Cold Rol led ,  60 m i l  

I 

Corrosion C o n f i t i o n s  

Notebook No. 

14304-1 

14304-2 

14304-3 

14304-4 

14304-5 

14576-6 

14576-7 

14576-8 

14576-9 

14576-10 

14576-11 

14576-12 

14576-13 

14591-14 

14701-15 

14713-16 

14713-17 

14746-19A 
I 

T e s t  Specimens 
M a t s r i a l s  

X-22417 Acry l ic  f i l m  

Scotchpar  LOCP-white 

1 .5  m i l  Al:minum r o i l  

Korad 630013 whi te  

EVA 9918 

1 Adhesive/ 
Pr imer  

3N 4910 

3N 4910 

3F. 4910 

3P 4910 

A11861 

2000 . 

I I , 2  

I1 , b  

I 

I I , e , b  

I I , 2  

Outdoors:  
200 

- - 

- - 

- 
- 

- - 1 

I 

Korad X212-R 

Acmi t i t e  

Ted la r  200ES30WH 

S t a i n l e s s  s t e e l  302 

EVA 9918/Scotchpar 20  C W  

EVA 9918/S ta in less  302 

EVA 9918/Tedlar 100BG3C 

Sco tchc lad  XB-5863 

EVA 9918 (Zinc Chromete) 

WW932377 Fluoroczrbcn 

Dextar 75x102 

DXD-889 A c r y l l c  

Mild S t e e l ,  60 m i l  

2500 

I I , 2  

I I , b  

I 

I I , e , b  

I I , 2  

, C c n n .  

900 

I I , 2  

I1 , b  

I 

I I , e , b  

I I , 2  

E n f i e l d  
500 

I 

I 

I 

11 ,e 

I 

(Hours) 
1500 

I I , 2  

I1 ,b 

I 

I I , e , b  

I I , 2  

R 

I 

I 

I I , e  

I 

I1 , e  

I I , e  

I I , 3 , f  

I 

I 

I 

- 

- 
I 

I 

11 ,e 

I 

11 ,e 

11 ,e 

I I , 3 , f  

- 

- 
- 

- 

I11 , L  

I 

I 

11,e 

I 

I1 , e  

I 

I I , 2 , f  

I 

I 

I 

I 

I I I , 4  

I 

I 

I 

I 

I 

I 

I I , 2 , f  

I 

I 

I 

I 

111-R 

3L 4910 I I I , 4 , c  

I 

I 

I1 ,e 

I 

I1 , e  

I 

I I , 2 , f  

I 

I 

I 

- 

I I , 2  

3P 4910 I 

3Y 4910 I I 

3P 4910 - 1 

~11861/1.37D 1 

A11861/A11861 4 

All86:/107D 

6020 

14590 

3305 Epo:<y 

9x165 Epoxy 

I 

I I , 2 , f  

I 

I 

I 

9x165 Epox? . i I 

Cont ro l  / I I . 2  



TABLE 5 - Continued 
Corrosion Resu,lts 

~Zoatings on: Mild Steel Cold Rolled, 60 mil 

I I Test Specimens 

1 13304-1 Ix-22417 Acrvlic film 

14304-3 1.5 r.il Aluminum foil 

13 304-4 Korad 63000 white . 

DXD-889 Acrylic 

corrosion Conditions 
Adhesive/ LI Outdoors: Enfield , Conn. (Itours) 
Primer 

Hours 1 Condition 

A11861 4,500 II., 1,2 5,500 11,1',2 

3M 4910 R - -  R R R 

6020 4,500 II,a,f 5,500 111, 1,3,aef 

14590 4,000 II,2,e 5,000 11, 2,e 

3305 Epoxy 3,500 II,2,a 4,500 11, 2.,a 

9x165 Epoxy 3,100 II,2,a 4,000 II,2,a 

9x165 Epoxy 3,100 11,2,a 4,000 II,2 ,a 



'l'ab1e 6 

CORROSION MONITORING 

Key : _ 
Specimen C o n d i t i o n  

I .  No o b s e r v a b l e  change 

11. Some s i g n s  of d e t e r i o r a t i o n  

111. IToriceablt! dereriaraeion 

R .  Realuved IL UIII Iur i l ~ e r  ces clng : 
specimen d e t e r i o r a t i n g  b a d l y  

C t c c l  Condition 
*I_ 

D u l l i n g  of s u r f a c e  

L i g h t  c o r r o s i o n  v i s i b l e  ( s c a t t e r e d  s p o t s )  

Medium c o r r o s i o n  v i s i b l e  (10% of s u r f a c e )  

Extensive c o r r o s i o n  v i s i h l  P. (river 2 5 h f  s l l r fn rp )  

Coat ing  C o n d i t i o n  

B l i s t e r i n g  

S l i g h t  d e l a m i n a t i o n  

1-lediuiu delaan~:i.na t i u n  

Complete d e l a m i n a t i o n  

Coat ing d i s c o i o r i n g ,  some s u r f a c e  attack 

Coat ing d e g r g d i n g / c o r r o d i n g  

F a i l u i e  uf s e a l a ~ ~ ~ / g a s k e t  



Table 7 A13 
CORROSION PROTECTIVE TPEATXENTS: COSTING 

, . 
Notebook Number : 14304-1 14304-2 14304-3 14304-4 14304-5 

Application method : 
1. Dip 2. Spray 3. Flow coat  4. electroplate 5. electrodeposit ion 6. fluid bed 

(a) Proof of concept only, cost does not ref lec t  f inal  material choices. 



CORROSION PROTECTIVE TREATMENTS : 

COSTING 
Noteb~ok Number : 1 4 5 7 6 - 6  1 4 5 7 6 - 7  1 4 5 7 6 - 8  1 4 5 7 6 - 9  14576-10  

". . - 

Tolal Cusl : - - 
5 0 . 6 1  $ 0 . 6 9  $ 0 . 6 4  SO. 9 9  5 1 . 0 6  (a) 

,. . - .- - 
$ 6 . 6 0  5 7 . 4 4  J G . ~ z - -  ~ ~ 0 . 7 0  Sll. 4 1  

Application method : 
1. Dip 2. Spray 3. Flow coat 4. electroplate 5. electradtposlt10n 6. fluid, bed 

(a)  Proof of concept only, cost does not ref lect  final material choices. 



Table 7 .  (Cont inued 3 )  

CORROSION PROTECTIVE TREATMENTS 

Surface ~ r e a h n e n t  
Type : 
Chemist ry  . 
c o s t ,  $ /mL 

Notebook Number : 14576-11 14576-12 14576-13 14591-14 14701-15 

Steel  T w e  : 
~ a n u f a c  tu re r  
Thickness, mi l s  
C o s t .  $ / m G  

Application method : 
1. Dip 2. Spray 3. Flow coat 4. electroplate 5. electrodeposition 6. fluid bed 

I Total  Cost : 
$/f tL 
$ /m2 

(a )  Proof of concept only, cost 'does not r e f l e c t  f ina l  material choices. 

mild 

2 8 
$2.70 

$1. 46(a ) '  
$1 5.71 

mild 

2 8 
$2.70 

$1.06 ( a )  
$11.39 

mild 

28 ' 

$2.70 

mild. 

2 8 
$2.70 

mild 

28 

$2.70 

$0.53 
$5.74 

30.96 
$1 0.31 

$0.33 
$3.56 



Table  7 ( c o n t i n u t e d  4 )  

CORROSION PROTECTIVE TREATMENTS 

Notebook Number : 14713-16 14713-17 

I mild I mild 1 I 1 
Manufac turer  1 - - 2 

Bake time. min. 1 m i n  1 min  
Bake coat  , $/mL $0,006 $0,006 

- 

Thickness,  m i l s  
C o s t .  $/mL 

Surface  T r e a t m e n t  

Top Coat  ( f i r s t )  Dextar  ( Dex 
Designation 75x102 
Manufacturer  Dexter-Mid I Dext 

t a r  I 
I DXD-889 I I I 

2 8 
$2.70 

er-Mid 1 I 1 
tg acryl ic  1 

28 

$2.70 

Application method : 
1. Dip 2. Sp ray  3. F low c o a t  4. e lec t ropla te  5. e lec t rodepos i t ion  6. fluid bed 



llARCBOARD COATINGS EXPERIMENTS 

Exposure Time 

Notebook 
m m b e r  : 

14737 

1'4592-1 

14592-2 

34592-3 

14592-4 

14592-5 

14592-6 

P r o t e c t i v e  C o a t i n g  

None Q n t r o l  

Acryla?r 22417/4910 a d h e s i v e  

Korad 63000,'4910 a d h e s i v e  

White : rustoleurn p a i n t  ( l a t e x )  

302 S t a i n l e s s  fo i1 /4910  a d h e s i v e  

n l u m i ~ u m  foL1/4910 a d h e s i v e  

Scotcl-par  21XPW/4910 a d h e s i v e  

mn 9918 p o t t a n t / l l . R 6 1  p r i m e r  

Evn 9918/meLamine ( o t h e r  s i d e )  

T e d l a r  200 Wiite/68060 a d h e s i v e  

Weight  Change 

4 Weeks (b) 

Weight Change 

1 2  1 6  Weeks ( d l  
II I 

Weight Change 1 Weight Cllanga I 

-- -- 

a. Weight change  w i t h  r e s p e c t  t o  t h e  w e i g h t  o f  t h e  whole spec imen,  i n c l u d i n g  g a s k e t  a n d  c o a t i n g  
1). Weight change  c a l c u l a t e d  from the w e i g h t  o f  t h e  hardboard  o n l y .  

(a) R a i n f a l l  d u r i n g  t h i s  p e r i o d ,  3.32" 
(b) R a i n f a l l  d u r i n g  t h i s  p e r i o d ,  0.m" 
(c) R a i n f a l l  d u r i n g  t h i s  p e r i o d ,  2.C" (some snow c o v e r e d )  
( A )  R a i n f a l l  d u r i n g  t h i s  p e r i o d  
(11 S c a t t e r e d  a r e a s  o f  d e l a m i n a t i o n  
( E l  Rrcad a r e a s  o f  d e l a m i n a t i o n  
(.3) C o a t i n g s  a p p l i e d  to  h a r d h o a r d  e q u i l i b r a t e d  a t  50% r e l a t i v e  h u m i d i t y  and  21°c. A l l  b o a r d s  were 

. o f  same wefght  and deployed  wi t t .  b u t y l  e d g e  s e a l  and g a s k e t  



TABLE 99 

Soi l*  Experiments 

S o i l  r e s i s t a n t  c o a t i n g s ;  z h a n ~ e  i n  short  z i r c u i t  current  
w i t h  standard c e l l .  Twelve months outdoor exposure.  

Legend: 0 = c o n t r o l  va lue  b e f ~ r e  e x p s u r e ;  referenced t o  s tandarj  =ell 
1-12 = nurr.ber o f  months ,axposure; % o f  o r i g i n a l  short  c i r c u i a  current  

= % change i : ~  Is= 

01-650 Glass  Resin 

SHC-1000 

WL-81 Rohm 6 Haas 

91.0 

91.9 

90.7 

90.5 

89.6- 

88. G 

89.6 

89.4 

:88.7 

89.3 

89.3 

88.7, 

89.3 

88.3. 

86.2' 

88.0 

88.3 

86.7 

88.7 

87.8 

87.3 

87.3 

87.4 

87.0 

87.5 35.3 

87.1 86.0 

86.4 83.5 

85.8 

87.8 

86.1 

87.6 

88.0 

86.0 

87.1 

87.4 

86.9 

-4.3 

-4.9 

-4.2 
-, 



TABLE 9B 

S o i l i n g  Experiments, . . .  

S o i l  r e s i s t a n t  coat ings ;  percent change i n  short  c i r c u i t  current  
with standard c e l l .  Twelve months outdoor exposure. 

Legend: 0 = ccntro l  value before exposure; referenced tostandard ce l l  
1-12 = number months exposure; % o f  o r i g i n a l  short  c i r c u i t  current  



TABLE 10A 

S o i l i n g  Exper iments  

S o i l  r e s i s t a n t  z o a t i n g s ;  change i n  s h o r t  c i r c u i t  c u r r e n t  
w i t h  s t e n d a r d  cs l l .  Twelve months o u t d o o r  exposure .  

Legend: 0 = c o n t r o l  v a l u e  b e f o r e  e x p o s u r e ; r e f e r e n c e d  t o  s t ands r .3  ce l l  
1-12 = number months exposure ; .  % of  o r i g i n a l  s h o r t  c i r c u i t  c u r r e n t  

= % chang- i n  Is, 

Trea tmex t  

L-1668 

Ozone, Then L-I668 

E-3820 

Ozone, Then E-3820 

01-650 G l a s s  Res in  

SHC-1000 

WL-81 Rohm & Haas 

30.3 

34.5 

30.0 

34 .1  

31.1 

32.1 

33.6 

79.5 

81.6 

78.5 

83 .3  

79.3 

78.9 

81.0 

80 .0  

82.4 

78 .7  

82 .4  

7 8 . 9  

77 .8  

80 .7  

78 .8  

8 2 . 1  

7 8 . 1  

82.2 

79.5 

76.9 

82.7 

77.9 

82 .0  

77.7 

82 .3  

78.4 

77.9 

81.0 

77.5 

81 .5  

77.7 

82.0 

7 8 . 1  

76 .2  

81 .0  

77.5 

81.8 

77.9 

81 .5  

77.8 

77 .1  

8 0 . 1  

76.3 

80.7 

76.9 

80.7 

76.9 

77.0 

79.7 

77.2 

80.2 

76.9 

81 .4  

77 .3  

7 6 . 7  

79 .6  

76.2 

79.2 

74.6 

79.9 

75.3 

74.9 

77.9 

75.0 

79.3 

74.5 

80.0 

75 .1  

75.9 

78.3 

75.8 

80.7 

76.5 

81.4 

76.9 

77 .1  

79.8 

76.3 

80.6 

75.7 

80.7 

76.8 

75.7 

78.9 

-5.0 

-4.6 

-5.4 

-4.0 

-5.3 

-7.8 

-5.6 
7 



TABLE' I O B  

S o i l i n g  Expe r imen t s  

S o i l  r e s t s t a n t  c o a t i n g s ;  p e r c e n t  change  i n  s h o r t  c i r c u i t  c u r r e n t  
w i t h  s t a n d a r d  cell.  Twelve months o f  o u t d o o r  exposu re .  

Legend: 0 = c o n t r o l  v a l u e  b e f o r e  exposu re ;  r e f e r e n c e d  t o  s t a n d a r d  ce l l  
1-12 = n u r b e r  months e x p o s u r e ;  % o f  o r i g i n a l  s h o r t  c i r c u i t  c u r r e n t  

T rea tmen t  

None 

L-1668 

Ozone, Then L-1668 

E-3820 

Ozone, Then E-3820 

SHC-1000 

WL-81 Rohm 6 Haas 

% Variation i n  I,, A c r y l a r  X-22417 
A c r y l i c  F i l m  

8 

-7.5 

-3.9 

-5 .0  

-3.9 

-3.2 

-6.6 

-4.8 

4 

-3.7 

-2 .1  

-2.5 

-2.3 

-1.8 

-4.2 

-2.6 

' 0 

0 

0 

0 

0 

0 

0 

2 

-3.9 

-0.4 

-2.5 

-1.6 

-2.0 

-5.2 

-3.5 

11 

-7.9 

-5.6 

-4.5 

-4.4 

-3.2 

-6.1 

-4.5 

0 3 1  

-3 .1  

-0.8 

-2.9 

-1.5 

-0.8 

-4.1 

-2.6 

9 

-10.2 

-5 .1  

-6.3 

-6.7 

-5 .0  

-8.8 

-6.8 

3 

-4.4 

-1.8 

-2.8 

-2.4 

-2 .3  

-6 .3  

-1.0 

1 2  

-7.8 

-5.0 

-4.6 

-5.4 

-4.0 

-7.8 

- 5 . 6 1  

1 0  

-10.8 

-6.6 

-6 .1  

-6.8 

-4 .9  

-7.6 

-6 .3  

7 

-6.4 

-5.0 

-4.5 

-3.9 

-4.0 

-6.2 

-4.7 

5 

-5.1 

-3.5 

-3.4 

-2.8 

-2.5 

-6 .5  

-3 .1  

6 

-5.4 

-3.5 

- - 3 . 2  

-2.6 

-3 .1  

-6 .1  

-4.2 



TABLE L ~ A  

S o i l i n g  Exper imen t s  

S o i l  r e s i s t a n t  c o a t i n g s ;  change i n  s h o r t  c i r c u i t  c u r r e n t  
w i th .  s t a n d a r d  ce l l .  Twelve months o u t d o c r  exposure .  

T rea tmen t  0  1 

None 87.7 85.3 

L- 16  6  8  88.4 86.3 

. . .. . . 

1 Ozone, Then L-1668 1 8 8 . 1  1 87.3 

- . . - - .  . .. - . . - . . . -  % Isc T e d l a r  100BG30UT . ' 
I .  . . . <  

On G l a s s  

I WL-81 Rohm & Aaas 1 87.7 1 86.5 

RTV-615 S i l i c o n e  88.5,  ,86.5 
- .  

Legend: 0  = c o n t r o l  v a l u e  bef.ore exposure ;  r e f e r e n c e d  t o  s t a n d a r d  ce l l  
1-12 = n-mber  mcmths CxFosure; % o f  o r i g i n a l  s h o r t  c i r c u i t  z u r r e n t  

= 9 change i n  ISc 



TABLE 11s 

S o i l i n g  . E x p e r i m e n t s  
. .  . 

so i l  r e s i s t a n t  c o a t i n g s ;  p e r c e n t  c h a n g e  i n  s h o r t  c i r c u i t  c u r ' r e n t  

_ - .  . - w i t h ,  s t a n d a r d  "ce l l .  T v e l v e  .months  o f  . o u t d o o r ,  . e x p o s u r e .  
. . .  . . ,: - 

. . % ~ a r i a ' t i o n  i n ;  Isc T e d l a r  1 0 0 ~ ~ 3 0 ~ ~  
. . 

Legend:  0  = c o n t r o l  v a l u e  b e f o r e  e x p o s u r e ;  r e f e r e n c e d  t o  s t a n d a r d  ce l l  
1-12 = nurrber m o n t h s  e x p o s u r e ;  % o f  o r i g i n a l  s h o r t  c i r c u i t  c u r r e n t  

T r e a t m e n t  

None 

L-1668 

Ozone ,  Then  L-1668 

E-3820 

Ozone,  Then  E-3820 

01-650 G l a s s  R e s i n  

SHC-1000 

WL-81 Rohm & Haas  

. . F i l m  ' 

11 

-6.7 

- 3 . 9  

-3 .7  

- 2 . 1  

- 3 . 9  

-6 .4 

- 4 . 5  

- 4 . 9  

0  

0  

0  

0  

0 

0  

0  

0  

0  

9  

- 7 . 7  

- 6 . 0  

- 5 . 9  

-2 .4 

-5 .8  

- 9 . 1  

- 7 . 9  

-6 .6  

8  

- 6 . 3  

- 3 . 7  

-3 .4  

- 1 . 3  

-4 .4 

- 4 . 6  

-4 .5  

- 3 . 8  

3  

-1 .0  

-2 .7  

-2 .1  

- 3 . 5  

+ 0 . 3  

- 4 . 1  

- 3 . 0  

-3 .4  

6  

- 4 . 7  

- 2 . 9  

- 3 . 1  

-1 .7  

. - 3 . 7  

-4 .8  

- 3 . 1  

- 2 . 8  

1 0  

- 8 . 8  

- 5 . 3  

- 5 . 0  

-3 .8  

-6 .4 

-6 .5  

- 5 . 6 .  

-5 .2  

7  

- 5 . 1  

-3 .5  

- 3 . 5 .  

-0 .9  

- 4 . 3  

-7 .2  

- 4 . 3  

- 4 . 3  

1 

-2.4 

-1 .5  

-0 .7  

+ 0 . 5  

-3 .2  

- 2 . 7  

- 2 . 5  

-1 .2  

, " 

4  

- 3 . 5 '  

-1 .8  

-2 .2  

- 0 . 8  

-2 .4  

- 3 . 5 .  

- 2 . 6  

-3 .0  

2  

- 3 . 3 .  

-1 .5  

-0..9 

0  

-2 .9  

'2.9 

-2 .4  

- 3 . 3  

5  

-4 .7  

- 3 . 8  

- 2 . 8  

- 1 . 5  

-3 .9  

- 4 . 5  

- 3 . 7  

. ' - 4 . 9  



S o i l i n g  E x p e r i m e n t s  

R a i n f a l l  T i r o n c h o u t  t h e  E x p o s u r e  P e r i o d  

1 r . ches  of R a i n f a l l  a: S p c i n q b o r n  L a b c r a t o r i e s ,  E n f i e l d ,  C o n n e c x i c u t  

*No r a i n f a l l  d u r i n g  t h i s  t i m e ,  b e l o w  f r e e z i n g  

Y e a r :  

Month : 

N o .  

R a i n f a l l ,  
I n c h e s :  

1 9 8 2  1 9 9 1  

Zan .  

8  

I J u n e  

1 

4 - 3  

A p r i l  

11 

4 .45  

7 .  

9 

. - 

J u l y  

2  

4 . 7 5  

March 

1 0  

2 . 2 3  

May 

1 2  

3 . 4  

J u n e  

1 3  

1 0 . 3  

Aug. 

3 

2 .82  

S e p t .  

4 

5 . 9 2  

I 

O c t .  

5 

6 .72  

Nov. 

6 

3 . 1 3  

Dec. 

7  

1 . 5  



TABZ,E 1 3 

SOIL RESISTAN'I' COATINGS 

"1,IQCID GLASS" a n d  ION P1,ATEI) SPECIMENS 

CRANGE IN S1:ORT CIRCUIT CURREH'P-SEVEN MONTH EXPOSURE 

Ar t i - S o i l i n g  Trca tmcr i t  E v a l u a t i o n  

lol l  P l a t e d  a n d  "Liqu id  G l a s s "  C o a t e d  Specimens 

Change i n  S h o r t  C i r c u i t  i I  ) w/Standard Cel.1 
S C 

Month Number 

,(a) P e r c e n t  r e d u c t i o n  >f t ransrnissi .or1 compared t o  c o n t r o l  v a l u e  a t  0  m o n t t ~ s  

(b) S p e c i m e r s  removed from f u r t h e r  t e s t i n g  a f t e r  t l~ i s  t i m e  

---- 
MaLer ia l  & C o a t i n g  

l l a g ~ ~ e s i u m  F l u o r l d e  I o n  P l a t e d  C l a s s  

0  

8 8 . 3  

1 

87 .5  

U n t r e ~ t e d  G l a s s  Blank 1 7 0 . 8  
- 

7 8 . 1  

2  

8 6 . 5  

5  

85.4 

Ct~romium Phos l -ha te  C o a t e d  G l a s s  , 7 .18  ! 70 .2  

I r o n  P l iosp l~aLe  C o a t e d  C l a s s  1 74 .9  72 .8  

Uncoa ted  A c r y l i c  Bland  9 0 . 9  90.4 

T i t a n i u m  D i o x i d e  CoaLed A c r y l i c  90.5 89 .3  

7 8 . 1  

6 9 . 3  

7 2 . 7  

09.7 

89.5 

7 6 . 8  

6 9 . 5  

73 .5  

8 7 . 6  

87 .2  

~- 
3  

8 6 . 3  

4  

8 5 . 7  

77 .8  

6 9 . 5  

7 1 . 7  

8 8 . 6  

0 8 . 2  

-- 
( a )  

-5.44% 

7 6 . 9  

G9.3 

73.7 

09 .3  

88 .2  

6  7  (b) 

- 1 . 8  0 

- 4 . 0  $ 

85 .2  

77.2 

69 .2  

8 3 . 5  

77.4 

6 8 . 9  

72 .8  

8 7 . 0  

08 .1  

7 2 . 8  

0 7 . 6  

0 6 . 9  

-2.8 0 

-3 .6  % 

- 4 . 0  0 



TABLE 14 

Adhesive Bond S t r e n g t h  Determination 
Bond S t r e n c t h  by ASTM D-903 o r  ASTM D- 18;3 

c. Cohesive f a i l u r e  i n  p o t t a n t  

I 
Primer/ 
Adhesive 

At1861 

Al.1061 

A11361 

NO tebook 
Number 

M a t e r i a l s  

A11361 

A11361 

A 1 1  361 

A11:361 

A11:361 

68040 c .  > 20 

68040 

68040 

1 0 7 ~  

1071) 

10 7~ 

107D 

34719 c. 35.7 

Cont ro l  Value 
l b s .  p e r  inch  

( P P ~ )  

39.6 

35.4 

2.5 

Bonds t o  EVA 

A11861-2A 

A11866-A 

A11894-3 

A11894-4 

1111895-1 

A11894-1 

A11894-2 

A12521-1 

A13881-1 

A13881-2 

A13881-3 

14316-1 

143 16- 3 

14316-4 

14316-6 

14719-a,b,c 

I 
2 Weeks Water 2 Hours 

A9918 

Glass/EVA 9918 

Glass/CVA 9918 w,%lend 

Galvanized/EVA 9918 

Mild Sreel/EVk 9918 

~ l u m i n . . & n / ~ ~ ~  9918 

EVA 9918/Tedlar LOOBG30LT 

EVA 9918/Xorad 212 

EVA 9918/Sunadex 

EVA 99 1 8 / T e d l ~ r  2DOBS 30hH 

5 i A  9918/Tedlar 230PT 

DJA 9918/Tedlar 130BS30LT 

EVA 9 9 i E I / ~ c o t c h ~ z ;  20CP 

EVA 99i8/Korad 63*100 

EVA 9918/Tedlar 100B030UT 

EVA 918/mlld s t e e l  

EVA / S c ~ t c h p a r  2CCP 

' Lmmersion 

( p p i )  

37.9 

41.9 

NT 

Boi l ing  Water 

( p p i  1 

27.1 

c. 

NT 



TABLE 1L Continued -.- 

. Adhesive Bond Strength Determination 

Bond Strength by ASTM D-903 or ASTM D-1876 

Bonds to EMA 134 39 

Fotebook 
liumber : 

Balds to 

A13381-4 

~ 1 3 a ~ l - 5  

14316-2 

14316-5. 

14 316-7, 

Materials 
EMA 1.3439, . 

EMA 13439/Tedlar lC*OE.G30UT 

EMA 13433/Tedlar 2C'OPS30Wll 

EMA 13433/~cotch~aa, lOCP 

EMA 13433/Tedlar 1CrOBG 

EMA 13433/mjld steel 

I 14316-8 EMA 13433/Cunadex 

Bonds to Polyurethane ?ottants 

145E8-3A BA13870/Sunadex c. (3.0) 

1 .- I lad 
.I 

c. Cohesive failure in pottant 

primer/ 
adhesive 

6E040 

68040 

107D 

107D 

11861 

14559-0. 

14559-1A 

145E9-1~ 

14519-1C 

14316-9. 

14566-1 

14566-3. 

14566-2 

2 Weeks Yatrr 
Immersion 

( P P ~ )  

NT 

NT 

0.4 

NT 

14.6 

Control Value 
1bs.per inch 

(ppi) 

0.47 

1.88 

0.8 

0.77 

5.64 

11861 

, 

None 

26020 

26020 ' 

26020 
26020 

26020 

26020 

26020 

None 
26032W 

26032W 

Z6032W 

PUT-2211!Tedlar/Scctchpar ' 

Korad/Glass 

PUZ-2211,'Tedlar 10mG 

PUZ-2211,'Scotchpar 

PUZ-2211;Korad 63000 
PUZ-2211,'Sunades 

PLZ-2591;'Sunadex 
I 

.PP>2591;Tedlar 1003G30UT 

PUZ-259l;Korad 6300,J 

A 

2 Iiours 
Boiling Water 

(ppi) 

NT ' 

NT 

1.2 

NT 

13.9 . 
4 0 

NT 

2.5 

NT 

low 

37.2 

0.6 

2.55 

NT 
2.35 

NT 

NT 

60.2 

0 

4.8 

' 0.2 

3.1 
28.0 

31.4 

4.8 

4.14 

0 
2.35 

1.53 

0.71 

0.90 

Bonds to Butyl Acrylatr Pottant 

Scotchprr/Glass 
14559-2c BA13870/?edlar 1005~ 

14519-2A BA13870/Scotchpar 

145F9-2B BA13870/Eorad 6300 

14519-21) BA1?870/Sunadex 

27.7 

NT 

0 

NT 

45.2 

2.5 

2.7 

NT 
2.27 

NT 

NT 

0.59 



Table 15 
p r o j e c t  No. 6072.1 

. .. POLYMER AGING STUDIES 
. . .  

E m o s u r c  Condition : RS/4 DRY 
. *. . "  

M a t e r i a l  : EVA . . -  . . . . " .. . - Yo tebook No: A8901 C 

A trnosohere : A i r  T e m o e r a t u r e  : ' C  

Descr ip t ion  : Prototype formulat ion of A9918 Candidate pottant 

~ x ~ o s u r e .  Hrs .  1 0  (control)(  1 5 , 5 2 0  1 2 2 , 7 2 0  1 3 0 , 0 0 0  1 3 5 , 0 0 0  1 
I I I I I 1 

Date : (add 4Khrs 719179 1 1 / 8 / 8 0  7 / 8 / 8 1  5 / 8 / 8 1  1 1 2 / 2 / 8 2  1 
U Unit No.: 4 4 4 1 

Notes  : a. insufficient spec imen avai lable  

b. not m e a s u r e d  

- 
a .  
u 
"; 
5 - 

1 = no change 4 = s t rong  c o l o r  
2  = faint  c o l o r  5 = degraded  

= modera te  6 = a t r e m e  degrada t iqn  

7 m mel ted  
8  = broken  
9  = s u r f a c e  c r a c k s  

ule. elonyal lu~~.  7" 

Modulus , p s i  

Swell  Ratio 

 el c o n t e n t ,  ?@ 

677 76 

a t  ! OO%strn 
360 

72% 

600% 

45 0  

b. 

b. 

605 % 

833  

b. 

b. 

40 0 '7, 

a. 

1 2 . 9  

45 ?O I 



Table 16 

P ro jec t  No. 6072- 1 POLYMER AGING STUDIES 

Exnosure Copdition : RS/4 DRY 

,Material : EVA A9918 ~ o t e b o o k  NO: A12504-3 

Atmosphere : Air Temuera ture  : 50 a C 

Descriution : Candidate ~ o t t a n t  : standard commercial  grade EVA 

Exposure, Hrs. 1 0  ( c o n t r o l ) l  2.880 ( 5,760 ( 8.640 ( 15.120 1 
- 

I I I I I I 

Date : 1 7/15/80 1 11/12/801 3/13/81 1 7/13/81 1 4/13/82 ( I 
I I I I I I 

Unit No. : I 3 I 5 5 3 3 
-- 

No. of Specimens 1 - 1 0  

Tensi le  strength. p s i  1 1.890 . 1 1. 930 1. 340 1 1.460 1 1.520 I 
U l t  elongation. % 510 

Modplw , psi 8 90 

Swell  Ratio 32.2 

Gel  content ,  5 7 4% 

p r a n s P a r e i l  
-4ppearance film I 

I I I I 
60140 Solder 
Nickel . - I I I I I 
Tleaniurn ' I - I 
Silver I 

Notes : a. not measured 
b. insufficient material 

1 a no change 4 = s t rong color  ? = melted 
2 a faint color 5 a d e g ~ d e d  8 m broken 
3 modera te  color  6 = ex t r eme  degradation 9 a su r face  c racks  



Table 17 

Project  No. 6072.1 POLYMER AGING STUDIES 

Exuosure Condition : RS/4 Dry 

bfaterial.: EMA 13439 Notebook No: 13872-1 

Atmosohere : Air Temoerature : 50 " C  

Description : Candidate pottant - .- - 
5.760 1 7 .608  10,000 1 I 

- -  

Date t 5 / 2 6 / 8 1  9 / 2 7 / 8 1  1 / 2 7 / 8 2  4113182 1 7 / 2 2 / 8 2  

Unit No.: 4 4 4 1 
I 

No. of Specimens 10 5 5 3 
.- - - 

I . 
I I Tensile strength, ps i  2.690 2,420 2.400 

I I I I I I I 

r c l e a r  I I ~ I ~ I I I  

m 
V 

'; 

2 .  - 

354 a. a. 360 

Clear.  1 I 1 

Laak c u r r e n t ,  ma I I b. I I I I I b. 

Ulb. elengotion. % 

Modulus , psi  

Swell Ratio 

Gel content . % 

Notes : a. not measured 
b. Insuiflcieni: ~ a l l ~ p l e  

1 I ng change 4 s 3krOng eolor , . 7 a melted 
2 = faint color 5 = degraded 8 = broken 
3 moderate color 6 = extreme degradation 9 = surface cracks  

5 70% 

3.240 

11.2 

62 70 

623% 

a. 

a. 

a. ' 

64% 

a. 

24. 3  

2  0% 

680 

2,000 

28.4 

5 9% 



Table 18 

P r o j e c t  No. 6072.1 POLYMER AGING STUDIES 

b o s u r e  Condition : RSl4 DRY 

M a t e r i a l  : PU 2-2591 Notebook No: 14600 

A t m o s o h e r e :  Air  T e m p e r a t u r e  : 50 ' C  

. Descr ip t ion  : Candidate pottant - cast ing s y s t e m  

1 = no change 4 = s t rong  c o l o r  7 n mel ted  
2 = faint  co lor  5 = degraded  8 = broken  
3 1 m o d e r a t e  co lor  6 = e x t r e m e  degrada t ion  9 s u r f a c e  c r a c k s  

5 
E - 
P 
vl 

- 
d .  

I! 
m 
Z - 

b. insufficient sample  

4, 125 

4 / 1 3 / 8 2  

6 

14 

131 

105 

241 

3.3 

91.7% 

1 

367 

1 

b. 

b. 

n l a  

Exposure.  Hrs .  

Date : 

U n ~ t  No.: 

Remaining 
No. of Specunens  

Tensile s t reng th ,  ps i  

Ult. elongation. 70 

Modulus . p s ~  

Swell  Ratio 

G e l  content  , "'a 

6.000 

6130182 

6 

11 

199 

143 

222 

3.45 

93% ------. 
2 

367 

2 

b. 

b. 

n / a  

A 

: 
1 

366 

1 

b. 

b. 

n/a 

:60/40Solder--p- 

0 (cont ro l )  

10126181 

6 

22 

160 

11 5 

254 

2.7 

93.2% 

- 
4 

Oa 

2 
u 
0 

'= 
2 

2 
6 

2, 160 

1120182 

6 

18 

196 

143 

263 

a. 

a. 

Notes  : a. not m e a s u r e d  

-4ppearance 

T o t a l  op t ica l  . % T  

uv c u t o f f .  nm 

C o l o r  * 

Dlelct. Stgth,, V/mr l  

L e a k  c u r r e n t ,  ma 

C o o a e r  dust.  % T  
Cooper  m e t a l  
Aluminum 

Nickel 
T i tan ium 
S i l v e r  

t ransparen  
shee t  

366 

C l e a r  

n/a  - - - - - - 



Table 19 

Project No. 6072.1 POLYMER AGING STUDIES 

Exoosure Condition : RS/4- DRY 

 material : BA 13870 NotebookNo: 13870 

Atmosphere : Air Temoerahlre : 50 OC 

Description : Candidate pottant - casting system 

eak current ,  ma 

Notes : a. not measured 
b. insufficient sample 

1 = no change 4 = strong color 7 = melted 
? = faint color 5 = degraded 8 = broken 
3 = moderate color 6 = extreme degradation 9 o surface cracks 



Table  20 

P r o j e c t  No. 6072.1 POLYMER AGING STUDIES 

E m o s u r e  Condition : R S l 4  DRY 

M a t e r i a l  : Tedlar  100BG30UT Notebook No: A12811 

A h n o s o h e r e  : .4ir T e m p e r a t u r e  : 50 O C 

Descr ip t ion  : Outer  cover  candidate 

Exposure.  Hrs .  ( 5 , 7 6 0  1 9 . 7 4 4  l l 5 . 1 2 0  1 2 0 , 0 0 0  

1 Date : 12120/80 412Ol81 10/3181 5120182 1 2 / 9 / 8 2  

I 

( Start ing No. ) 
No. of Spec imens  10 20 13 8 5 

b e n s i l e  s t rength.  p s i  ( 17 ,700  1 16.819 I 16,200 1 16.400 1 14.500 
I 1 1 I I I I I Ult. elongation. 70 1 717. 7 0 78 69 65 
I 

I - 
a .  
U 

I T o t a l  op t ica l  , %T I I I I I I I 

.- 
a 
? - 

~ o d u i u s  , p s i  

Swell  Ratio 

e 

! .- 

-- - 

Teak  cur ren t ,  rm I 

1.4 x l o 5  1 6  x 10 
I 

4d 

a 
O Color  * 

.:I D i e l c t  Stgth-, V / m i l  

I I I I I I 

M na 

I I I I I I 

2 . s X ! o 5  

uv c u t o f f ,  n m  356 355 

s l ight  blue 
hazy 

Coooer  dust.  %T I I na na 

Notes  : a. insufficient sample 

M 

na I na 

60140 Solder  
Nickel 
T i tan ium 

1 3 no change 4 = s t rong  'color 7 = mel ted  
2 = faint  co lor  5 = degraded  8 = broken  
3 = m o d e r a t e  culo* 6 = e x t r e m e  degrada t ion  9 = yurface craelcs 

1 o x 1 0 5  

356 

Cooper  m e t a l  - 1 - - - - 

2 ~ 1 0  5 

na 

1 

a. 

n / a  

354 

1 .  

a. 

1 

a. 

354 

1 

a. 

d 



Table 2 1  

Projec t  No. 6072.1 POLYMER AGING STUDIES 

Exnosure Condition : RS/4 DRY 

Material  : Tedlar 4462 Notebook No: 13406-3 

A t m o s ~ h e r e  : Air Temoerature : 5 0  O C 

Description : Candidate outer cover 

Exposure. Hrs. 1 0  (control)( 2.880 1 5 .760  I 8. 640 1 1 0 , 8 0 0  1 1 6 , 0 0 0  
I I I I I I 

m .  

'; 

1 Total optical , %T I I I I I 

7 - 

Modulus , psi  

Swell Ratio 

Gel content ,  70 

14ppearance 

- - 

uv cutoff ,  n m  365 365 
. - 

n l  t. hhaze 1 1 1 

( ~ o ~ o e r  dust, %T 1 n /a  I n /a  I n/a  .I n/a 1 

5 
2 x  10 

Insoluble 

365 

1 

3 
U .  - w 

I Silver . - . I - I I I 

Insoluble 

hazy blue 
film 

Notes : a. not measured 
b. insufficitnt sample 

a. 

n /a  

Dielct. Stgth;, V/mil  

Leak cu r ren t  , ma 

1 n no change 4 n strong color 7 = melted 
2 o faint color 5 = degraded 8 = broken 
3 moderate 6 n extreme degradation 9 a surface cracks  

n/a 

1 

a. 

n /a  

b. 

b. 

n /a  

1 

a. 

n / a  

b. 

b. 

2.1 x 10 
5 

. n/a 

n la  

1 

nla  

1 

b. , 

b. 

b, 

b. 



Table 2 2  
P r o j e c t  No. 6072.1 POLYMEX AGING STUDIES 

ExDosure Condition : R S l 4  DRY 

M a t e r i a l  : - 4 c r ~ l a r  X22417 Notebook No: A1 2528 

A t m a s o b e r e  : A i r  T e m o e r a t u r a  : So C 

D e s c r i p t i o n  : Outer  cover  candidate ; biaxially or iented a c r y l i c ,  f i l m  

T e n s i l e  s t rength.  p s i  24.000 1 3 , 2 0 0  15,000 14,500 
I 1 I I I I I 

= S w e l l  Ratio Soluble I n / a  
5 e I I I I I I I 
P1 G e l  c o n t e n t ,  '% Soluble n l a  n / a  n l a  n / a  . 

- 
T r a n s p a r e r  t 

A p p e a r a n c e  f i lm . 1 1 1 

A l u m i n u m  - 1 
66/40 Solder - - a 

Nickel  - I - 

- C. 
Notes  : I M~ 116,000 100,000 a. I a. 94.800 

a. not measured  c. Viscosi ty  a v e r a g e  molecu la r  weight 
b. insufficient spec imen 

1 r no change  4 r s t r o n g  c o l o r  7 r m e l t e d  
2 a faint color 5 = degtaded 8 broken 
3 .= m o d e m t e  c o l o r  6 = e x t r e i d d  d e g r a d a t i o n  9 r s u r f a c e  c r a c k s  



Table 23 

project NO. 6072.1  POLYMER AGING STUDIES 

~ a s u r c  Lotididan : R S l 4  D R Y  

Material : Fluorex-A Notebook No: 13406-2 

Atmosohere : Air Temoerature : 50 O C  

Description : Outer cover candidate ; Acrylic/vinylidene fluoride alloy 

Notes : a, not measured 
b. insufficient specimen 

1 r no change 4 r strong color 7 = me1 ted 
2 r hint color 5 a degraded 8 a broken 
3 = m ~ d e m t e  color  6 * extreme degradation 9 a surface cracks 



. N o t e s :  a .  not m e a s u r e d  
b. insufficient sample  

Table  24 

P r o j e c t  No. 6072*1 POLYMER AGING STUDIES 

E x n o s u r e  Condition : R s / ~  DRY 

,Material : Scotchpar  20CP Notebook No: 14321 - 2  

A t m o s e h e r e  : Air  T e m o e r a l u r e  : 50 " C  

1 = no change 4 = s t r o n g  c o l o r  7 = mel ted  
2 ; faint  c o l u r  5 = degraded 8 = broken  
3 n m o d e r a t e  co lor  6 = e x t r e m e  degrada t ion  !, = s u r f a c e  c r a c k s  

c .- 
P.  
m 

- 
m .  
.- 
a 
2 - " 

- 
! .- C) 

Oa 

2 
u .  
0 

). , .. 

J* 

.z 

cover  candidate 

0 (con t ro l )  

7 / 1 3 / 8 1  

8 

10 

29,400 

27 

3.6 x lo5 

Soluble 

Soluble 

White 
film , 

Opaque 

n l a  

White . 

n / a  - - 

Descr ip t ion  : Back 

Exposure ,  Hrs .  

Date : 

Unit No.: 

Remaining 
No. of S p e c u n e n s  
I- 

Tens i le  s t rength. ,psi  

Ult. elongation, % 

Modulus , p s i  

Swell  Ratio 

G e l  c o n t e n t .  '?a 

Appearance  

T o t a l o p t i c a l , ? ~ T  

uv c u t o f f ,  n m  

Color  * 
Dielct. Stgth,. V / m i l  

Leak  c u r r e n t ,  ma 

C ~ ~ p r r  r l * ~ . . ~  t. YQT - 
Cooper  m e t a l  
Aluminum 
6 0 / 4 0  Solder  
Nickel.  
Yltanium 
S i l v e r  

4. 320 

1 /13 /82  

8 

12 

28,000 

15 

a. 

n / a  

n l a  

1- 

n / a , '  

n l a  

1 

b. 

b. 

n / a  

- - - - 
J 

I 

6.648 

4 /20 /82  

5 

8 

28,000 

20 

a. 

n / a  

n / a  

1. 

n / a  

n l a  

1 

b. 

b. 

n / a  

8 , 0 0 0  

6 / 1 5 / 8 2  

5 

6 

25,600 

15 

5 lo5  

n / a  

n l a  

1 

n / a  

n l a  

1 

b. 

b. 

n l a  



Table 2 5  

p r o i e c t  NO. 6072. I . POLYMER AGING STUDIES : 

E x u o s u r e  Condition : RS14 

,Material : T e d l a r  100BS30WH Notebook No: 14321 - 3  

A t m o s p h e r e  : A i r  T e m p e r a t u r e  : 50 " C 

1 = no change 4 = s t rong  c o l o r  7 = mel ted  
2 = faint  c o l o r  5 = degraded  3 = broken  
3 = modera te  6 : e x t r e m e  degrada t ion  9 = s u r f a c e  c r a c k s  

b. ~ n s u f f i c l e n t  sample  

cover  candidate 

0 (con t ro l )  

7 / 1 3 / 8 1  

8 

10 

14,000 

5 9 

2.8 x 10 

N/ A 

N/A 

Whl te 
f l lm 

(3paq11~ 

N/A 

Whl te 

n / a  - - - 

4, 320 

1 / 1 3 / 8 2  

8 

12  

1 4 ,  500 

68 

a. 

n / a  

n / a  

1 

n / a  

n / a  

1 

b. 

b. 

n / a  

2 
E 
P 
cn 

- 
a 
I! 
m 
? ' 

- 

D e s c r ~ p t i o n  : Back 

Exposure ,  Hrs .  

Date : 

U n ~ t  No.: 

R e r n a ~ n ~ n g  
No. of Spc r ~ ~ i l c n a  

Tanorla ptronuth, p s l  

Ult, elongation, *O 

 modulus . pel 

Swell  Rat io 

G e l  concenc . ?a 

Apoearance  

Tota l  n p t ~ c a l  , TOT 

6.648 

4120182 

5 

R 

I A ,  h O n  

6 2 

2 . 3 ~  lo5 

n / a  

n/a 

1 

n / a  

n / a  

1 

b. 

b. 

n / a  

6 

1 TJV cutoff , n m  

8 .000  

6 / 1 5 / 8 2  

5 

h 

14. 300 -- 

6 5 

2 . 7 ~  10 5 

n / a  

n / s  

1 

n / a  

n / a  

1 

b. 

b. 

n / a  

N o l r s :  a. not mcaoured 

- 
OC 

2 
u 
dl 

-* - 
2 
2 

Nickel 
' T l t a n m m  
S ilve r . . ,  

Color  * 

Dlelct. Stgth,, V / m d  
- 
Leak current . fl lA 

Coouer dust .  TOT 
Coooer  m e t a l  
A l u m ~ n u m  
60/40  Solder  - - - 

> 

I 



Table  26 

~ r o ! e c t  NO. 6072.1 P O L Y E R  AGING STUDIES 

k o s u r e  Condition : RSl4  DRY 

M a t e r i a l  : Korad 63000 Notebook NO: 14321 -1 

A h n o s o h e r e  ': ~ i r -  T e m o e r a t u r e  : 50 " C  

- .  
Notes : a. not m e a s u r e d  

b. insufficient sample  

Descr ip t ion  : Back cover  candidate 

1 = no, change 4 = s t r o n g  c o l o r  
2 i faint clslur 5 = degraded  - 
3 = m o d e r a t e  c o l o r  6 = e x t r e m e  degrada t ion  

i .- 

a. 
VI 

+ 

m 
0 .- 
r. 
5 ' 

7 = mel ted  
8 = broken 
9 = s u r f a c e  c r a c k s  

n / a  n / a  n / a  n / a  n / a  

Oa Color  i White 1 1 1 1 

Exposure,  Hrs .  

D a t e  : 

Unit No.: - 
R e m a i n i g  

No. of Spec imens  

Tens i le  s t rength.  p s i  

Ult. elongation. % 

 modulus , ps i  . - 
Swell Ratio 

7 

Gel  c o n t e n t ,  70 

-1ppearance 
. . 

Tota l  op t ica l  , ?oT 
- .  

0 (con t ro l )  

7 / 1 3 / 8 1  

8 

10 

4, 250 ' 

2 8 

2 lo5  

Soluble 

Soluble 

' White 
film , 

opaque 

1 , 4 4 0  

9 / 1 3 / 8 1  

8 

12 

5,120 

18 

a. 

n / a  

n / a  

1 

n / a ,  

4, 320 

1 / 1 3 / 8 2  

8 

8 

4.690 

16 

a. 

n / a  

n / a  

1 

n l a  

6 ,648  

4120182 

5 

4 

3.995 

.19  

5 
1 . 3 ~ 1 0  

n / a  

n / a  
. . 
1 

n / a  

8 , 0 0 0  

6 / 1 5 / 8 2  

5 

3 

5 ,040  

15 

1 . 5 ~ 1 0  5 

n / a  

n / a  

1 

n / a  



Tabla,  1 7 ,  

Project No. 6072.1 POLYMER AGING STUDIES 

Ehuoeure Condition : Thermal Aeine 

 material : EVA Notebook No: A9918 
Atmosohere : Air Temoerature : 80 OC 

1 r no change 4 = strong color "f rilislL+d 
2 r faint color 5 = degraded 8 r broken 
3 moderate color 6 extreme degradation 9 = surface cracks 

i - 
a., 
m 

- 
a 
d 

r. 
>. 
C a 

- 
Q 
d 
Y 
a,. a 

2 
U 
0 

+ 
j 

Description : 

Exposure, Hrs. 

vDab  : 

Unit No.: 

No. of Specimens 

Tensile strength, psi 

fnL elodgscian. % 

Modulus , psi 

Swell  ratio , % 
, 

Gel content,  70 

Appearance 

Total optical , 70 T 

u v c n t o f i ,  nm 

color  + 

Dtelcr  S t g k .  elmil 

Leak a x r e n t ,  ma 

Cower  dusk %T 
Couper metal 

, Al-,,, 
60140 Solder 
Nickel 
Titanium 
Slot r I 

Nntns 

0 (control) 

10 

1 ,890  

5 10% 

890 

32.2 

74% 

Colorless 
Clear 

Colorless --- 

- - - - - - 

25 

5 

2 , 8 9 0  

684% 

980 

1 8 . 4  

74.2% 

1 

1 

1 
1 
1 

100 

5 

2. 820 

640% 

878 

19 

79.1% 

1 

1 

1 

1 
1 

400 

5 

3 ,020  

621% 

922 

18.9 

69.5% 

1 

1 

2 
1 
1 

- 

1 . 0 0 0  

L-. 

3 .000  

I 

- 



Table 28 
P r o j e c t  No. 6072.1 POLYMCR AGING STUDIES 

h o s u r e  Condition : Thermal .Aging 

Mate r i a l  : EVA Notebook No: A9918 

Ahnosohe re  : Nitrogen Teznnera ture  : 80 o c  

Tens i l e  strang* psi  2,780 2.990 2.670 I 

Color less  
A p o e a t a n c e  C lea r  1 1 1 

u 
4 

s - a 
Swel l  rat io , % 

G ~ I  con ten t ,  

z - - 
Z 
0 

1 a no c b g e  4 s h o n g  co lo r  7 r malted 
2 fa in t  co lo r  5 r degraded  8 = broken  
3 a m d e m h  c o l o r  6 extreme d e g t ~ d a t i o n  9 r surface c r a c k s  

2 
u .  
B 

32.2 

7 470 

w cobff, nm 

c o l o r  

Die lc tSQth- .  Vlmil 

Leak current. ma 

24.4 
?-------I 

70.8% 

Color lass  

37.8 

64.1% 

1 

12.5 

76.8% 

I I 



P r o i e c t  No. 6072.1 POLYMER .AGING STUDIES 

k o s u r e  Condit ion : T h e r m a l  Aging 

,Mate r ia l :  EVA Notebook No: A9918 

A t m o s o h e r e  : A i r  T e m o e r a t u r e  : 105 O C 

3 e s c r i p t i o n  : 

E x p o s u r e .  H r s .  0 ( c o n t r o l )  25 100 400 . 1 .000  3.000 

D a t e  : 

Uni t  No. : 

No. of S p e c i m e n s  1 0  5 5 5 --- L - 

T e n s i l e  s t r e n g t h .  p s i  1, 890 2.230 2.410 2.590 

rnt. elringatinn. 7" 510% 670% . 708% 657% 
-- 

,Modulus , p s i  8 90 95 0 1.050 . 916 

S w e l l  r a t i o  % 1 32.2 1 42.9 1 26.8 1 25.5 1 
- - - 

G e l  c o n t e n t ,  70 74% SO. 2% 59.2% 66.1% 

C o l o r l e s s  
A p p e a r a n c e  C l e a r  1 1 1 

T o t a l  o p t i c a l  , % T  I I I 1 I I I 
UV c u t o f f ,  nrn 

. . 

c o i o r  + C o l o r l e s s  1 1 
. . 

Dielct.  Stgtk,, V/mil  . , 
.. . 

Leak c u r r e n t ,  ma 

A l u m i n u m  I - 1 I 1 - 
6 0 / 4 0  S o l d e r  - 1 2 2 

I - . - Nicke l  

i-* 

N o t e s  : 

1 a no change 4 o struuy culor 
Z = fa in t  c o l o r  5 = d e g r a d e d  
3 = m o d e a t e  c o l o r  6 = e x t r e m e  d e b a d a t i o n  

7 r rrielted 
8 = b r o k e n  
9 = s u r f a c e  c r a c k s  



T a b l e  30 
Project 30. 6072.1 POLYMER A G m G  STUDIES 

b o r n r e  Condition : Thermal Aging 

Material : EVA . Notebook No: A9918 

Atnzosohere : Nitrogen Temoerature : l o 5  'C 

Description : 

1 r no change 4 P strong color 7 r melted 
2 P faint color 5 P degraded 8 = broken 
3 moderate color 6 s atreme degradation 9 n surface cracks 



P r o j e c t  No. 6072.1 POLYMER AGING STUDIES 

E x n o s u r e  Condit ion : T h e r m a l  Aging 

M a t e r i a l  : EVA Notebook No: A9918 

A t m o s ~ h e r e  : A i r  T e m p e r a t u r e  : 130 C 

3 e s c r i p t i o n  : 

E x p o s u r e ,  H r s .  0 ( c o n t r o l )  25 100 400 1000 

Date  : 

Unit No.: 

No. of S p e c i m e n s  10 3 5 
I 

Tanhila rtronutb, w w i  1 ,  aq0 1,440 1.700 
. -.--* 

L :" ." ....... = 

Ult. elongation. 70 5  10% 703% 6 2 4% 

Modulus . p s i  890 910 873 

S w e l l  ra t io  , 4r, 32.2 29.4 25 .4  

G e l  c o n t e n t ,  '% 7 4% 51.2% 48.870 
, . . . 

C o l o r l e s s  
A p p e a r a n c e  1 C l e a r  I 1 I I 3 I I 

I h 

T o t a l  o p t i c a l  , ZT I 
I I i I I 

uv c u t o f f ,  pm ! I 
I I 

C o l o r  * . C l e a r  1 . 3  
I 

Dielct .  Stgth,. V/mil 

Notes  : 

1 = no change  4 = s t iong  c o l o r  7 a m e l t e d  
2  = fa in t  c o l o r  5 r d e g r a d e d  8 a b r o k e n  
3 = m o d e r a t e  c o l o r  6 = extreme d e g r a d a t i o n  9 = sur fAcs  c r a c k s  



Table :2 

Project No. 6072.1  POLYMER AGINC STUDIES 

Exuosure Condition : Thermal Aging 

Material: EVA Notebook No: A9918 

Abnosuhere : Nitrogen Ternuerature : 130 OC 

Description : 

N o e s  : 

1 r no change 4 s strong color 7 = melted 
2 n faint color 5 n degraded 8 o broken 
3 = ~ d ~ m t e  color 6 , extrama dcgradntion 9 o owfaam cracks 



T a b l e  3 3  
Project No. 6072. 1 POLYMER AGING STUDIES 

Exnosure Condition : Thermal Aeine 

Material : Notebook No: 13439 

Atmasohere : Air Temoeatxre : 80 O c  

Description : 

Notas : 

1 LUJ c b q e  4 = I hong color 7 a melted 
2 r h i a t  color 5 n degraded 8 = broken 
3 = modsrate color 6 s extreme degradation 9 a surface cracks 



, Table 34 

Project No. 6072.1 P O L Y W R  AGING STUDIES 

b o s u r e  Condition : ' Thermal, Aging. 

Material : EM.4 Notebook No: 13439 

Atmoeohen  : Nitroaen Ternoerature : 80 " C  

Description : 

unit No. : 

No. of Specimens 10 5 5 5 

I  odd- , psi 3.240 
1 ;  
: U I - 
o Swell  ratio , % , 11.2 

s !? -- 
! ?  I 

LL1   el content,  % 1 62% 

I I I I I I Coooer dust. %T - 1 1 1 J 

2 
U 

Notes : 

- - 

D i e l c t  S t g k .  V / d  

Leak current .  ma 

j 

$ 

I = 9 change 4 3 strong color 7 r meltad 
2 o faint color 5 r degraded 8 o broken 
3 sr modcmta coior 6 exkerns dcgradatfan 9 = qqrfacs cracks 

- - - -  

- -  

Alnmimun -. . 

60140 Solder 
Nicks1 

' TI tanium 

- 

\ 

- - - - 
1 
1 

1 r 

1 
1 

-- - 

I 



Table 35 

Proiect No. 6072- 1 POLYMER AGING STUDIES 

!Zxuo-?u_re Condition : Thermal Aging 

Materid: EMA Notebook No: 13439 

Atmosohere : Air Temoerature : 105 C 

Description : 

Tensile strength,psi 

~ModuLus , psi 3 , 2 4 0  4 , 1 6 0  3 .950  3, 370 1 
Swell ratio , % t 1 1 . 2  23.4  20.0 22.2 I 

Tokl  optical , %T I 
- 

Color * 

D t d c t  S t g k .  V/ mil 

I 
-- --- - - - 

Cower dust. %T 
Cower metal - 2 3 4. 5 
;Uurninum - 1 1 1 
6 0 1 4 0  Solder - 1 1 I 1 

I 

I r M change . 4  strong color 7 o melted 
2 r faint color 5 r degraded 8 n broken 
3 a moderate color 6 etrenae degradation 9 a surface cracks 



Trojecr No. 6072. 1 POLYMER ACING STUDIES 

Exoosure Condition : Thermal Aging 

&daterial : E M .  Notebook No: 13439 

Ahnosahere : Nitrogen Temperature : 105 C 

Description : 

Notes : 

1 no c h g e  4 = strong color 7 = melted 
2 r faint color 5 = degraded 8 = broken 
3 = m ~ ~ d a m t c  6 = extreme degradation 9 = h c e  craclca 



Table 3 7  

Project No. 6072.1 POLYMER AGING STUDIES 

b o s u r e  Condition : Thermal Aging 

Material : EMA Notebook No: 13439 

Ahnoenhere : Air Temneature  : 130 OC 

3.470 4,050 3.500 - Modulus. psi  
I 

-4ppearance Clear hazy . + ( 3. hazy 1 

0 cola= *, Colorless 1 .  3 . . . 

2 ~ielct. S t g k .  V / d  . . 
O r r  

Notes : 

1 r no change 4 o strong color 7 a melted 
2 o fakt color 5 P degraded 8 = broken 
3 = m o d e a t e  color  6 = extreme degradation 9 = surface cracks 



Table 38 
Project No. 6072.1 POLYMER AGNG STUDIES 

Exnosure Condition : Thermal Aging 

Material: EMA Notebook No: 13439 

Atmosohert : Nitrogen Temoerature : 130 C 

Description : 

. A , . . . 
Notes : 

1 o no chilllga 4 a atrong y l a r  7 n melted 
2. r faint color 5 s degbded,  8 r broken 
3 r w d e r n t e  color 6 m dttrerne degradation ... . . .  9 r surface cracks 



Table 39 

Project No. 6072.1 POLYMER AGING STUDIES 

Exnosure Condition : Thermal Aging 

 material :PU 2-2591 Noteboak No: 2591 

Atmosohere : Air Temoerature : 80 O C  

Description : 

Notes : 

1 I no change 4 I strong color 
2 I faint color 5 o degraded 
3 a uxoderate 6 o extreme degradation 

7 = melted 
8 = broken 
9 = surface cracks 



T a b l e  $0 

Proiect No. 6 0 7 2 . 1  POLYMER A G L i  STUDIES 

Exuosure Condition : Thermal Aging 

Material : PU 2 - 2 5 9 1  Notebook No: 2591 

Ahnosohere : Nitrogen Ternuerature : 80 O C 

Description : 

Notes : 

1 o Y, change 4 m strong color 7 o melted 
2 o f a b t  color 5 o degraded 8 r broken 
3 ht~daraec color 6 = extreinc dcqradation 9 = s u r f a c e  c ~ a c k a  



Table 41 

Troiect No. 6072.1 POLYMER AGLNG STUDIES 

b o s u r c  Condition : Thermal Aging 

% t e r i a  : PU 2 - 2 5 9 1  Notebook NO: 2591 

A m s o h e r e  : ~ i r  ~ ~ ~ ~ ~ ~ t ~ r e  : 130 c 
Descrintion : 

1 t M c b g e  4 t strong color 7 n melted 
2 t faint color 5 t deqraded 8 a broken 
3 r modeeta color 6 = at -erne  degradation 9 n suffjce cracks 



Table 4 2  

Project  No. 6072.1' POLYMER AGING STUDIES 

Exuosure Condition : Thermal Aging ' , 

 material : PU 2-2591 Notebook No: &a1 

Ahnoeohere : Air Temoerature : 105 O C  

Description : 

Notes  : 

1 3 no, e d g e  ' 4 r strong co lor  7 = melted  
2 = fdint co lor  5 = degraded .8 = broken 
3 3 RIDdefats c l j l ~ r  6 , -:reme degradation * 9 3 surface  c ~ d c k ~  



T a b l e  43 

Proiect No. 6072. 1 POLYMER AGNG STUDIES 

rr(~nn?~c Cnnrfition : T h ~ r m l !  Aging 

Material : PU 2 - 2 5 9 1  Notebook No: 2 5 9 1  

Ahnosohere : Nitrocen Temoerature : 105 C 

Exposure. Hrs. 100 40 0 3 . 0 0 0  

- 
&: Unit No,: 
P 7 

- 

rn 
No. of Specimens 10 5 5 5 

Ult elongation, YO 115% 1 5  870. 190% 194% . 
I I I I I I 

Modulna , psi 254  '22 1 197 6 1 
I d ,  - 
0 
d 

m Swell ratio , 2 .7  3.2 3.5 4 .0  
? - - a ~ c l  content, % 93.270 95.7% 91.0% 

Total optical . %T 
C 

Q w~ptos,nm - 
- .  
a F a ~ n t  
0  lol lor t yo 11om 1 2 .  3-4 - 

2 Dielct  S t g t k ~ .  V / d  +. . 
U .  
w 

Leak current, rpa 

Notes : 

1 r no change 4 r strong color 7 r melted 
2 3 faint color 5 r degraded 8 r broken 
3 modeata b ecctrernc degradation 9 = snrface cracks 



Table 43 

Froiect No. 6072.1 POLYMER A G W  STUDIES , 

. . 

Exuosure Condition : Thermal aqinq 

h t e r i d  : PU 2-2591  Notebook NO: 2591 

Atmoanhere : Nitrogen Temnerahlre: 130 OC 

Description : 

Ul t. elongation. ?i 115% 195% 3 8 7% ( 5 )  I 

Notes : 

- 
10 - 
o - 
C, 

C 

2 - 
4 C 

0 

2 
U 
Q 

Q 

1 m M change 4 r atrong color f :, melted 
2 o faint color 5 = degraded ' 8 a broken 
3 n moderate color 6 = extzerna degradation 9 n surface cracks 

Modulu, ps i  

Swell ratio . % 

Gel content. % 

Appearance 

Total optical, %T 

uv cneofi, n m  

Color + 

Dielcf SQ-. V / a  

Leak current, ma 

254 

2 .7  

93; 2% 

Clear 

Faint  
yel low 

152 

3 . 9  - -  
95. 570 

3 

3 

60 

5.1 

86.6% 

4. stlcky 

4 

( 5 )  

NT 

NT 

4 .  6 .  7 

NT 

NT I 
4 I 



Figu re  1 

Half- Life / T e m ~ e r a t u r e  G r a ~ h  

New Perox ides  a' 

,\ 

, .  , . \  4 I . , I 
1 

I 
, . . 8 I \ ,  , \ .  . ' 1 r , , : . ,  

I , )  ; ' I 1 : 3 1 . 1  4 \ : , 8 .  , . I . ' . . , !  . 1 :  
, I , I , I , / , I  , . I I !  , \ I  . I . .  . , . I  I , I ,  , I I I 

TEMPERATURE ( ' C) 

A, Lupe r so l  331 -80B 
R. L,~zpersol T R E C  . Luperso l -99  
C. Lupe r so l  101 

a. Decomposit ion of 0. 2 m o l a r  solutions in dodecane 



Figure 2 

PRODUCTION FLOW CHART 

ALIPHATIC POLYURETHANE 

Development  A s s o c i a t e s ;  Z - 2 5 9 1  
. < 

- ' .  . , 
, - 

, - 
Receive 2 - 2 5 9 1  Receive 2 - 2 5 9 1  

P a r t  "A" Part  " B T 1  

Unload Pump (1) r- 
I Storage Tank (3)  1 

Charge Pump , ( 5 ) 

I 

I Unload Pump (2) I 

Storage Tank ( 4 )  

I 
I 

Charge Pump ( 6 )  I!- I I j 

Solar  Module 
Assembly 

4 G 
Heat Exchanger ( 7 )  Heat Exchanger (8)  I '  . , 

Heated Deaeration Heated Deaeration 
Reservoir (9) .  Reservoir (10) 

Metering Recycle Metering Recycle 
Pump ( 1 2 )  

Mixer 
Dispenser (13) 



Figu re  3 

HARDBQARD PRODUCTS 

% MOISTURE / % R , H ,  

O 2 JI C 0 10 12 1 6  22 

P E R C E N T  MOTSTURE C O N T E N T  

2. SUPER DORLUX 

LINEAR COEFFICIEKT O F  HYGROSCOPIC EXPANSION 

0 . 3 5  TO 0 . 4  yo OVER 0 T O  100yo R . H .  RANGE 



Figu re  4 

Soiling Exper iments  

Pe rcen t  change in sho r t - c i r cu i t  c u r r e n t  
a f te r  twelve months outdoor exposure  . 

Sunadex Glass  

Months of Exposure 

A. c'oritrol , rio coating 
B. L-,1668 t reatment  
C. E-3820 t r e a t i ~ ~ e n t  
D. 01-650 coating 



F i g u r e  5 

Soiling Expcr imcntg  

P e r c e n t  change in s h o r t - c i r c u i t  c u r r e n t  
a f t e r  twelve months of outdoor exposure  . 

A c r y l a r  F i l m  

( X-22417 , 3M Corp.  ) 

MUHILLS Ul' Exposure 

1 2 3 4 5 6 7 8 9 10 11 1 2  

A. Cbntrol  , n o  coating 
B. Ozone followed by ~ 1 1 6 4 8  
C. Ozone followed by E-3820 
D. L-1668 tr .eatment 



F i g u r e  6 

Soiline E x ~ e  r i  m e n t s  

P e r c e n t  change in s h o r t - c i r c u i t  c u r r e n t  
a f t e r  twelve months  of outdoor  exposure .  

T e d l a r  F i l m  

( 100BG30UT , DuPont  ) 

Months of Exposure  , 

1 2 3 4 5 6 7 8 9 10 11 1 2  

A. Control  , no coating 
B, E-3820 treatme.nt 
C. Ozone follqtx~ed tip L-1668 
D. Ozone followed by E-3820 



A P P E N D I X  B 

Development A330ci~tc3 Laboratory Rcport 



Recommendations f o r  t h e  Hand Cas t ing  
gf Development Assoc ia te s  2 -pa r t  Polyurethane Elastomers 

DEvEboPhnEr\rT ASSOCIATES 
L A B O R A T O R Y  R E P O R T  F O R :  

The two-part  c a s t i n g  systems developed by Development Assoc ia te s  I n c .  
a r e  composed of  a " P a r t  A" which c o n t a i n s  hydroxyl  te rminated  components 
combined wi th  v a r i o u s  a d d i t i v e s ,  and a " P a r t  B" which c o n t a i n s  a d i i s o c y -  
ana te  te rminated  prepolymer. These two p a r t s  when mixed t o g e t h e r  r e a c t  
t o  form t h e  polyure thane  polymer. The i socyana te  (NCO) groups i n  t h e  
P a r t  B a r e  capable of  n o t  on ly  r e a c t i n g  w i t h  t h e  hydroxyl groups of  
the  P a r t  A t o  form the  s o l i d  polyure thane  e l a s t o m e r ,  b u t  a l s o  r e a c t  w i t h  
any group c o n t a i n i n g  an a c t i v e  hydrogen i e :  wa te r ,  amines,  ca rboxy l i c  
a c i d s ,  e t c .  I n  normal use  t h e  most t r o u b l i n g  of  t h e s e  undes i rab le  r e a c -  
t i o n s  f o r  the  manufacture of  s o l i d  e l a s tomers  i s  the  ~ C ~ / w a t e r  r e a c t i o n .  
When water  r e a c t s  wi th  the  d i i s o c y a n a t e  t h e  r e s u l t  i s  carbon d ioxide  gas .  
The C02 f b r m s  bubbles  and u s e s  up NCO groups which a r e  needed f o r  t h e  
proper  format ion  o f  the  e l a s tomer ic  polymer. The format ion  of  foam o r  
l a r g e  bubbles  i n  t h e  c a s t i n g  i n d i c a t e  t h a t  t h e  compound has  been contami- 
na ted  wi th  water .  

R E S E A R C H  
D E V E L O P M E N T  
TESTING 

D A T E :  

The P a r t  A i s  l e s s  r e a c t i v e  t h a n  t h e  P a r t  B b u t  i t  i s  hygroscopic and 
i f  allowed t o  s t a n d  open it w i l l  absorb  mois ture  from t h e  a i r  which w i l l  
cause bubbles  when the  c a s t i n g  is  made. A t  t h e  t ime of  manufacture,  both  
P a r t s  A and B a r e  degassed t o  remove a l l  t r a c e s  o f  moisture and t h e  con- 
t a i n e r s '  head space i s  purged wi th  d r y  n i t r o g e n .  The c o n t a i n e r s  should 
be k e p t  c losed  whenever n o t  i n  u s e ,  and t h e  m a t e r i a l s  should  be b lanke ted  
wi th  d ry  n i t r o g e n  i f  they a r e  t o  be s t o r e d  f o r  l o n g  p e r i o d s  of  t ime.  

To i n s g r e  t h e  dryness  of  the  P a r t s  A and B ,  w a r m  them t o  approximately 
5 0 ' ~  (125 F) and degass  i n  a vacuum chamber u n t i l  t he  bubbl ing  s t o p s .  
Remove t h e  c o n t a i n e r s  from t h e  vacuum chamber and s e a l  them u n t i l  t h e  
m a f e r i a l  c o o l s  'Lo ruom ,t;emper.ature. Determine t h e  d e s i r e d  ba tch  s i z e  and 
s e l e c t  a c l e a n  and d ry  mixing c o n t a i n e r  which h a s  a t  l e a s t  twice t h e  vol -  
ume of  t h e  m a t e r i a l  t o  be mixed, u s i n g  an over s i zed  c o n t a i n e r  h e l p s  when 
i t  comes time t o  degass  t h e  mix. Accura te ly  weigh the  two p a r t s  i n t o  t h e  
mixing v e s s e l ,  t o o  much o r  too  l i t t i e  of  e i t h e r  component w i l l  produce a 
f i n a l  product  which i s  s o f t  and s t i c k y .  Mix t h e  components u n t i l  t h e  
mix goes c l e a r  and no more s t r i a t i o n s  can  be seen.  S t i r  c a r e f u l l y  s o  as 
n o t  t o  e n t r a p  more a i r  than  necessary .  Also sc rape  down the  s i d e s  of the  
v e s s e l s  and s p a t u l a  t o  i n s u r e  a l l  t h e  m a t e r i a l  g e t s  mixed i n .  Next p lace  
t h e  mixture i n  t h e  vacuum and degass u n t i l  t h e  bubbl ing  s lows down o r  
s t o p s .  It may be necessa ry  t o  l e t  a i r  i n t o  t h e  vacuum s e v e r a l  t imes  be- 
f o r e  t h e  foam, formed by mixed-in a i r ,  "breaks"  and the  mixture bubbles  
f r e e l y .  A f t e r  the  mixture i s  s a t i s f a c t o r i l y  degassed,  c a r e f u l l y  pour on 
t h e  p rev ious ly  prepared  s u b s t r a t e .  By pour ing  s lowly  a t  one s p o t ,  it w i l l  
be e a s i e r  t o  g e t  t h e  . .mater ial  t o  f low under  embedments and reduce o r  e l -  
iminate  entrapped bubbles .  



(page ' two ) I 1 12/81 

~ E V E L O ~ M E N T  ASSOCIATES 
L A B O R A T O R Y  R E P O R T  F O R :  

c o n t ' d  

R E S E A R C H  
D E V E L O P M E N T  
T E S T I N G  

D A T E :  

The p r e p a r a t i o n  of  t h e  s u b s t r a t e s ,  molds and e n c a p s u l a t i o n s  i s  j u s t  
as i m p o r t a n t  as m a t e r i a l  p r e p a r a t i o n  f o r  s u c c e s s f u l  c a s t i n g s .  A l l  s u r -  
f a c e s  must be f r e e  from g r e a s e ,  mold r e l e a s e ,  f l u x ,  a c i d  r e s i d u e  and 
mois tu re .  I f  t h e  s u r f a c e  i s  t o  adhere t o  the  u r e t h a n e ,  i t  shuuld be 
primed w i t h  the a p p r o p r i a t e  pr imer and thoroughly  d r i e d .  If t h e  s u r -  
f a c e  is  t o  r e l e a s e  from %he Urethane, a sui.l;able ll~uld i e l e a s e  must 
be a p p l i e d .  I n  o r d e r  t h a t  mois ture  does n o t  coriu$nse bagk onto t21e 
s u r f a c e s  t o  be c a s t  o v e r ,  keep t h e  p a r t s  warm--50 C (125 F) .  

A f t e r  c a s t i n g  i t  may be d e s i r a b l e  t o  vacuum t h e  whole assembly be- 
f o r e  t h e  c a s t i n g  m a t e r i a l  g e l s .  Normally h o w e v e r , , i t  i s  only n e c e s s a r y  
t o  pour  c a r e f u l l y  and as soon as p o s s i b l e  a f t e r  mixing. Keep t h e  c a s t -  
i n g  warm and u n d i s t u r b e d  u n t i l  t he  c a s t i n g  m a t e r i a l  has  g e l l e d .  It i s  
h e l p f u l  t o  p l ace  a d rop  o f  t h e  c a s t i n g  m a t e r i a l  n e x t  t o  the  p a r t  be ing  
c a s t  t o  t e s t  f o r  degree  o f  cu re .  Af'ter t h e  m a t g r i a . 1  has g g l l e d ,  tile 
c u r e  can  be completed a t  a tempera ture  of 50-70 C (122-158 F) .  The 
l e n g t h  of t h e  c u r e  c y c l e  depends on the  g e l  time of the  m a t e r i a l ,  the  
mass of t h e . m a t e r i a 1 ,  s t a r t i n g  tempera ture  of t h e  components, t h e  cu re  
t e m p e r a t u r e ,  t h e  h e a t  t r a n s f e r  p r o p e r t i e s  of the  mold, e t c .  I n  g e n e r a l  
t h e  l o n g e r  g e l  t ime r e q u i r e d  f o r  hand mix a p p l i c a t i o n  makes room temper- 
a t u r e  c u r e s  i m p r a c t i c a l  because of t h e  l o n g  cu re  c y c l e  (24-72 h o u r s ) ,  
i n c r e a s i n g  the  chances  t h a t  t h e  c a s t i n g  w i l l  be d i s t g r b e d  o r  containin- 
a t e d .  T y p i c a l l y  a c a s t i n g  can  be cured a t  65 C (150 F) i n  l e s s  than  
two hours .  The m a t e r i a l  can  be formula ted  f o r  quick  c u r e s  b u t  t h e  g e l  
t ime becomes p r o p o r t i o n a t e l y  s h o r t e r  m&ing..+lharad :mL&g more d i f f i c u l t .  

Allow t h e  c a s t i n g  t o  c o o l  t o  room temperature be fo re  touching  the  
f r o n t  s u r f a c e .  The m a t e r i a l  w i l l  cont inue  t o  p o s t  cure  o r  "Pin ish"  
a t  room tempera ture  f o r  . s e v e r a l  days u n t i l  u l t i m a t e  p r o p e r t i e s  a r e  
reached.  
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Common Problems, Causes and Remedies i n  

cast in^ 2-c art Folvurethane System by hand 

D E W E I b t 3 ~ M E N T  ASSC3CDATES 
L A B O R A T O R Y  R E P O R T  F O R .  

Problems Causes Remedy 

Moisture i n  t h e  A Degas..:both components Bubbles i n  c a s t i n g  o r  B components p r i o r .  t o  use .  

' 

. . . . 

S o f t ,  s t i c k y  
c a s t i n g s  

R E S E A R C H  
D E V E L O P M E N T  . 
T E S T I N G  

D A T E  

Swir l s  and 
s t r i a t i o n s  

Moisture i n  t h e  mix- 
' t u r e  in t roduced  by 

humid air.  
Contaminated s u b s t r a t e  

o r  e n c a p s u l a t i o n  

. Mechanic& entrapment  
of a i r  

r . . . 

. . 

- Improper mixing r a t i o  
. .  . 

Bad mixing 

Degas t h i s  mixed com- 
ponent.  

Completely c l e a n ,  d r y  and 
prime a l l  s u r f a c e s  i n  con- 
t a c t  w i th  t h e  c a s t  u re thane .  
Keep p a r t s  w a r m  t o  p r e v e n t  
r e a d s o r p t i o n '  o f .  mois ture  on 
s u r f a c e s .  

Mix c a r e f u l l y  ,arid degas mix. 
Pour c a r e f u l l y  ,wh i l e  t h e  ma- 
t e r i a l  i s  s t i l l '  low in. v i s -  
c o s i t y .  , .. 

Accura te ly  weigh components 
i n t o  c l e a n  and d ry  mixing 
v e s s e l .  

Mix thoroughly  b u t  c a r e f u l -  
l y  u n t i l  no more s t r i a t i o n  
can be seen  and m a t e r i a l  i s  
c l e a r .  



Data Sheet 

DEWEbOPMeNT ASSOCIATES 
L A B O R A T O R V  REPORT F O R :  

Material: 2-2591 Clear Aliphatic Urethane Compound 
Use: Photo Voltaic Cell Pottant 
Type: Two component reactive polyurethane 

RESEARCH 
DEVELOPMENT 
TESTING 

D A T E :  

Hazards: Part A for industrial use only, non hazardous. 
Part B contains an isocyanate. Good ventilation must be used. 

Storage: Both materials should be protgcted from moisture. Storage 
temperature should be 60 - 80 F. 

1. Component 2-2591 Part A 
1-1 Appearance: clear liquid 
1-2 Specific Gravity: 1.01 @ 25'g. 

1.005 @ 38 C. 
1-3 Brookfield Viscosity: 

as manufactured: 
150-220 cps @ 2a0c RVT #2 spindle. 50 rpm 
40-100 cps @ 38 C RVT #2 spindle, 50 rpm 

1-4 Hydroxyl Value: 120-126 
1-5 Acid Value: 0.1 max 
1-6 Water Content: (as packaged) 0.1% max 

2. Component 2-2591 Part B 
2-1 Appearance: crystal clear liquid 
2-2 Specific Gravity: 1.07 @ 25:~. 

1.06 0 30 C. 

2-3 Brookfield Viscosity: 
as manufactured: ' 

100-500 cps @ 25:~ RVT #2 spindle, 50 rpm 
50-200 cps @ 38 C RVT #2 spindle, 50 rpm 

3-1 Ratio by Weight: Part A 

3-2 Ratio bjr Volume: Part A 72.5 
' B 27.5 

3-3 Gel Time: From 3 .to 60 min. @ 25'~ as reguired. As supplied for 
hand casting 20 - 40 min. @ 25 6. 

3-4 Cure Rate: 5 min. to 72 hrs. dependent on temperature and gel time. 
As supplied for hand casting 1 - 2 hrs. @ 6 5 ' ~ .  



2-2591 Data Sheet contOd 

ZIIEWELOPMENT ASSOCIATES 
L A B O R A T O R Y  R E P O R T  F O R :  

gage 2 

4. Physical Properties 

. 

~ 

4-1 Hardness - Shore A-2 45 
4-2 Tensile Strength 160 psi 

4-3 Elongation 115% 
4-4 Tangential Modulus 254 psi 
4-5 ~ransmisgivity 90.5% 
4-6 Tg Below -3b0c, no sharp brittle point above -56'~ 

R E S E A R C H  
D E V E L O P M E N T  
TESTING 

D A T E :  

4 U.S. GOVERNMENT PRINTING OFFICE: 1982-646.069/269 




